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Fisica, Università degli Studi di Bologna, I–40126 Bologna
Istituto Nazionale di Fisica Nucleare and Università degli Studi di Firenze, I–50125 Firenze
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SLOVAKIA

85 Department of

Theoretical Physics FMFI UK, Comenius University, SK-84248 Bratislava

SPAIN

86 G.F.T

and I.F.A.E., Universidad Autónoma de Barcelona, E–08193 Bellaterra
Group, Instituto de Física Corpuscular CSIC, U. València, E–46071 València
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Foreword
The appearance and numbering system of these proceedings has changed compared to earlier editions, so some history and explanation are in order. The present ECFA/DESY series of workshops was a continuation of European studies that started in 1991 on the
e+ e physics that must follow the LEP/SLC era:
Year
1991
1992-1993
1995
1996
1998-2000

2001-2003

Workshop venues/Proceedings
Munich, Annecy, Hamburg
DESY 92-123A&B, ed. P.M. Zerwas
Munich, Annecy, Hamburg
DESY 93-123C, ed. P.M. Zerwas
Annecy, Gran Sasso, Hamburg
DESY 96-123D, ed. P.M. Zerwas
Frascati, London, Munich, Hamburg
DESY 97-123E, ed. R. Settles
Orsay, Lund, Frascati, Oxford, Obernai, Hamburg
DESY 01-123, Vols. 1 to 3,
eds. T. Behnke, S. Bertollucci, R.D. Heuer, D. Miller,
F. Richard, R. Settles, V. Telnov, P. Zerwas
http://www.desy.de/conferences/ecfa-desy-lc98.html
Cracow, St.Malo, Prague, Amsterdam
DESY-PROC-2004-01, ed. R. Settles
http://www.desy.de/conferences/ecfa-desy-lcext.html

From 1991 to 1995 the series evolved in a bottom-up fashion, while from 1996 onwards they were organised under the auspices of
ECFA and bore the label “ECFA/DESY” in the title. The new series which has now been launched is called simply “ECFA Study of
Physics and Detectors for a Linear Collider”.
The e+ e energy covered by these studies ranges from the Z peak to 2 TeV. The workshops up to 1995 mapped out the physics
terrain and after 1995 delved also into the detector optimisation. As the sophistication of the investigations has improved, an everbroader understanding of the linear collider physics programme has evolved. The basic scientific motivation has remained unchanged
since the beginning, so this sophistication is being built on a solid foundation.
The 1996 ECFA/DESY results were part of the “CDR”: Conceptual Design of a 500 GeV e+ e Linear Collider with Integrated
X-ray Laser Facility, DESY 1997-048/ECFA 1997-182, Vols. I and II. The 1998-2000 ECFA/DESY Study was incorporated into
“TDR”: Technical Design Report on TESLA, the Superconducting e+ e Linear Collider with an Integrated X-ray Laser Laboratory,
DESY 2001-011/ECFA 2001-209, Vols. I to VI.



New Appearance for these Proceedings
Up to now the workshop proceedings appeared as the “DESY 123” series of orange books, and for the present iteration it was decided
to spruce up the style. That is, to adopt Desy’s standard numbering system for proceedings, to use a white cover which allows for
colour pictures and a nice appearance, to take advantage of the colour plots in the articles and, finally, to try out the standard template
used for EPAC, PAC, APAC, JACOW accelerator conferences which has a pleasant-to-read two-column format.
It was decided not to make a hard copy of all of the LC Notes this time since they are available on the web at
http://www-flc.desy.de/lcnotes. Printing the figures in colour was then possible because the present volume of summaries at Amsterdam
is relatively short. I am indebted to the proceedings secretary Maren Stein as well as Kirsten Sachs, Altmut Strate and the DESY printing
office for their dedication in helping to produce this new look. Also thanks go to Steve Alpin/DESY for generating the e+ e
HHZ
event on the cover.
This new format put a burden on the summary-session speakers of course, because they had to interact closely with their working
groups for the write-up, in order to achieve a overview of all of what occurred up the end of the present series. Many thanks go to all of
the workshop participants for their high-quality studies, and to the summary-session speakers who mastered the task of communicating
with their working-groups to produce excellent articles. Happy reading!

!

Ron Settles
Munich/Hamburg, March 2004
P.S. The publication of these proceedings was delayed by about a year for various technical reasons, but mainly because the official
author list (p.i) turned out to be a huge task to produce, and also turned out to be rather impressive. That author list exemplifies the
global nature of our LC studies. During this one-year delay the International Technical Review Panel (ITRP) completed its mandate of
deciding whether the ILC linac should be room-temperature or superconducting technology. The investigations in America, Asia and
Europe have since experience rapid cohesion and progress. Thus Mark Thomson’s, Jim Brau’s and Nick Walker’s articles on p.79, 95
and 107 respectively should be viewed as historic snapshots of the situation just before the ITRP deliberations began. All of the other
reports in these proceedings are rather timeless overviews of each topic and are up-to-date except for recent papers.
Ron Settles
Munich/Hamburg, March 2005
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TOP QUARK PHYSICS and QCD: PROGRESS since the TESLA TDR
A. Brandenburg, Institut für Theoretische Physik, RWTH Aachen, D-52056 Aachen, Germany
and DESY Theory Group, D-22607 Hamburg, Germanyy
WHY DO WE WANT TO KNOW
PRECISELY?

Abstract
I review progress on investigations concerning top quark
physics and QCD at a future linear e+ e collider that has
been achieved since the presentation of the TESLA technical design report [1] in spring 2001. I concentrate on
studies that have been presented during the workshop series of the Extended Joint ECFA/DESY Study on Physics
and Detectors for a Linear Electron-Positron Collider.

M

T VERY

The physics impact of a very precise measurement of the
top quark mass with Æmt . 100 MeV has been recently
studied in detail [3]. An accurate knowledge of mt strongly
affects tests of the Standard Model (SM) and its extensions
using electroweak precision observables. This is demonstrated in Fig. 1, where the prospective experimental errors
of MW and sin2 e at the LHC/LC and the GigaZ option
of the LC are compared to theoretical predictions within the
SM and the Minimal Supersymmetric extension of the SM
(MSSM). Since these observables receive radiative corrections  m2t , an improvement from Æmt = 2 GeV (a value
to be obtained at the LHC) to Æmt = 100 MeV leads to a
significant reduction of the allowed parameter space both
in the SM (about factor of 10) and in the MSSM (about a
factor of 2). This will be very important in the effort to
constrain new interactions in using electroweak precision
observables. A precise knowledge of mt also improves the

INTRODUCTION
Since the presentation of the TESLA technical design
report [1] in spring 2001, important progress has been
achieved and reported in the top quark/QCD working group
of the Extended Joint ECFA/DESY Study on Physics and
Detectors for a Linear Electron-Positron Collider. The
common aim of these studies is to improve theoretical predictions and perform more realistic simulations in order to
obtain an accurate understanding of top quark interactions
and QCD phenomena at a linear collider. A basic issue is a
precision determination of two fundamental parameters of
the Standard Model, namely the top quark mass mt and the
strong coupling constant s . These parameters as well as
the top quark width can be extracted from a scan of the tt
threshold cross section with high accuracy, and I will report
on the progress of the simulation of such a scan and of the
refinements in the theoretical computation of the threshold cross section. Before that, I will summarize a recent
study on the importance of a very precise measurement of
mt . Further topics covered here include new studies on top
quark production and decay in the continuum and a summary of QCD-related studies. I concentrate on work reported at the ECFA/DESY workshops. A summary of top
quark and QCD studies presented at the last International
Linear Collider Workshop (LCWS02) is given in [2].

 Much of the work reported in this talk was done by members of
the Top and QCD working group of the Extended ECFA/DESY Study:
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Figure 1: The predictions for MW and sin2 e in the SM
and the MSSM (SPS1b). Figure taken from [3].
indirect determination of the top quark Yukawa coupling
from electroweak precision observables. Further, if one
wants to obtain constraints on the MSSM by comparing
a precise measurement of the Higgs boson mass with the
theoretical predictions of mh in this model, a precise value
of mt is mandatory due to the strong dependence ( mt4 )
of mh on the top quark mass. For further details and other
1

Here, m1t S denotes the 1S mass of the top quark, the usage of which stabilises the location of the threshold with
respect to higher order corrections and reduces the correlations between this mass and s . The correlation plot between mt and s is shown in Fig. 3. The correlation coefficient is  = 0:33. While the cross section has the highest
sensitivity on both mt and s , the additional measurement
of the peak of the momentum distribution reduces the errors and the correlation substantially.

applications of a precision measurement of mt , see [3].

TOP QUARK PAIR PRODUCTION CLOSE
TO THRESHOLD
Update of tt threshold scan simulation
Recently, an updated tt threshold scan simulation has
been performed [4]. It comprises several new features
as compared to previous studies. First, three observables
have been considered: the total cross section, the position
of the peak of the top quark momentum distribution, and
the forward-backward asymmetry. Second, a multiparameter fit with up to four parameters (mt ; s ; t and the
top quark Yukawa coupling t ) has been performed. Finally, apart from experimental systematic errors an estimate of the theoretical error in the cross section prediction has been included in the fits. An integrated luminosity
of L = 300 fb 1 was distributed equally among 10 scan
points, where one of them was placed well below threshold
in order to determine directly the background. A theoretical error on the total cross section of = = 3% was assumed in the simulation (see below for a discussion). The
results may thus give a good impression about the final experimental accuracy of the determination of the parameters.
The expected scan results are shown in Fig. 2. From a two

Figure 3: 2 = 1 contour as a function of
s (MZ ). Figure taken from [4].

m1t S

and

The size of the top quark width t determines how pronounced the 1S resonance is. A three-parameter fit for mt ,
s and t gives:

m1t S = 19 MeV; 

s

= 0:0012:

t

= 32 MeV:

m1t S = 31 MeV;  s = 0:001 ( onstr:);
t +0:35
= 0:65 :
 t = 34 MeV;
t

parameter fit for s and mt the following estimates of their
errors were obtained:



= 0:0012; 

(2)

This means that the top quark width can be determined with
2% accuracy, which is a factor of about 9 better than reported in earlier studies. This improvement is due to assuming a higher integrated luminosity, a better selection
efficiency for tt events, a sharper TESLA beam spectrum
and a better scanning strategy when using the 1S mass.
The sensitivity of a threshold scan to the top quark
Yukawa coupling t through a modification of the tt potential is not very large: if one performs a four-parameter
fit with an external constraint on s (MZ ), the results are
(for MH = 120 GeV):

Figure 2: Expected scan result for the cross section, the
peak of the top quark momentum distribution and the
forward-backward charge asymmetry. Figure taken from
[4].

m1t S = 16 MeV;

s

(3)

Thus, constraining the top quark Yukawa coupling from a
threshold scan is a challenging task. A better method is provided by analysing the associated Higgs production process
e+ e ! ttH [5].

(1)
2

Figure 4: Results for the vector current R-ratio with fixed m1t S mass for fixed order and renormalization group improved
predictions. The dotted, dashed, and solid curves in a) are LO, NLO, and NNLO, and in b) are LL, NLL, and NNLL order.
For each order four curves are plotted for velocity renormalization scales  = 0:1; 0:125; 0:2 and 0.4. Figure taken from
[10] (an update with very small changes was given in [12]).

The very accurate measurement of m1t S is certainly impressive; however, in order to use the top mass as an input
for precision tests of the SM, we have to convert the 1S
mass to the MS mass. The current theoretical uncertainty
in the perturbative relation between these two masses is of
the order of 100 MeV [6].

(LO, NLO, NNLO, . . . ) perturbation series the computation of the NNNLO contributions is mandatory. Important
progress has been recently achieved in this direction [14].
Electoweak effects have not yet been consistently included either at NNLL order or NNLO.

TOP QUARK PRODUCTION AND DECAY
IN THE CONTINUUM

Theoretical developments
The status of tt threshold cross section calculations in

Mass determination from continuum production

spring 2001 was as follows: Several groups had calculated
the cross section at NNLO (for a synopsis of these results
and further references, see [6]). The corrections turned out
to be large, and the threshold location was found to be unstable under perturbative corrections when the top quark
pole mass was used in the calculation. Further, a strong
correlation between s and mt limited the experimental
precision of mt to about 300 MeV. The usage of threshold masses [7, 8, 9] reduced this correlation and stabilized
the position of the threshold significantly. However, the
height of the cross section still suffered from large perturbative corrections of the order of 20 to 30 %, even when
expressed in terms of a top quark threshold mass. In order to improve the prediction of the threshold cross section, the impact of a summation of QCD logarithms of
ratios of the scales mt , mt v , and mt v 2 was computed in
[10, 11]. A comparison of the fixed order results and the
renormalization group improved results is shown in Fig. 4.
The remaining theoretical uncertainty of the cross section
was estimated in [10] to be 3%. This number was obtained by varying the dimensionless velocity subtraction
scale that separates hard, soft and ultrasoft momenta and
by estimating the size of the one yet unknown NNLL contribution from the running at the production current. Very
recently, the NNLL non-mixing contributions to the running of the production current have been determined [13].
It remains to be seen whether the 3% estimate will withstand future refinements of the cross section calculations.
For testing the convergence of the alternative fixed order

In [15] the possibility of measuring the top quark mass
in the continuum was investigated. The process e+ e !
tt ! 6 jets was simulated including the QCD background.
Top quarks were reconstructed by grouping the 6 jets into
pairs of three-jet groups. Only three-jet groups which are
produced back-to-back are accepted. The three-jet invariant mass distribution (see Fig. 5) then shows a prominent
peak, the position of which is interpreted as the top quark
mass. The statistical uncertainty of the peak position
p is 100
MeV for an integrated luminosity of 300 fb 1 at s = 500
GeV. Experimental systematic errors have not yet been
studied. Further, it is not clear yet how to relate this ‘kinematic mass‘ to the pole mass or other top quark mass definitions. The method was recently extended to semileptonic
top decays [16].

Anomalous top quark couplings
A new analysis was started to evaluate the sensitivity of
! tt to anomalous top quark couplings [17]. The
plan is to use PANDORA/PYTHIA and SIMDET in the
simulation and try to find observables that optimize the sensitivity.

e+ e

New theoretical studies and tools
In the following I briefly discuss further studies on top
quark production and decay in the continuum that have
been presented during the workshop series.
3

QCD STUDIES
Measurement of

The primary goal of QCD studies at a linear collider is
to measure the strong coupling constant s as precisely
as possible. The aim is to reduce the current accuracy
 s (MZ ) = 0:003 to a value of  s (MZ ) = 0:001 or
smaller. In the context of QCD, such an accuracy is important, since all predictions of perturbative QCD are directly
affected, in particular multi-jet cross sections at higher orders. Furthermore, an extrapolation of s (Q) to very high
energy scales which is performed to test the hypothesis of
Grand Unification needs precise initial conditions, and the
uncertainty on s is currently the limiting factor of such
tests. This is illustrated in Fig. 6, where the running of the
inverse coupling constants is shown. The narrow error band
on 1= 3 in Fig. 6b corresponds to  s (MZ ) = 0:001.
The techniques for a determination of s (MZ ) at TESLA
have been described in detail in the TDR. In a recent study
[28], the prospects of a measurement of s from GigaZ
analyses have been investigated. The factor of  100 in
the size of the data sample as compared to LEP data together with the expected better performance of the detector give rise to the expectation that systematic errors may
shrink by a factor of 3 to 5. This would mean that the
experimental accuracy on s could be brought down to
(5 7)  10 4, the most sensitive observable being the
hadron = lepton . No theoretical errors are
inclusive ratio Z
Z
included in this analysis. At present, the theoretical uncertainty of s -determinations from hadron
= lepton
is estiZ
Z
mated to be of the same size as the current experimental
accuracy [29]. In view of the prospective accuracy from a
GigaZ run, there is an ongoing effort to compute more and
= lepton
more terms of the perturbation series for hadron
Z
Z
hadron
lepton
and related quantities like R(s) and 
=  . The
most recent step in this direction has been the calculation
of a gauge-invariant subset of the order 4s contributions,
namely the terms of order 4s n2f , where nf is the number
of fermion flavours [30].
The bottleneck of determinations of s (MZ ) from event
shapes (like thrust distribution, jet rates etc.) is currently
the insufficient theoretical precision of perturbative QCD
calculations. Currently most shape variables are known
to next-to-leading order accuracy, while for some observables resummed calculations are available. However, enormous progress towards the calculation of e+ e ! 3 jets
to NNLO (O( 3s )) has been achieved within the last few
years [31]. It is estimated that once these calculations
are accomplished, the current theoretical uncertainty (obtained by a variation of the QCD renormalisation scale) of
 s (MZ ) ' 0:006 will shrink by a factor of 3 to 5.

Figure 5: The invariant-mass distribution for three-jet clusters in e+ e ! 6 jets. Figure taken from [15].









s

Several calculations of the electroweak one-loop radiative corrections to the process e+ e ! tt have
been compared in detail [18]. The numerical agreement is excellent (see also Table 4 in [19]). The package topfit containing these corrections is publicly
available [20].
New tree level Monte Carlo generators (AMEGIC++
[21], eett6f [22] and LUSIFER [23]) for the processes e+ e ! 6 fermions have been written (for
details, see [19]). These programs allow to study in
particular the non-resonant background to tt production and decay.
In [24], the production of single top quarks in
and
collisions was studied at tree
level. By comparing all possible reactions, the best
option turned out to be collisions of circular polarized
photons
p with left-handed electrons. The cross section
at s = 500 GeV is  ( + eL ! tb )  100 fb, and
this process is very sensitive to Vtb as well as to possible anomalous couplings. If one aims at an experimental precision of 1% for Vtb , the inclusion of higher
order corrections is mandatory. The QCD corrections
to this process have been computed very recently [25]
and are of the order of 5%.

e+ e ; e e ; e

The SUSY-QCD corrections to the production and decay of polarized top quarks in e+ e collisions have
been computed in [26]. While the decay width and
lepton energy spectrum can be modified at the percent
level, top polarization observables are hardly affected
by these corrections.

Saturation model for

and

 

processes

In [32] a saturation model has been constructed to describe the total cross section for
and   collisions


at high energies. The
total cross section is assumed
4

a)

b)

Q [GeV]
Figure 6: a) Running of the inverse gauge couplings. b) Determination of MU , U 1 ; the unification point U is defined
by the meeting point of 1 with 2 . The wide error bands are based on present data, the narrow bands demonstrate the
improvement expected by future GigaZ analyses. Figure taken from [27].
are necessary and possible: For example, the experimental uncertainty with which a threshold mass like m1t S can
be extracted is expected to be much smaller than the current theoretical uncertainty that relates this parameter to the
MS mass. An ongoing challenging task is the refinement
of the theoretical understanding of the threshold cross section. Furthermore, it would be desirable to include a realistic luminosity spectrum dL=dE in the threshold scan
simulation. Another important task is a simulation of a determination of top quark form factors at the detector level.
Challenging issues in perturbative QCD are the calculation of event shape variables at NNLO and a further improvement of the theoretical predictions of inclusive quantities like hadron
= lepton
. Progress in these areas would
Z
Z
contribute significantly to the aim of determining s (MZ )
with an accuracy of a percent or better.

to be dominated by interactions of two colour dipoles into
which the photons can fluctuate, the novel feature being
that the saturation property of the dipole-dipole cross section is incorporated. This allows to describe the variation of
the energy dependence of the cross section when the virtualities of the photons change. The model fits the available
two-photon data reasonably well, except for b-quark production. Predicitions for TESLA energies have been formulated.

Odderon contribution
photoproduction

to

exclusive

pion-

In [33] the nonperturbative odderon contributions to the
! 0 0 have been studied. The cross
processes e+ e ;
sections are very sensitive, both in the e+ e and the
mode, to the coupling strength of the odderon, while the
Regge trajectory parameters are harder to determine.

REFERENCES
[1] J.A. Aguilar-Saavedra et al., “TESLA technical design report part III: Physics at an e+ e linear collider”, hepph/0106315, see http://tesla.desy.de/tdr/ .
[2] Y. Sumino, Talk presented at LCWS02, Jeju Island, Korea,
August 2002, hep-ph/0302086.
[3] S. Heinemeyer, S. Kraml, W. Porod and G. Weiglein, LCTH-2003-052, hep-ph/0306181.
[4] M. Martinez and R. Miquel, Eur. Phys. Jour. C 27 (2003) 49
[hep-ph/0207315].
[5] K. Desch, these proceedings.
[6] A.H. Hoang et al., Eur. Phys. J. direct C 3 (2000) 1 [hepph/0001286].

CONCLUSIONS
Without doubt a future high-energy, high luminosity
linear collider like TESLA will be an excellent facility to study in detail the physics of top quarks and strong
interaction phenomena. In particular, a tt threshold scan
will provide a measurement of mt with unmatched precision, with important implications for searches for physics
beyond the Standard Model. Important progress has been
achieved recently to predict the threshold cross section precisely and to evaluate the experimental sensitivity to mt
and other SM parameters. However, future improvements

e+ e

5

[7] M. Beneke, Phys. Lett. B 434 (1998) 115 [hep-ph/9804241].
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Abstract

higher-order effects are clearly necessary. A scan over
the W-pair production threshold could provide a sensitivity to the W-boson mass of about 7 MeV, which should
be compared with the present error of 34 MeV, resulting
from the kinematical reconstruction of W bosons. The
present approach of approximating the radiative corrections to e+ e ! WW ! 4 fermions by an expansion
about the double resonance is not applicable (or at least
not reliable) in the threshold region where singly- or nonresonant contributions become important. The only solution seems to be the full treatment of the complete fourfermion production processes at the one-loop level, including higher-order improvements.
At energies exceeding the reach of LEP2, many new
processes will be accessible, such as top-quark pair production, Higgs production (if the Higgs boson exists), or
reactions with new-physics particles, as e.g. predicted by
SUSY models. Most of these heavy particles are unstable, so that their production eventually leads to manyparticle final states. For example, the production of tt pairs
or of a Higgs-boson with an intermediate or large mass
(MH > 2MW ) leads to six-fermion final states. To exploit the potential of a LC, predictions for such reactions
should be based on full transition matrix elements and improved by radiative corrections as much as possible. The
higher level of accuracy at a future LC does, however, not
only call for proper event generators for many-particle final states. “True” event generators, i.e. including parton
showering and hadronization, have to be improved as well.
In this brief article the main progress on precision calculations and event generators that has been achieved in
the “Loopverein” and “Generators” working groups of the
Extended ECFA/DESY Study since the appearance of the
TESLA TDR [1] is reviewed. More studies on the physics
potential of a LC in view of electroweak and strong interactions, top-quark physics, Higgs physics, and new physics
searches, in particular supersymmetry, are summarized in
Ref. [5].

Recent progress in the calculation of radiative corrections and in Monte Carlo event generation, relevant for a
future e+ e linear collider, is reviewed.

INTRODUCTION
Precision measurements at LEP, SLC, and the Tevatron
rendered the last decade the era of high-precision physics.
A future e+ e linear collider (LC), such as TESLA [1], the
NLC [2], or the GLC (former JLC) [3], does not only offer
an even greater physics potential, but in turn represents a
great challenge for theorists to understand phenomena at
the experimentally achievable level of precision.
For instance, returning again to the Z-boson resonance in
the “GigaZ” mode of TESLA (where about 109 Z bosons
can be produced within 50–100 days of running) allows
for a repetition of the LEP1/SLC physics program with
roughly an order of magnitude higher precision (see also
Ref. [4]). Specifically, the uncertainty in the effective
weak mixing angle could be reduced from 1:7  10 4 to
1:3  10 5 . For a theoretical description of the Z resonance at this level of accuracy full two-loop calculations
of the observables as well as the knowledge of leading
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HIGH-PRECISION OBSERVABLES AND
MULTI-LOOP CALCULATIONS
Precision calculations for  decay
The precision measurement of the muon lifetime, or
equivalently of the Fermi constant G , sets an important
constraint on the SM parameters,

G =
7

p

(0)
2 s2 (1 + r);
2MW
w

(1)

2 = 1 M 2 =M 2 and the quantity r
where s2w = 1
w
W
Z
comprises the radiative corrections to muon decay (apart
from the photonic corrections in the Fermi model). In the
past it has become common practice to implicitly solve this
relation for the W-boson mass MW , thus yielding a precise
prediction for MW that can be compared with the directly
measured value. Recently the full prediction at the twoloop level has been completed. In detail, first the contributions from closed fermion loops and from bosonic loops involving Higgs-boson exchange were calculated in Ref. [6]
by making use of the F EYNA RTS package [7] and the
program T WO C ALC [8] both written in M ATHEMATICA.
The algebraic reduction leads to two-loop master integrals
which are evaluated by semi-analytical methods. The full
bosonic corrections have been calculated in Refs. [9] and
[10]; Ref. [9] includes also a recalculation of the fermionloop correction. In the former calculation the diagrams
were generated with the C++ library D IAGEN (by Czakon)
and evaluated using semi-analytical methods. In the latter
case the graphs were generated with the package D IANA
[11] and evaluated by asymptotic expansions. The results
of Refs. [6, 9, 10] are in good numerical agreement [12].1
The two-loop fermionic corrections influence the MW prediction at the level of  50 MeV, where the bulk of this
effect is due to universal, top-mass enhanced corrections to
the -parameter, which are proportional to m4t or m2t . The
non-universal two-loop fermionic corrections have an impact of up to 4 MeV, the two-loop bosonic corrections of
only 1 2 MeV.
The predictions at the two-loop level have been further
improved by universal higher-order corrections to the parameter. The corrections of O(G2 m4t s ) and O(G3 mt6 )
have been calculated for arbitrary MH in Ref. [13] (for
other universal corrections to  and r see references
therein) and were found to change MW at the level of
5 MeV and 0:5 MeV, respectively. The Feynman diagrams
were generated using Q GRAF [14] and asymptotically expanded with the program E XP [15]; the resulting massive
three-loop tadpole integrals were evaluated with M ATAD
[16].
Figure 1 compares the prediction for MW , including the
above-mentioned two-loop and leading three-loop effects,
with the experimental value. Note that the shown parametric uncertainty is much larger than the estimated theoretical
uncertainty, which is about 3 4 MeV [17, 18]. Comparing
this estimate with the aimed precision of 7 MeV in the MW
determination at a future LC, the prediction of the W-boson
mass from muon decay is in rather good shape.
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SM prediction for MW
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Figure 1: Theoretical prediction of the W-boson mass with
the parametric error from uncertainties in the top-quark
mass and the running electromagnetic coupling, in comexp
(plot shown in
parison with the experimental value MW
Ref. [17])

plings is convoluted with QED structure functions modeling initial-state radiation (ISR). From these effective Zboson–fermion couplings so-called “pseudo-observables”
were derived, such as various asymmetries, the hadronic Zpeak cross section, partial Z-decay widths, etc. Following
the formal tree-level parametrization of the couplings, an
“effective weak mixing angle”, usually given as sin2 f;e ,
was derived for each fermion. Among these parameters
the leptonic variable sin2 lep;e plays a particularly important role, since it is measured with the high accuracy
of 1:7  10 4 and is very sensitive to the Higgs-boson
mass. The state-of-the-art in the precision calculations of
the pseudo-observables, which is implemented in the programs Z FITTER and T OPAZ 0 (see Ref. [20] and references
therein), did not change very much since the release of the
TESLA TDR [1]. For instance, the estimated theoretical
uncertainty in sin2 lep;e is still  6  10 5 . A critical overview about high-precision physics at the Z pole,
in particular focusing on the theoretical uncertainties, can
be found in Ref. [21] (see also Ref. [4]).
Whether the pseudo-observable approach will also be
sufficient for Z-boson physics at the high-luminosity GigaZ
option remains to be investigated carefully. In any case,
tremendous theoretical progress will be needed to match
the aimed GigaZ precision on the theoretical side. For example, the expected experimental accuracy in sin2 lep;e
is about 1:3  10 5 , i.e. about a factor 4 below the present
theoretical uncertainty. A full control of observables at the
two-loop level, improved by leading higher-order effects,
seems to be indispensable.

In order to describe the Z-boson resonance at LEP1
within satisfactory precision it was possible to parametrize
the cross section near the resonance in such a way [19]
that a Born-like form with generalized “effective” cou1 The

= (80.426 +- 0.034) GeV

80.4
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MW have been corrected at the level of
8

Recent results from the 2-loop frontier

virtual and real corrections, these terms need not compensate in the electroweak SM for two reasons. The weak
charges of quarks, leptons, and electroweak gauge bosons
are open, not confined, i.e. there is (in contrast to QCD) no
need to average or to sum over gauge multiplets in the initial or final states of processes. Even for final states that are
inclusive with respect to the weak charges Sudakov logarithms do not completely cancel owing to the definite weak
charges in the initial state [30]. Moreover, the large Wand Z-boson masses make an experimental discrimination
of real W- or Z-boson production possible, in contrast to
unobservable soft-photon or gluon emission.
In recent years several calculations of these high-energy
logarithms have been carried out in the Sudakov regime,
where all kinematical invariants (pi pj ) of different particle
momenta pi , pj are much larger than all particle masses.2
A complete analysis of all leading and subleading logarithms at the one-loop level can be found in Ref. [31]. Diagrammatic calculations of the leading two-loop Sudakov
logarithms have been carried out in Refs. [29, 32]. Diagrammatic results on the so-called “angular-dependent”
subleading logarithms have been presented in Ref. [29].
All these explicit results are compatible with proposed
resummations [33, 34] that are based on a symmetric
SU(2)U(1) theory at high energies matched with QED
at the electroweak scale. In this ansatz, improved matrix
elements M result from lowest-order matrix elements M0
upon dressing them with (operator-valued) exponentials,

Although there are no complete next-to-next-to-leading
(NNLO) predictions for 2 ! 2 scattering reactions and
1 ! 3 decays (with one truly massive leg) available yet,
enormous progress was reached in this direction in recent
years.
Complete virtual two-loop amplitudes for (massless)
Bhabha scattering [22], light-by-light scattering [23], and
e+ e ! 3 jets [24] have been worked out, using a large variety of special techniques, which have been summarized in
Ref. [25]. A survey of similar results relevant for hadroncollider physics can also be found there. Apart from this
two-loop progress on massless particle scattering, also a
first step has been made towards massive Bhabha scattering in Ref. [26].
Full NNLO calculations have to include real doubleparton bremsstrahlung as well as interference contributions
of one-parton bremsstrahlung and one-loop diagrams. The
major complication in these parts concerns the proper extraction of the infrared (soft and collinear) singularities.
The general form of multiple singular particle emission has
been worked out in Ref. [27], which can serve as a basis
for the extraction of the singularities. The actual separation of the singularities can be performed either by applying phase-space cuts (“slicing approach”) or by subtracting an auxiliary cross section with the same singular structure as the original integrand (“subtraction approach”). In
Ref. [28] subtraction terms have been constructed for the
leading colour contribution to e+ e ! 2 jets in NNLO.
However, suitable general subtraction terms as well as their
integrated counterparts that have to be added again are not
yet available.

M  M0

Electroweak corrections far above the electroweak scale,
e.g. in the TeV range, are dominated by soft and collinear
gauge-boson exchange, leading to corrections of the form
N lnM (s=M 2 ) with M  2N . The leading terms (M =
W
2N ) are called Sudakov logarithms. At the one-loop (N =
1) and two-loop (N = 2) level the leading
and subleading
p
corrections to a 2 ! 2 process at s  1 TeV typically
amount to [29]



1 loop
ÆNLL



2 loop
ÆLL



2 loop
ÆNLL



s 
ln2 2 ' 26%;
s2w
MW
3
s 
+ 2 ln 2 ' 16%;
sw MW
2
s 
+ 2 4 ln4 2 ' 3:5%;
2 sw
MW
3 2 3 s 
ln
2 ' 4:2%;
2 s4w
MW

(3)

Explicit expressions for the electroweak and electromagnetic corrections Æew and Æem , which do not commute with
each other, can, for instance, be found in Ref. [29]. For
2 ! 2 neutral-current processes of four massless fermions,
even subsubleading logarithmic corrections have been derived and resummed [34] using an infrared evolution equation that follows the pattern of QCD.
In supersymmetric models the form of radiative corrections at high energies has also been worked out for a broad
class of processes [35]. Based on one-loop results their exponentiation has been proposed.

Electroweak radiative corrections at high energies

1 loop
ÆLL

exp (Æew ) exp (Æem) :

Higher-order initial-state radiation
Photon radiation off initial-state electrons and
positrons leads to large radiative corrections of the form
N lnN (m2 =s). These logarithmic corrections are unie
versal and governed by the DGLAP evolution equations.
The solution of these equations for the electron-photon
system yields so-called structure functions, generically
denoted by (x) below, which can be used via convolution
^(pe+ ; pe ) by
to improve hard scattering cross sections 

(2)

revealing that these corrections become significant in the
high-energy phase of a future LC. In contrast to QED and
QCD, where the Sudakov logarithms cancel in the sum of

2 Note that this regime does not cover the case of forward scattering of
particles, which is also of interest in several cases.
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photon emission effects,

(pe+ ; pe ) =

Z 1

0

dx+ (x+ )

 ^ (x+ pe+ ; x

Z 1

0
pe

dx

(x )

):

(4)

While the soft-photon part of the structure functions
(x ! 1) can be resummed, resulting in an exponential
form, the contributions of hard photons have to be calculated order by order in perturbation theory. In Ref. [36] the
structure functions are summarized up to O( 3 ). Ref. [37]
describes a new calculation of the (non-singlet) contributions up to O( 5 ) and of the small-x terms [ ln2 (x)℄N
to all orders (for previous calculations see papers cited in
Ref. [37]).

!

RADIATIVE CORRECTIONS TO
2
3; 4; : : : PROCESSES
W-pair production and four-fermion final states
The theoretical treatment and the presently gained level
in accuracy in the description of W-pair-mediated 4f production were triggered by LEP2, as it is reviewed in
Refs. [36, 38]. The W bosons are treated as resonances in
the full 4f processes, e+ e ! 4f (+ ). Radiative corrections are split into universal and non-universal corrections.
The former comprise leading-logarithmic corrections from
ISR, higher-order corrections included by using appropriate effective couplings, and the Coulomb singularity. These
corrections can be combined with the full lowest-order matrix elements easily. The remaining corrections are called
non-universal, since they depend on the process under investigation. For LEP2 accuracy, it was sufficient to include these corrections by the leading term of an expansion
about the two W poles, defining the so-called double-pole
approximation (DPA). Different versions of such a DPA
have been used in the literature [39, 40, 41]. Although
several Monte Carlo programs exist that include universal
corrections, only two event generators, YFSWW [40] and
R ACOON WW [41, 42], include non-universal corrections.
In the DPA approach, the W-pair cross section can be
predicted within  0:5%(0:7%) in the energy range between 180 GeV (170 GeV) and  500 GeV, which was
 1% for energies
sufficient for the LEP2 accuracy
p of170
170 209 GeV. At threshold ( s <
 GeV), the present
state-of-the-art prediction results from an improved Born
approximation based on leading universal corrections only,
because the DPA is not reliable there, and thus possesses
an intrinsic uncertainty of about 2%. In Figure 2 this uncertainty is compared with the sensitivity of the W-pair
production cross section to the W-boson mass and some
assumed experimental data points of a threshold scan.
The figure demonstrates the necessary theoretical improvements. At energies beyond 500 GeV effects beyond O( ),
such as the above-mentioned Sudakov logarithms at higher
orders, become important and have to be included in predictions at per-cent accuracy.

Figure 2: Sensitivity of the W-pair production cross section
to the W-boson mass and some assumed experimental data
points, compared with the theoretical uncertainty of  2%
(taken from Ref. [1])
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Figure 3: Influence of the anomalous triple gauge-boson
coupling  and of non-universalpcorrections in the W+ production-angle distribution at s = 200 GeV for the
  (taken from Ref. [45])
process e+ e ! ud
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At LEP2, the W-boson mass is determined by the reconstruction of the W bosons from their decay products
with a final accuracy of about 30 MeV. In Ref. [43] the
theoretical uncertainty is estimated to be of the order of
 5 MeV, which is comparable to the estimated [44] accuracy of  10 MeV at a future LC. Theoretical improvements are, thus, desirable.
The main sensitivity of all observables to anomalous
couplings in the triple-gauge-boson vertices is provided by
the W-pair production angle distribution. Figure 3 shows
the impact of an anomalous coupling  = 0:03, the
size of which is of the order of the LEP2 sensitivity, together with the impact of non-universal corrections on the
spectrum. The theoretical uncertainty in constraining the
parameter combination  =  = Z was estimated to
be about 0:005 [46] for the LEP2 analysis. Since a future
LC is more sensitive to anomalous couplings than LEP2 by
more than an order of magnitude, a further reduction of the
uncertainties by missing radiative corrections is necessary.
However, a thorough estimate of the theoretical uncertainty
in the determination
couplings at higher scatp of anomalous
500
GeV
),
where the experimental
tering energies ( s >

sensitivity to non-standard couplings increases, is not yet
available.
The above discussion illustrates the necessity of a full
one-loop calculation for the e+ e ! 4f process and of
further improvements by leading higher-order corrections.

into account in order to describe the cross section there.
Moreover, the mere application of s-dependent leadinglogarithmic structure functions does not describe the leading photon-radiation effects properly, since ISR and finalstate radiation (FSR) show sizeable interferences for forward scattering. Thus, the improvement of lowest-order
calculations by leading radiation effects is more complicated than for s-channel-like processes. Finally, the running of the electromagnetic coupling (q 2 ) has to be evaluated in the region of small momentum transfer (q 2 < 0)
where the fit [47] of this quantity to the hadronic vacuum
polarisation should be used.
The Monte Carlo generator KORALW [48] has recently
been updated to include the ISR-FSR interference effects
as well as the proper running of (q 2 ). Therefore, this
program now has reached a level of accuracy similar to the
other state-of-the-art programs for single-W production:
G RC 4 F [49], N EXTCALIBUR [50], S WAP [51], W PHACT
[52], and W TO [53]. More detailed descriptions of these
codes can be found in Ref. [38]. It should be kept in mind
that none of these calculations includes non-universal electroweak corrections, leading to a theoretical uncertainty
of about  5% in cross-section predictions. Although the
final solution for a high-energy LC certainly requires a
full O( ) calculation of the 4f -production process, a first
step of improvement could be done by a careful expansion
about the propagator poles of the photon and W boson. The
electroweak O( ) corrections to the process e ! e W,
which are known [54], represent a basic building block in
this calculation.

Single-W production
The single-W production process e+ e ! ee W !
ee + 2f plays a particularly important role among the
4f production processes at high scattering energies. The
process is predominantly initiated by e  collision (see
Figure 4) where the photon is radiated off the electron (or
positron) by the Weizsäcker–Williams mechanism, i.e. with
a very small off-shellness q 2 . Consequently the cross section rises logarithmically with the scattering energy and is
of the p
same size as the W-pair production cross section at
about s = 500 GeV; for higher energies single-W dominates over W-pair production.
Theoretically the dominance of photon exchange at low
q2 poses several complications. Technically, q2 ! 0
means that the electrons (or positrons) are produced in the
forward direction and that the electron mass has to be taken

e

Technical progress on radiative corrections to
multi-particle production processes
One-loop integrals become more and more cumbersome
if the number N of external legs in diagrams increases.
For N > 4, however, not all external momenta are linearly independent because of the four-dimensionality of
space-time. As known for a long time [55], this fact opens
the possibility to relate integrals with N > 4 to integrals
with N  4. In recent years, various techniques for actual evaluations of one-loop integrals with N = 5; 6 have
been worked out [56, 57] (see also references therein for
older methods and results). The major complication in the
treatment of 2 ! 3 processes at one loop concerns the
numerical evaluation of tensor 5-point integrals; in particular, the occurrence of inverse Gram determinants in
the usual Passarino–Veltman reduction to scalar integrals
leads to numerical instabilities at the phase-space boundary. A possible solution to this problem was worked out in
Ref. [57] where the known direct reduction [55] of scalar
5-point to 4-point integrals was generalized to tensor integrals, thereby avoiding the occurrence of leading Gram
determinants completely.
In the evaluation of real corrections, such as bremsstrahlung, a proper and numerically stable separation of infrared (soft and collinear) divergences represents one of

e

W
e+

e

Figure 4: Generic diagram for the dominant contributions
to single-W production, e+ e ! e e W ! e e + 2f
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the main problems. In the phase-space slicing approach
(see Ref. [58] and references therein) already mentioned
above, the singular regions are excluded from the “regular” phase-space integration by small cuts on energies,
angles, or invariant masses. Using factorization properties, the integration over the singular regions can be done
in the limit of infinitesimally small cut parameters. The
necessary fine-tuning of cut parameters is avoided in socalled subtraction methods (see Refs. [59, 60, 61] and references therein), where a specially tuned auxiliary function is subtracted from the singular integrand in such a way
that the resulting integral is regular. The auxiliary function has to be chosen simple enough, so that the singular
regions can be integrated over analytically. In Ref. [59] the
so-called “dipole subtraction approach” has been worked
out for massless QCD. The technique admits a convenient
construction of such auxiliary functions for arbitrary oneparton emission processes, without the need of any further
complicated analytical integrations. The dipole subtraction
formalism was subsequently worked out for photon emission off massive fermions in Ref. [60] and for QCD with
massive quarks in Ref. [61].

Table 1: Comparison of lowest-order cross sections for
e+ e !  H, (tree), of one-loop-corrected cross seccorrections (Æ = =tree 1) betion ( ), and of relative p
tween Refs. [63, 64] at s = 500 GeV (input parameters
of Ref. [63])

MH [GeV℄ tree [fb℄
150
200
250
300

60.99(7)
60.80(2)
37.16(4)
37.09(2)
20.63(2)
20.60(1)
10.30(1)
10.282(4)

Æ[%℄
0:2
0:44(3)
0:4
0:56(4)
2:5
2:53(3)
4:2
4:40(3)

Ref.
[63]
[64]
[63]
[64]
[63]
[64]
[63]
[64]

Table 2: Comparison of lowest-order cross sections for
e+ e ! ttH, (tree ), of one-loop-corrected cross section
( ), and of relative corrections (Æ = =tree 1) between
Refs. [66, 67] for MH = 120 GeV (input parameters of
Ref. [66], results taken from Ref. [67])

!

3 processes at one-loop order –
Results on 2
e+ e
 H; ttH

!

61.074(7)
61.076(5)
37.294(4)
37.293(3)
21.135(2)
21.134(1)
10.758(1)
10.7552(7)

[fb℄

Recently some one-loop calculations of electroweak radiative corrections have been presented for 2 ! 3 processes that are interesting at a future LC: e+ e !  H
[63, 64] and e+ e ! ttH [65, 66, 67]. The results of
Refs. [63, 66] were obtained with the G RACE -L OOP [68]
system (see below). In Refs. [64, 65, 67] the technique [57]
for treating tensor 5-point integrals was employed. While
Refs. [63, 65, 66] make use of the slicing approach for
treating soft-photon emission, the results of Refs. [64, 67]
have been obtained by dipole subtraction and checked by
phase-space slicing for soft and collinear bremsstrahlung.
In e+ e annihilation there are two main production
mechanisms for the SM Higgs boson. In the Higgsstrahlung process, e+ e ! ZH, a virtual Z boson decays
cross
into a Z boson and a Higgs boson. The
p corresponding
M
+
M
section rises sharply at threshold ( s >
)
to a
Z
H

maximum at a few tens p
of GeV above MZ + MH and then
falls off as s 1 , where s is the CM energy of the e+ e
system. In the W-boson-fusion process, e+ e ! e e H,
the incoming e+ and e each emit a virtual W boson which
fuse into a Higgs boson. The cross section of the W-bosonfusion process grows aspln s and thus is the dominant production mechanism for s  MH . At the one-loop level,
first the contributions of fermion and sfermion loops in the
Minimal Supersymmetric Standard Model (MSSM) have
been evaluated in Ref. [62]. A complete calculation of the
O( ) electroweak corrections to e+ e !  H in the SM
has subsequently been performed in Refs. [63, 64].3 Some

ps[GeV℄  [fb℄
tree
600
800
1000

[fb℄

Æ[%℄

Ref.
1.7293(3) 1.738(2)
0.5 [66]
1.7292(2) 1.7368(6) 0.44(3) [67]
2.2724(5) 2.362(4)
3.9 [66]
2.2723(3) 2.3599(6) 3.86(2) [67]
1.9273(5) 2.027(4)
5.2 [66]
1.9271(3) 2.0252(5) 5.09(2) [67]

results of Refs. [63, 64] are compared in Table 1. The
agreement of the correction is within 0.2% or better w.r.t.
the lowest-order cross sections.
The Yukawa coupling of the top quark could be measured at a future LC with high energy and luminosity at the
level of  5% [1] by analyzing the process e+ e ! ttH.
A thorough prediction for this process, thus, has to control QCD and electroweak corrections. Table 2 summarizes some results on the electroweak O( ) corrections of
Refs. [66, 67]. The agreement within  0:1% also holds
for other energies and Higgs-boson masses. The results of
the previous calculation [65] roughly agree
p with the ones
of Refs. [66, 67] at intermediate values of s and MH , but
are at variance at high energies (TeV range) and close to
threshold (large MH ).

3 Analytical results for the one-loop corrections have been obtained in
Ref. [69] as MAPLE output, but a numerical evaluation of these results
is not yet available.
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EVENT GENERATORS FOR
MULTI-PARTICLE FINAL STATES

events are supported, and a large variety of interfaces
(ISR, beamstrahlung, P YTHIA, PDFs, etc.) exists.
The inclusion of MSSM amplitudes (O’ MEGA) and
improved phase-space generation (2 ! 6) are work in
progress.

Multi-purpose generators at parton level
The large variety of different final states for multiparticle production renders multi-purpose Monte Carlo
event generators rather important, i.e. generators that deliver an event generator for a user-specified (as much as
possible) general final state based on full lowest-order amplitudes. As results, these tools yield lowest-order predictions for observables, or more generally Monte Carlos
samples of events, that are improved by universal radiative
corrections, such as initial-state radiation at the leadinglogarithmic level or beamstrahlung effects. Most of the
multi-purpose generators are also interfaced to partonshower and hadronization programs. The generality renders these programs, however, rather complex devices and,
at present, they are far from representing tools for highprecision physics, because non-universal radiative corrections are not taken into account in predictions.
The following multi-purpose generators for multi-parton
production, including program packages for the matrixelement evaluation, are available:







All but the G RACE program make use of the multi-channel
approach for the phase-space integration. More details can
be found in the original references.
Tuned comparisons of different generators, both at parton and detector level, are extremely important, but become more and more laborious owing to the large variety
of multi-particle final states. Some progress to a facilitation
and automization of comparisons are made by MC-tester
project [80] and Java interfaces [81].

Event generators and results for e+ e

Particular progress was reached in recent years in the description of six-fermion production processes. Apart from
the multi-purpose generators listed in the previous section,
also dedicated Monte Carlo programs and generators have
been developed for this class of processes:

A MEGIC [70]: Helicity amplitudes are automatically
generated by the program for the SM, the MSSM, and
some new-physics models. Various interfaces (ISR,
PDFs, beam spectra, I SAJET, etc.) are supported. The
phase-space generation was successfully tested for up
to six particles in the final state.
G RACE [71]: The amplitudes are delivered by a builtin package, which can also handle SUSY processes.
The phase-space integration is done by BASES [72].
Tree-level calculations have been performed for up
to (selected) six-fermion final states. The extension
of the system to include one-loop corrections, the
G RACE -L OOP [68] program, is under construction.
M ADEVENT [73] + M ADGRAPH [74]: The M AD algorithm can generate tree-level matrix elements for any SM process (fully supporting particle masses), but a practical limitation is 9,999 diagrams. In addition, M ADGRAPH creates M ADEVENT,
an event generator for the requested process.





S IXFAP [82]: Matrix elements are provided for all 6f
final states (with finite fermion masses), including all
electroweak diagrams. The generalization to QCD diagrams and the extension of the phase-space integration for all final states is in progress.



EETT 6 F [83]: Only processes relevant for t
t production are supported (a new version includes e in the
final state and QCD diagrams); finite fermion masses
are possible.



L USIFER [84]: All 6f final states are possible, including QCD diagrams with up to four quarks; representative results for all these final states have been
presented. External fermions are massless. An unweighting algorithm and an interface to P YTHIA are
available.

Table 3 summarizes a brief comparison of results for some
processes e+ e ! 6f relevant for tt production for massless external fermions. The results reveal good agreement
between the various programs, where minor differences are
presumably due to the different treatments of the bottomquark Yukawa coupling, which is neglected in some cases.
A tuned comparison of results obtained with L USIFER
and W HIZARD for a large survey of 6f final states has been
presented in Ref. [84].

GRAPH



! 6f

P HEGAS [75] + H ELAC [76]: The H ELAC program
delivers amplitudes for all SM processes (including all
masses). The phase-space integration done by P HE GAS has been tested for selected final states with up to
seven particles.

“True” Monte Carlo event generators

W HIZARD [77] + C OMPHEP [78] / M ADGRAPH [74]
/ O’ MEGA [79]: Matrix elements are generated by
an automatic interface to (older versions of) C OM PHEP , M ADGRAPH , and (the up-to-date version of)
O’ MEGA. Phase-space generation has been tested for
most 2 ! 6 and some 2 ! 8 processes; unweighed

The event generators described above work at parton
level (partially improved by parton showers), i.e. the finalstate particles cannot be directly identified with particles
in a detector. For detector simulations, these parton-level
generators have to be interfaced with parton shower and
hadronization programs. To facilitate this interface, the
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Table 3: Comparison of lowest-order predictions for some processes e+ e
approximation of massless fermions (input parameters and cuts of Ref. [84])

! tt ! 6 fermions at ps = 500 GeV in

full[ fb℄
e e+ e e bb
e e+   bb
 +   bb
 +   bb
 + dubb

A MEGIC ++ EETT 6 F
L USIFER P HEGAS
S IXFAP W HIZARD
5.879(8)
5.862(6)
5.853(7)
5.866(9) 5.854(3) 5.875(3)
5.827(4)
5.815(5)
5.819(5)
5.822(7) 5.815(2) 5.827(3)
5.809(5)
5.807(3)
5.809(5)
5.809(5) 5.804(2) 5.810(3)
5.800(3)
5.797(5)
5.800(4)
5.798(4) 5.798(2) 5.796(3)
17.209(9) 17.213(23) 17.171(24) 17.204(18)
without QCD: 17.097(8) 17.106(15) 17.095(11) 17.107(18) 17.096(4) 17.103(8)
0.002

0.000

-0.002

δMW [GeV]

“Les Houches accord” [85] has been designed, a set of
F ORTRAN common blocks for the transfer of event configurations from parton level generators to showering and
hadronization event generators. Alternatively so-called
“true” event generators could be used, which fully include hadronization. The following well-known “true” MC
generators represent general-purpose tools for investigating not only e+ e collisions, but also lepton–hadron and
hadron–hadron scattering: H ERWIG [86], I SAJET [87], and
P YTHIA [88]. The programs are supported and extended
continuously; recent upgrades and new features relevant for
LC physics are:

-0.004
max

mh

-0.006

tanβ = 40



implementation of all 2 !
the MSSM in lowest order;

2 scattering processes of

-0.008



 (0)H ) in the SM and
associated Higgs production (QQ
MSSM in lowest order (the case of charged Higgs
bosons is not yet available in I SAJET and P YTHIA);

-0.010

 R-parity-violation SUSY in H ERWIG;
 MSSM with complex parameters

tanβ = 3

tanβ = 3 (MSSM - SM)
tanβ = 40 (MSSM - SM)

-0.012
90
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110
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130

140
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Figure 5: Effect of the SUSY O( 2t ) corrections on the
prediction of MW in the MSSM (taken from Ref. [93])

(cMSSM) in

P YTHIA;




inclusion of spin correlations and matrix elements for
3- and 4-body decays in H ERWIG;

to the topics that have been presented in the Loopverein
working group. More details and references on the subject
can be found in Ref. [5].

introduction of real corrections based on matrix elements for several e+ e processes in H ERWIG and
P YTHIA (see e.g. Ref. [89]).

SUSY corrections to precision observables

Among other work in progress, the implementation of NLO
QCD corrections in “true” generators is one of the most
pressing issues. In particular, the matching of parton showers with matrix-element calculations at NLO has to be performed carefully; first results look very promising [90].
Finally, it should be mentioned that the present F OR TRAN versions of H ERWIG and P YTHIA will be replaced
by C++ programs in the future [91].

The confrontation of high-precision data with theoretical predictions is, of course, also very interesting in extensions of the SM. The one-loop corrections of the MSSM to
muon decay and to the pseudo-observables of the Z resonance have been known for many years, but not many corrections beyond one loop exist. Recently the known universal corrections of O( s ) [92] to the -parameter have
been supplemented by the terms of O( 2t ), O( t b ) and
O( 2b ) in Ref. [93], where t=b = h2t=b =(4) with ht=b
denoting the top/bottom Yukawa coupling. Figure 5 illustrates the effect of the O( 2t ) corrections on the prediction
of the W-boson mass in the MSSM. The genuine MSSM
O( 2t ) effects modify MW at the level of 2 3 MeV.

RADIATIVE CORRECTIONS IN
SUPERSYMMETRIC THEORIES
In order to avoid too much overlap with the reports of the
Higgs and SUSY groups, this section is mainly restricted
14

Mass spectra in the MSSM

corresponding on-shell renormalization, are worked out in
Refs. [101, 102]. For each generation, one of the four
squark masses and one of the three slepton masses can be
calculated from the other sfermion masses (and the other
MSSM parameters entering at one loop). The one-loop corrections can amount to about 5%.

In theories with unbroken supersymmetry the fermions
and bosons within the same multiplet have a common mass.
In realistic theories, such as the MSSM, SUSY is broken,
and this statement is not valid anymore. However, the
masses of fermions or bosons within multiplets are not all
independent, i.e. there are non-trivial relations among mass
parameters. Since the mass spectra of SUSY theories bear
a lot of information on the mechanism of SUSY breaking,
precision analyses of these spectra can serve as a window
to grand unification.
SUSY demands (at least) two Higgs doublets to give the
up- and down-type fermions masses. Thus, the MSSM
predicts the existence of two charged (H ), two neutral
scalar (h0 ; H0 ), and one neutral pseudo-scalar (A0 ) Higgs
bosons. In lowest order, the Higgs masses MH , Mh ,
and MH can be calculated as functions of the A0 -boson
mass MA , the ratio of Higgs-field vacuum expectation values, tan = v2 =v1 , and the gauge-boson masses; in particular, the mass Mh of the lightest Higgs boson is constrained to be smaller than MZ at tree level. Beyond lowest order, also the remaining MSSM parameters are involved in the mass relations, and Mh can reach values up
to about 135 GeV. The status of precision calculations of
the neutral Higgs-boson masses has been recently reviewed
in Ref. [94]. All available corrections4 are implemented in
the program F EYN H IGGS [96]. The predictions are based
on full one-loop calculations and on the leading effects in
two-loop order, i.e. the corrections of the order O( s t ),
O( 2t ) and O( s b ) (see Ref. [94] and references therein).
Recently the corrections of O( t b ) and O( 2b ) have become available [97]. The current theoretical uncertainty in
the Higgs-mass predictions is about 3 GeV [94], but a further reduction to <
 0:5 GeV should be reached to match
the accuracy needed for a LC. In this context a proper definition of tan in higher perturbative orders is crucial, since
different renormalization schemes (see, e.g., Ref. [98]) for
tan lead to rather different relations between tan and
physical observables such as the Higgs-boson masses.
In the sector of charginos and neutralinos of the MSSM
only three out of the six mass parameters are independent.
In Refs. [99, 100] the three masses m~02;3;4 of the heavier neutralinos have been expressed in terms of the mass
m~01 of the lightest neutralino and of the masses m~+1;2 of
the two charginos, including the complete one-loop corrections, which depend also on the other MSSM parameters. The corrections modify the calculated masses by up to
several GeV. The on-shell renormalization in the charginoneutralino sector is described in Refs. [99, 100, 101] in detail.
The relations among sfermion masses, together with the

Higgs-boson and SUSY-particle decays in the
MSSM
Analyses of particle decays are of great importance for
the reconstruction of coupling structures and, thus, of interaction Lagrangians. The rich particle content of SUSY
theories leads to a large variety of decay cascades, which
depend in detail on the chosen scenario. A discussion
of phenomenological implications and of radiative corrections to SUSY-particle decays can be found in Ref. [5] and
Ref. [103], respectively.
The decay widths of Higgs bosons in the MSSM received much attention in recent years, so that the predictions are well elaborate. Precise predictions can be obtained with the programs F EYN H IGGS D ECAY (based on
Ref. [104]) and H DECAY [105]. Recently the electroweak
O( ) corrections to the decay of the CP-odd A0 boson into
sfermion pairs have been calculated in Ref. [106]. For the
 ( = h0 ; H0 ; A0 ), which is of particHiggs decay  ! bb
ular importance for light Higgs bosons, the resummation of
the leading SUSY-QCD effects and the related theoretical
uncertainty have been discussed in Ref. [107] (for previous
 see references therein).
work on  ! bb
Apart from considering integrated decay rates, it is interesting to inspect distributions of decay products, which
is important for the determination of the spin and parity of
the decaying particle. This task requires the development
of appropriate Monte Carlo tools. For the  !  +  decay, for instance, the TAUOLA program was extended to
include  -spin correlations in Ref. [108].

SUSY-particle production
The direct production of SUSY particles, if they exist, is
among the most interesting issues at future colliders. In order to determine the properties (mass, spin, decay widths,
couplings) of these new particles, precise measurements
and predictions of the corresponding cross sections at the
same level of accuracy are necessary, i.e. radiative corrections have to be taken into account.
The electroweak radiative corrections to the production
~+ ~ ,
of sfermions, e+ e ! f~f~, and charginos, e+ e ! 
were worked out in Refs. [109] and [110], respectively.
Since in these calculations the sfermions and charginos
are assumed to be stable, the results are relevant for energies a few decay widths above the production threshold. For a threshold scan the decay of the sfermions as
well as non-resonant coherent background effects have to
be included; in Ref. [111] off-shell effects in sfermion-pair
production have been investigated at tree level (improved

4 It should be mentioned that the full effective potential has been presented in Ref. [95] at the two-loop level. However, the precise relation of
these results with the parameters defined in the on-shell renormalization
scheme used in MSSM parameter analyses has not been worked out so
far.
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widely automated in the packages F ORM C ALC, combined
with L OOP T OOLS [116], and G RACE -L OOP [68].
As an illustrating example, Table 4 provides some results on the differential cross section for e+ e ! tt in
lowest order as well as including electroweak O( ) corrections. The program FA+FC was obtained from the
output of the F EYNA RTS and F ORM C ALC packages and
makes use of the L OOP T OOLS library for the numerical
evaluation. The T OPFIT program [117, 118] was developed
from an algebraic reduction of Feynman graphs (delivered
from D IANA) within F ORM; for the numerics L OOP T OOLS
is partially employed. More detailed comparisons between
FA+FC and T OPFIT, including also other fermion flavours,
can be found in Refs. [117, 119]. The G RACE -L OOP result
is completely independent of the two others. The agreement between these results reflects the enormous progress
achieved in recent years in the automization of one-loop
calculations.
The G RACE -L OOP system has recently been used in the
calculation of the electroweak corrections to the 2 ! 3
processes e+ e !  H; ttH [63, 66], which are discussed
above.
Clearly the calculation of radiative corrections is a very
laborious task, leading to rather complex and lengthy computer codes, which should be carefully documented. The
S ANC project [120] (former C ALC PHEP [121]) aims at
providing theoretical support of this kind for future accelerator experiments, using the principle of knowledge storing. This approach is rather different from the strategy of
automization described above, which aims at generating
completely new programs. The S ANC program contains
another independent calculation of the O( ) corrections
to e+ e ! tt, the results of which are also included in
Table 4.

by universal Coulomb-like corrections). Theoretically the
whole issue is very similar to a description of the process
e+ e ! WW ! 4f which is discussed above.
The SUSY multiplet structure, in particular, predicts
that the strengths of the gauge-boson–fermion and gaugeboson–sfermion interactions, which are equal owing to
the gauge principle, coincide with the gaugino–sfermion–
fermion Yukawa coupling. In order to test this relation
g
in SUSY QCD the processes e+ e ! q qg; q~q~g; q~qg~; qq~~
should be studied. In Ref. [112] the QCD and SUSY-QCD
corrections to these processes were calculated.
More details on radiative corrections to SUSY particle
production and decays can be found in Ref. [103] (and references therein).

Renormalization of the MSSM beyond one loop
Beyond one loop the calculation of radiative corrections within SUSY theories is highly non-trivial, because
there is no regularization scheme that respects gauge invariance and supersymmetry at the same time. For instance, conventional dimensional regularization breaks supersymmetry, while dimensional reduction, which respects
supersymmetry, is known to be not fully consistent. In
this situation, a mathematically convincing way to perform renormalization is provided by algebraic renormalization. In this framework the symmetry identities and a
proof of renormalizability for the MSSM have been established in Ref. [113]. These results can serve as a basis for
the construction of all symmetry-restoring counterterms in
the MSSM.

OTHER DEVELOPMENTS
Automization of loop calculations and maintenance of computer codes

Numerical approaches to loop calculations

Once the necessary techniques and theoretical subtleties
of a perturbative calculation are settled, to carry out the
actual calculation is an algorithmic matter. Thus, an automization of such calculations is highly desirable, in order
to facilitate related calculations. Various program packages
have been presented in the literature for automatized treelevel, one-loop, and multi-loop calculations. A comprehensive overview was, for instance, given in Ref. [114]; in
the following we have to restrict ourselves to a selection of
topics, where the emphasis is put on recent developments.
The generation of Feynman graphs and amplitudes is a
combinatorial problem that can be attacked with computer
algebra. The program packages F EYNA RTS [7] (which has
been extended [115] for the MSSM), Q GRAF [14], D I ANA [11] (based on Q GRAF ) are specifically designed for
this task; also the G RACE -L OOP [68] system automatically
generates Feynman diagrams and loop amplitudes. Moreover, the task of calculating virtual one-loop and the corresponding real-emission corrections to 2 ! 2 scattering
reactions is by now well understood. Such calculations are

Most of the various techniques of performing loop calculations share the common feature that the integration over
the loop momenta is performed analytically. This procedure leads to complications at one loop if five or more external legs are involved, since both speed and stability of
programs become more and more jeopardized. At the twoloop level, already the evaluation of self-energy and vertex
corrections can lead to extremely complicated higher transcendental functions that are hard to evaluate numerically.
An idea to avoid these complications is provided by a
more or less purely numerical evaluation of loop corrections. There are two main difficulties in this approach.
Firstly, the appearing ultraviolet and infrared divergences
have to be treated and canceled carefully. Secondly, even
finite loop integrals require a singularity handling of the integrand near so-called particle poles, where Feynman’s i
prescription is used as regularization.
In Ref. [122] a method for a purely numerical evaluation
of loop integrals is proposed. Each integral is parametrized
with Feynman parameters and subsequently rewritten with
16

Table 4: Differential cross sections for e+ e ! tt for selected
scattering angles at
p
defined in Ref. [117], the soft-photon cut parameter != s is set to 10 5 .

os 
0:9

0:0

+0:9



program
FA + FC
G RACE -L OOP
S ANC
T OPFIT
FA+FC
G RACE -L OOP
S ANC
T OPFIT
FA+FC
G RACE -L OOP
S ANC
T OPFIT



d
d os  Born [ pb℄
0:108839194076039
0:108839194076
0:10883919407522
0:108839194076039
0:225470464033559
0:225470464033
0:22547046403258
0:225470464033559
0:491143715767761
0:491143715767
0:49114371576694
0:491143715767761





d
d os  Born+virt+soft [ pb℄
0:00205485893415
0:002054859
0:00205485893360
0:00205485893466
0:04321416793299
0:043214168
0:04321416793300
0:04321416793192
0:16747885864057
0:16747886
0:16747885864510
0:16747885863793

partial integrations. The final expression consists of a quite
simple part containing the singular terms and another more
complicated looking part that can be integrated numerically. The actual application of the method to a physical
process is still work in progress.
Another idea was proposed in Ref. [123] and applied to
event-shape variables in e+ e ! 3 jets in NLO. In this
approach virtual and real corrections are added before integration. In their sum, no soft singularities, or more generally singularities that cancel between virtual and real corrections, appear from the beginning. Nevertheless the problem of a stable treatment of particle poles in loop amplitudes still remains. In Ref. [123] a solution via contour
deformations in complex integration domains is described,
but how this procedure can be generalized is not yet clear.

ps = 500 GeV; input parameters are


d
d os 



Born+virt+real

[ pb℄

0:13206(12)
0:13229
0:23513(14)
0:23476
0:47709(21)
0:47768

and interesting issues could be continued at will. The way
to a future LC will also be highly exciting in precision
physics.
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In spite of the complexity of higher-order calculations
for high-energy elementary particle reactions, there has
been continuous progress in the development of new techniques and in making precise predictions for physics at future colliders. However, to be prepared for a future e+ e
linear collider with high energy and luminosity, such as
TESLA, an enormous amount of work is still ahead of us.
Full two-loop predictions for e+ e ! 2 fermion scattering reactions, such as the Bhabha process, or full one-loop
calculations for e+ e ! 4 fermions are more than technical challenges. At this level of accuracy, field-theoretical
issues such as renormalization, the treatment of unstable
particles, etc., demand a higher level of understanding. Of
course, both loop calculations as well as the descriptions
of multi-particle production processes with Monte Carlo
techniques require and will profit from further improving
computing devices.
It is certainly out of question that the list of challenges

[5] A. Brandenburg, K. Desch, J. Kalinowski, and K. Mönig,
these proceedings.
[6] A. Freitas, W. Hollik, W. Walter and G. Weiglein, Phys. Lett.
B 495 (2000) 338 [hep-ph/0007091] and Nucl. Phys. B 632
(2002) 189 [hep-ph/0202131].
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Abstract

found at the TEVATRON later [4]. Today we are able to
limit the Higgs mass to roughly 200 GeV from loop effects
at LEP, SLD and the TEVATRON (figure 1) or to set limits
of about 500 GeV on the mass of a hypothetical Z’ boson
from two fermion production at LEP II (figure 2) [5]. In
the same way we expect that in ten years from now a linear
collider will estimate, depending on the physics scenario
nature has chosen, model parameters in a supersymmetric
theory from high statistics running at the Z resonance or
the mass of a techni- resonance from W-pair production
at high energies [6].

The measurement of Standard Model processes tests the
validity of the model at a given scale and is simultaneously
sensitive to new physics through loop effects or interference with the Standard Model amplitudes. A variety of
studies has been done
p to see what a linear collider in the
energy range mZ < s < 1 TeV can offer. The work that
has been done within the ECFA/DESY study on linear colliders is reviewed, especially what was not included in the
TESLA TDR.

INTRODUCTION

6

It is a common belief that the Standard Model of electroweak interactions is not the final theory valid up to very
high scales. Nevertheless the model is able to describe all
experimental data up to now with a typical precision around
+
one per mille [1]. At a linear
p e e collider that can run
at centre of mass energies, s, between the Z-pole and
around 1 TeV one expects to see finally deviations from
the Standard Model predictions. These deviations in precision measurements occur typically for two reasons. If
the new physics occurs in loop diagrams their effect is usually suppressed by a loop factor =4 and very high precision is required to see it. If the new physics occurs already on the Born level but at very high masses, the effects
s
so
are suppressed by a propagator factor (s m2 )+
NP imNP
that it is important to work at the highest possible energies. Both effects have already been used successfully in
the past. PEP, PETRA and TRISTAN have been able to
measure the fermion couplings to the Z although they were
running at energies roughly a factor two below the resonance pole [2]. Ten years ago LEP could predict the mass
of the top from its loop effects [3], exactly where it was

theory uncertainty
∆α(5)
had =
0.02761±0.00036
0.02747±0.00012

4

∆χ2

Without NuTeV

2

0

Excluded
20

Preliminary
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Figure 1: Prediction of the Higgs mass from the electroweak precision data.

 The work reported in this talk was done by the members of the
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There are several types of reactions to test the Standard Model or to investigate alternative theories. With two
fermion or four fermion production on the Z-pole or close
to the W-pair production threshold one can improve on the
measurements done at LEP and SLD by an order of magnitude. Two fermion production at high energies is sensitive
to contact interactions in general or more specific to heavy
Z’-bosons or models with extra space dimensions. Four or
six fermion production at high energy has a large contribution from multi gauge boson production which is sensitive
to gauge boson couplings. This is especially interesting
if no elementary Higgs boson exists and the electroweak
symmetry is broken by a new strong interaction at a high
scale.
In the following sections the results of the “Electroweak
Gauge Theories and Alternative Theories” group of the
21

1000

LEP combined

mt = 170 ... 180 GeV
0.2325

preliminary

SM (mH = 113 ... 400 GeV)

sin θeff

0.2320

2

χ

0.2315

600

ψ

Z'

mmin[GeV]

800

η

0.2310

experimental errors:
LEP2/SLD/Tevatron

MSSM

LHC/LC

400

0.2305
80.20

Excluded
200

-50

0

Θ6[deg]

GigaZ
80.25

80.30

Heinemeyer, Weiglein ’03

80.35

80.40

80.45

80.50

MW [GeV]
l at GigaFigure 3: Expected precision for mW and sin2 eff
Z compared to the present situation and to the LHC expectation. LHC/LC denotes LC high energy running only.

50

relative to mZ close to thepZ-peak
p and an extrapolation
from mZ to 2mW with  s= s < 5  10 5 and control of the beamstrahlung on the few % level. If also the
Z-partial width measurements are to be improved, an absolute measurement of the luminosity with a precision of
L=L = 10 4 is needed [10, 11, 12].
Excellent polarimeters are needed for relative measurements like time dependencies or the polarisation difference
between positive and negative helicities of the beam particles. Detailed design studies for polarimetry, beam energy
measurement, measurement of the beamstrahlung and of
the luminosity are currently under way [13, 14].
Significant progress was achieved on the theoretical side.
The largest parametric uncertainty for the measurement of
l is the uncertainty in the hadronic contribution to
sin2 eff
the running of the fine structure constant up to the Z-mass,
(m2Z ). Not to be limited too much by the knowledge of
(m2Z ) the hadronic cross section (e+ e ! qq) needs to
be known with 1% precision up to the  region [15]. CMD
II basically achieved this goal in the  region [16, 17], however there are some discrepancies withpthe  spectral functions [18, 19]. In the region 2 GeV < s < 5 GeV BES II
improved the data recently from 20% to 7% accuracy [20]
and further progress is possible. In addition precise results
from radiative return experiments at DANE, CESR and
the b-factories can be expected in the near future.
Significant progress has been achieved also in the prediction of the W-mass. The calculation of mW from the
Fermi constant and mZ is now complete to second order
plus the mt dependent 3-loop corrections [7]. This results in an uncertainty in the mW prediction of around
l some 2-loop contributions are
3 4 MeV. For sin2 eff
still missing and the theoretical uncertainty is estimated to

Figure 2: Exclusion of Z’ within E(6) models from LEP.
ECFA/DESY linear collider study will be discussed with
particular emphasis on the progress since the TESLA TDR
[6] in March 2001.
An essential ingredient for all precision measurements
are accurate Standard Model calculations which are needed
to one or two loop precision. Quite some progress has been
made in the last years and many more calculations are still
under way. This work is summarised in a special contribution to these proceedings [7].

THE GIGA-Z SCENARIO
The main physics goals of the Giga-Z scenario are a
measurement of the effective leptonic weak mixing angle
l = 0:000013 from the leftwith a precision of  sin2 eff
right asymmetry, which would be an improvement of a factor 13 from LEP/SLD and a measurement of the W-mass
with an experimental accuracy of mW = 6 MeV, improving the present LEP/TEVATRON result by a factor six
l measurement has no competition
[6]. While the sin2 eff
at any other machine the LHC has the goal to measure the
W-mass with a precision of 15 MeV [8]. The anticipated
Giga-Z accuracy is shown in figure 3 [9] compared to the
present and LHC precision and to the predictions of the
Standard Model and the MSSM.
The experimental requirements for this p
measurement are
a luminosity of L  5  1033 m 2 s 1 at s  mZ which
allows to record 109 Z-decays in less than a year, electron
and positron polarisation to measure polarisation
p mainly
from data, a beam energy measurement of  s = 1 MeV
22

l = 0:00006 much larger than the experimenbe  sin2 eff
tal goal [21]. Also some other complicated calculations
that are necessary for Giga-Z are not yet done and there is
still a long way to go.

e+ e

that one knows the model so that the Z’-mass is the only
free parameter. In this case all couplings are fixed and any
deviation of a measurement from the Standard Model value
translates directly into a value of the Z’-mass. All final
states can be used in this case. As for the contact terms
there is a large difference between the models since the
main sensitivity comes from the interference term. Figure
5 compares the reachable Z’ masses for different models
at the linear collider and the LHC [24]. On average the
reachable masses are similar for both machines and around
4 TeV.

! ff AT HIGH ENERGY

The most general parameterisation for new physics at
high scales are contact interactions. For very large masses
of the exchange particles the propagator goes like

1
s M2

 t 1M 2  M1 2

χ
ψ
η
LR
SSM

LHC

so that the new interaction can be parameterised in a cong2
tact term 12 which is equal to 16M
2 in gauge theories.
Since the experimental sensitivity to the contact term
comes mostly from the interference with the Standard
Model amplitude
p the helicity structure is important. TDR
studies at s = 800 GeV gave typical limits around
50 TeV for e+ e ! +  and e+ e ! bb. The LHC
reaches similar limits, however mainly for the coupling between leptons and light quarks. Figure 4 shows
p the linear
collider reach in  for e+ e ! +  , s = 500 GeV
and Pe = 0:8 as a function of the integrated luminosity
[22]. In a recent study the sensitivity of Bhabha and Moller
scattering to contact interactions has been studied [23]. It
was found that the limits can be improved by typically 20%
compared to muons. Due to the lower luminosity in e e
running compared to e+ e the sensitivities in Bhabha and
Moller scattering are about the same.
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Figure 5: Mass reach for a Z’ in different models for LHC
and LC. The solid bars correspond to a 5 discovery, while
the dashed ones correspond to a 2 exclusion.
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In a model independent approach the Z’ mass and the
Z’ couplings are considered simultaneously as free parameters. Any observable is given as the product of initial state
and final state couplings, so that a Z’ remains invisible
in e+ e if it does not couple to leptons. For this reason
hadronic events can be used only when non-zero Z’-lepton
couplings are already established. At a given centre of mass
energy a linear collider is sensitive to the normalised couplings

500

Figure 4: Contact interaction
reach of the linear collider
p
for e+ e ! +  , s = 500 GeV and Pe = 0:8 as a
function of the integrated luminosity.

aN
= af0
f

Models with Z’

vfN = vf0

There are two approaches to study models with a Z’ at
a linear collider. In a model dependent study one assumes
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m2Z
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s

0
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which can be measured for leptons in a model independent
way using cross sections and asymmetries. A Z’ model is
vfN plane where the exact
then defined as a line in the aN
f
position is given by the Z’ mass. Figure 6 shows the sensitivity of the linear collider assuming for the central value
a -model with mZ0 = 6 TeV, which is outside the LHC
sensitivity [24]. Also shown is the prediction for several
E(6) models, where ; ;  stands for different mixing angles between the gauge bosons from the U(1) and U(1)
gauge group [25]. The different models can be clearly separated with high luminosity.
In the ideal case the LHC finds a Z’ and measures its
mass so the linear collider can measure the couplings. Figure 7 shows the LC sensitivity in this
p case for different
models and different assumptions on s and mZ0 [6]. In
general the couplings can be measured with a precision of
a few percent.
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Figure 7: Measurement of the Z’ couplings at a linear collider for different Z’ masses and centre of mass energies.

0

ψ

example figure 8 shows the current measurements and the
Giga-Z expectation compared to several Z’ models assuming that a 115 GeV Higgs has been found. It can be seen
l and m an accurate measurement
that apart from sin2 eff
W
of the leptonic decay width of the Z, l , is useful as well.

-0.1
L=1ab-1

Extra space dimensions

L=50fb-1

The linear collider and the LHC are sensitive to the presence of extra space dimensions via effects from Kaluza
Klein tower graviton (G ) exchange. In the TDR it has
been shown that there are visible effects from e+ e !
G and e+ e ! Gp! ff for an extra dimension scale
of MH < 8 TeV and s = 800 GeV. The reach of LHC
is similar. Recently the emphasis has been put on the question how one can distinguish an extra dimensions signal
from a Z’ in case a deviation from the Standard Model is
seen. Here one can use the fact that the Graviton is a tensor
particle.
R
If one defines the moments hPn i = dz 1 d
dz Pn (z ),
where the Pn are the Legendre polynomials and z = os 
is the cosine of the polar angle, one can show that for vector or scalar particle s-channel exchange hPn i = 0 for
n > 2 while for tensor particle exchange hP3;4 i =
6 0
[28]. A unique identification of tensor particle
exchange
p
can be achieved up to around 5 TeV with s = 800 GeV,
1
L = 1 ab and electron (positron) polarisation of 80%
(60%). Similar results can be obtained with specially constructed asymmetries [29].

SM

-0.2
-0.2

-0.1

0

aNl

0.1

0.2

Figure 6: Measurement of normalised Z’ couplings at
TESLA. The -model with mZ0 = 6 TeV is assumed for
the central value.
For the left-right symmetric model an analysis on the
one loop level has been performed [26]. In this model the
quadratic top mass dependence of  is suppressed by a
M2

1
where W1 is the observed W-boson and
term M 2 WM
2
W2 W
1
MW2 > 500 GeV. The successful prediction of mt at LEP
would be therefore a pure accident and the heavy Higgs and
right handed neutrino masses need to be fine tuned to fit the
LEP/SLD precision data.
Another study analysed the sensitivity to Z–Z’ mixing
one can get from the Z-data and the W mass [27]. As an
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Figure 8: Predictions of several models with a Z’ compared
to the present and predicted Giga-Z precision data. The
ellipse around the crossing point indicates the uncertainty
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cos θ

b−quarks
If transverse beam polarisation is available for both
beams one can measure the azimuthal asymmetry as a function of the polar angle [30]. Figure 9 shows this asymmetry for leptons b- and c-quarks for the Standard Model
and for MH = 1:5 TeV. Using this asymmetry extra dimensions
can be excluded up to MH < 10(22) TeV for
ps = 0:5(1)
TeV, which is the highest reach at a next generation collider. For vector and scalar particle exchange
the azimuthal asymmetry is symmetric in os , while it is
asymmetric if also tensor particle exchange is present. This
allows to distinguish
extra dimensions from Z’ exchange up
p
to MH < 10 s.

cos θ
Figure 9: Azimuthal asymmetry with transverse beam polarisation as a function of the polar angle for leptons b- and
c-quarks for the Standard Model and for MH = 1:5 TeV.

CP violation in  production
In the Standard Model the CP-violating dipole moment
of the  lepton is extremely small ( 10 34 e m). However for example in models with Majorana neutrinos or in
CP violating two Higgs doublet models these moments can
be of order 10 19 e m.
It has been studied how well the electric and weak dipole
moment can be measured in  pair production at TESLA
using spin correlations and polarised beams [31]. For this
analysis  !  and  !  decays have been used and
CP-odd vector correlations
between the two  s have been
p
constructed. At s = 800 GeV the real parts of the weak
and the electromagnetic dipole moment can be measured
with a precision of 3 4  10 19 e m which touches the
interesting region. For the imaginary parts the precision is

about three orders of magnitude worse.

GAUGE BOSON PRODUCTION
High precision measurements of gauge boson production
are interesting in several aspects. The interactions amongst
gauge bosons are directly given by the structure of the
gauge group. The longitudinal gauge bosons are connected
to the mechanism of electroweak symmetry breaking so
that their interactions can teach us about this mechanism
in case no elementary Higgs boson exists. In a strongly in25

teracting theory the longitudinal components of the gauge
bosons are expected to have similar interactions at very
high energies as the pions in QCD at low energy.
In a weakly interacting theory including an elementary
Higgs boson gauge boson self-interactions should receive
2
loop corrections of O( 16g2 )  3  10 3 . If the experimental precision is larger than this number gauge boson
interactions should be able to test the Standard Model in
l and m do it now.
the same way as sin2 eff
W
For the TDR a detailed study including full detector simulation has been done for e+ e ! W+ W [32]. It has
been found than the C, P conserving couplings
can be mea4 at ps = 500 GeV and
sured with a precision of 3 15

10
p
around a factor two better at s = 800 GeV. This is much
better than the expected effects from radiative corrections
so that W-pair production will become a new precision observable. In a strongly interacting scenario this precision
translates into a new physics scale of  > 10 TeV which
is also significantly above the   3 TeV limit from unitarity. The C or P violating couplings can be measured
roughly one order of magnitude worse than the C, P conserving ones.
Recently a study using optimal observables has been
done [33]. This work is on parton level only up to now,
but it has shown that the imaginary parts of the couplings
can be measured simultaneously with the real parts with
about the same precision and without degrading the precision of the real parts. Only one combination of couplings
(Im(g1R + R )) cannot be measured with longitudinal beam
polarisation. If transverse beam polarisation is available
this coupling can be measured. In this case, however, the
precision of the other coupling is degraded by roughly a
factor of two [34].
Also the measurement of the triple gauge couplings at a
photon collider in
! W W and e ! W  has been
studied, using hadronic W decays only. The study of e !
W  is reasonably complete [35], while in ! W W the
azimuthal decay angle, , which is sensitive to the interference of the different helicity amplitudes is still missing
[36]. Both reactions can be selected cleanly with an overall efficiency around 80%. Figure 10 shows the polar angle
distribution for e ! W  and the background after cuts
on the visible energy and the invariant mass. In the real e
mode, where only one beam is converted, only some background in the extreme forward and backward regions is left
from e ! Ze and from
induced hadron production
which can easily be rejected by an angular cut. In the parrunning is
asitic mode, where the e luminosity during
! W W where
used, some additional background from
one W decays leptonically is left.
The cross sections in these two channels are much larger
than in e+ e . However there are no large gauge cancellations so that the final precision is comparable in all cases.
Figure 11 compares the expected precision for  and 
at the different machines. For
and e a 0.1% error on
the luminosity is assumed. It should be noted that  is
very sensitive to the luminosity error and to uncertainties

a)

θ [deg]

b)

θ [deg]

Figure 10: Signal and background for e ! W  in the real
e mode (a) and from the parasitic running (b). The
white area represents the signal. In a) the hatched contribution on the left is from
induced processes and the one
on the right from e ! eZ . The additional cross-hatched
(green) contribution in b) is from
! qq and the singly
! WW.
hatched (red) from
in the polarisation while  is basically insensitive to these
effects. For e the improvement using the  angle in the
fit is a factor seven for  , a similar factor can be expected
for
as well. In summary  will be measured signifithan in e+ e , however still good
cantly worse in e and
enough for cross checks in case deviations from the Standard Model are found. For  the photon collider could
give the best result.
In an alternative study the leptonic W decays in e !
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! W+ W is also the ideal place to
The reaction
W+ W quartic couplings. These
test for anomalous
couplings have been first studied in e+ e ! W+p
W
and limits of the coupling parameters of O(1) at s =
500 GeV have been found [40, 41]. The cross section dependence of
! W+ W on these couplings has been
studied and limits on these couplings have been derived
[42]. Figure 13 shows
p the cross section dependence on
these couplings for s = 1 TeV. Without systematic uncertainties limits between 10 4 and 10 2 can be achieved.
This is about three orders of magnitude better than the
e+ e result.
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a scalar or a tensor resonance [39]. Figure 12 compares the
cross section for longitudinal gauge boson production in
the central region for the Standard Model and for a tensor
resonance with a mass of 2:5 TeV. An experimental study,
whether these effects are measurable at TESLA, is planned.
These studies underline the importance to measure the
gauge couplings in several different channels. For example
a vector resonance would result in anomalous gauges couand e one might still measure
plings in e+ e while in
the Standard Model values.

-2

TEV

10

κγ

LEP

10

 is seen in e+ e ! +  [38]. It has been shown now,
! W+ W is sensitive to rescattering effects from
that

Figure 11: The expected precision for  and  at different machines.

CONCLUSIONS

W

have been considered [37]. In these events only a
single lepton is seen in the detector. The couplings have
been measured from the cross section in an optimised phase
space region where background and the variable photon energy has been taken into account. Assuming no error on the
normalisation, the error in  is similar for the two analyses taking the lower leptonic branching ratio of the W into
account. For  the error in the leptonic analysis is significantly larger because of the missing information due to the
second missing neutrino.
It is known since long that e+ e ! W+ W is sensitive
to technicolour vector resonances in the same way as the

It has been shown that electroweak precision tests contribute significantly to the physics of a linear collider. Precision measurements on the Z pole can test model parameters inside or beyond the Standard Model. Two-fermion
production at high energy tests a wide class of models like
those containing additional Z’ bosons or extra space dimensions. The limits are often comparable or better than those
at the LHC. W-pair production provides new precision obl or m . If no light
servables on the same level as sin2 eff
W
Higgs exists, gauge boson production offers a window to
strong electroweak symmetry breaking.
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SUPERSYMMETRY WORKING GROUP: SUMMARY REPORT
J. Kalinowskiy , Institute of Theoretical Physics, Warsaw University, Warsaw, Poland
Abstract

quantities measured. In specific scenarios characterized by
a handful of free parameters some of the elements of supersymmetry can be reconstructed [3]. However, to prove
SUSY one has to scrutinize its characteristic features in as
model-independent a way as possible. We will have to:

This report summarizes the progress in SUSY studies
performed during the Extended ECFA/DESY Workshop
since the TESLA TDR [1]. Based on accurate future measurements of masses of SUSY particles and the determination of the couplings and mixing properties of sfermions
and gauginos, we discuss how the low-energy Lagrangian
parameters can be determined. In a ‘bottom-up’ approach,
by extrapolating to higher energies, we demonstrate how
model assumptions on SUSY breaking can be tested. To
this end precise knowledge of the SUSY spectrum and the
soft SUSY breaking parameters is necessary to reveal the
underlying supersymmetric theory.






INTRODUCTION
An e+ e linear collider in the 500 - 1000 GeV energy
range (LC) is widely considered as the next high-energy
physics machine [2]. One of the many arguments for its
construction is the possibility of exploring supersymmetry (SUSY). Of the many motivations for the supersymmetric extension of the Standard Model, perhaps the most
important, next to the connection to gravity, is the ability to stabilize the electroweak scale. If the electroweak
scale is not fine-tuned, the superpartner masses (at least
some of them) need to be in the TeV range. In such a
case the Large Hadron Collider (LHC) will certainly see
SUSY. Many different channels, in particular from squark
and gluino decays will be explored and many interesting

measure masses of new particles, their decay widths,
production cross sections, mixing angles etc.,
verify that they are superpartners, i.e. measure their
spin and parity, gauge quantum numbers and couplings,
reconstruct the low-energy SUSY breaking parameters without assuming a specific scenario,
and ultimately unravel the SUSY breaking mechanism
and shed light on physics at the high (GUT?, Planck?)
scale.

In answering all the above points an e+ e LC would be an
indispensable tool. Therefore the concurrent running of the
LHC and the LC is very much welcome [4]. First, the LC
will provide independent checks of the LHC findings. Second, thanks to the LC unique features: clean environment,
tunable collision energy, high luminosity, polarized incoming beams, and additional e e , e and
modes, it will
offer precise measurements of masses, couplings, quantum
numbers, mixing angles, CP phases etc. Last, but not least,
it will provide additional experimental input to the LHC
analyses, like the mass of the lightest supersymmetry particle (LSP). Coherent analyses of data from the LHC and
LC would thus allow for a better, model independent reconstruction of low-energy SUSY parameters, and connect
low-scale phenomenology with the high-scale physics. The
interplay between LHC and LC is investigated in detail in
the LHC/LC Study Group [5].
During the Extended ECFA/DESY Workshop1 the discovery potential of TESLA [1] - design of the superconducting LC - for SUSY particles has been further studied.
In particular, it has been demonstrated that the expected
high luminosity (L  300 fb 1 per year) and availability
of polarized electron (up tp 80%) and positron (up to 60%)
beams makes precision experiments possible. The virtues
of polarized beams are investigated in the POWER Study
Group [7]. Here we will summarize in some detail how accurate measurements of the masses of SUSY particles and
the determination of the couplings and mixing properties of
sleptons, charginos, neutralinos and scalar top quarks can
be performed.

 Much of the work reported in this talk was done by members
of the SUSY Working Group of the Extended ECFA/DESY Study:
B.C.Allanacha , M.Ballb , A.Bartl , S.Bergeb , G.Blaird , C.Blöchingere ,
E.Boosf , A.Brandenburgg , P.Checchiah , S.Y.Choi i A.Dattaj , K.Deschb ,
A.Djouadij , H.Dreiner (co-convener), H.Eberlk , A.Finch , H.Fraase ,
A.Freitasl , T.Fritzschem , B.Gaissmaiern , N.Ghodbaneb , D.K.Ghosho ,
J.Guaschp , S.Heinemeyerr , C.Henselg , S.Hesselbach , K.Hidakas ,
M.Hirscht , W.Holliku , T.Kernreiter , M.Kincelv , O.Kittele , M.Klasenb ,
S.Kramlw , J.L.Kneurj , W.Majerottok , M.Maniatisg , A.v.Manteuffelg ,
H.U.Martynx (co-convener), M.Melles p , D.J.Millerw , K.Mönigy ,
S.Moretti ,
G.Moultakaj ,
M.Mühlleitnerp ,
G.Moortgat-Pickz ,
U.Nauenberg , H.Nieto-Chaupisy , H.Nowaky , V.Öllerk , E.Piottow ,
G.Polesello , W.Porod , F.Richard , J.C.RomãoÆ , S.RosierLees (co-convener), H.Rzehaku , A.Stahly , J.Solà , A.Sopczak ,
C.Tevlin , J.W.F.Vallet , C.Verzegnassi , R.Walczak , C.Weberk ,
M.M.Weberp , G.Weigleinz , Y.Yamada , P.M.Zerwasg (a LAPTH
U.Vienna, d U.London, e U.Würzburg,
Annecy, b U.Hamburg,
f Moscow State U., g DESY Hamburg, h U.Padova, i Chonbuk National U., j U.Montpellier II, k ÖAW Vienna, l Fermilab, m U.Karlsruhe,
n TU Munich, o Oregon U. Eugene, p PSI Villigen, r LMU Munich,
s Gakugei U. Tokyo, t U.València, u MPI Munich, v Comenius U.
Bratislava, w CERN, x RWTH Aachen, y DESY Zeuthen, z U.Durham,
U.Southampton,
U.Colorado Boulder,
U.Zürich, Æ IST Lisboa,
 U.Barcelona,  U.Lancaster,  U.Oxford,  Tohoku U. Sendai,  INFN
Pavia,  U.Bonn,  LAPP Annecy,  U.Trieste,  LAL Orsay.)
y Supported by by the KBN Grant 2 P03B 040 24 (2003-2005).

1 The SUSY WG group was very active: the members have given 14
talks in Cracow, 15 in St. Malo, 11 in Prague and 15 in Amsterdam, and
the transparencies can be found in [6].
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We will start the discussion with the Minimal Supersymmetric Standard Model considered as an effective low energy model with a) minimal particle content, b) R-parity
conservation, c) most general soft supersymmetry breaking terms. Since the mechanism of SUSY breaking is unknown, several Snowmass benchmark scenarios, so-called
’Snowmass Points and Slopes’ (SPS) [8], with distinct signatures have been studied. Although each benchmark scenario is characterized by a few parameters specified at high
energies (for example at the GUT scale), most of the phenomenological analyses have been performed strictly on
low-energy supersymmetry.
A word of caution is in order here. The deduction of lowenergy parameters from high-scale assumptions (and viceversa) inevitably involves theoretical errors coming from
the level of approximation used, neglected higher order
terms etc. The SPS benchmarks, while motivated in terms
of specific SUSY-breaking scenarios (like the mSUGRA
scenario), have explicitly been defined in terms of the
low-energy MSSM parameters. Therefore it is not necessary in the SPS benchmarks to refer to any particular
program for calculating the SUSY spectrum from highenergy parameters. Studies during the Workshop [10, 11]
showed large differences between various calculations of
the MSSM spectrum. Recent analysis [11] of the most
advanced modern codes for the MSSM spectra: ISAJET
7.64, SOFTSUSY 1.71 [12], SPHENO 2.0 [13] and SUSPECT 2.101 [14], shows that the typical relative uncertainty in mSUGRA and mGMSB scenarios in generic (i.e.
not tricky) regions of parameter space is about 2 – 5%. In
some cases, in particular in focus point, high tan and
mAMSB scenarios, the relative uncertainty is larger, about
5 – 10%. For the focus point and high tan scenarios,
sparticle masses are particularly sensitive to the values of
the Yukawa couplings (especially the top Yukawa for the
focus point, and the bottom Yukawa for the high tan
regime). Slightly different treatments of top and bottom
masses can lead to large differences in mass predictions. In
the mAMSB scenario larger differences between various
programs are due to a different implementation of GUTscale boundary conditions. Nevertheless, even in these
particular cases, comparison with previous versions of the
codes [10] (where SUSYGEN3.00 [15], PYTHIA6.2 [16]
and the mSUGRA Post-LEP benchmarks [17] have also
been investigated) shows a significant improvement. Differences in the results between the codes (which may be
interpreted as very conservative upper bounds on current
theoretical uncertainties [11] as some programs are more
advanced than others) should be reduced by future higher–
order theoretical calculations.
After extensive discussion of experimentation and extraction of SUSY parameters in the MSSM, we will go to
’beyond the MSSM’ scenarios by considering R-parity violating couplings and/or extended gaugino sector. Finally,
in a ‘bottom-up’ approach, by extrapolating to higher energies the SUSY parameters determined at the electroweak
scale with certain errors, we demonstrate how model as-

sumptions on SUSY breaking can be tested. It will be seen
that precise knowledge of the SUSY spectrum and the soft
SUSY breaking parameters is necessary to reveal the underlying supersymmetric theory.

SFERMIONS
Sfermions f~L , f~R are spin-zero superpartners of the SM
chiral fermions fL , fR . The sfermion mass matrix has the
form

m2
M2f~ = a ~mf~Lf
f
2
2
m ~ = M ~ + m2

af~mf
m2f~R

!

(1)

os 2 (If3i Qf sin2 W ) + m2f
3
af~ = Af~  (tan ) 2If
where MF2~ ;F~ , Af~ are soft SUSY breaking parameters
L R
(which can be 33 matrices in the flavor space), and  is
i'A
the higgs/higgsino mass term. Both Af~ = jAf~je f~ and
 = jjei' can be complex. The mixing between L and R
fi

Z

Fi

states is important when the off-diagonal term is comparable to the splitting of diagonal ones f~ = m2f~
m2f~R , i.e.
L
jf~j  jaf~mf j. For e~ and ~ the L R mixing is therefore
usually neglected.
Neglecting inter-generation mixing, the masses of physical sfermions f~1;2
f~1 = f~L ei'f~ os f~ + f~R sin f~
f~2 = f~L sin f~ + f~R e i'f~ os f~
(2)
and the mixing angle f~ and the phase 'f~ are given by

m2f~1;2 = (m2f~L + m2f~R  [2f~ + 4jaf~mf j2 ℄1=2 )=2
tan f~ = (m2f~1 m2f~L )=jaf~mf j
3
' ~ = arg(A ~  (tan ) 2If )
(3)
f

f

Thus

reconstructing the sfermion sector requires
to be decoded from measurements of
sfermion masses, cross sections, decay widths etc. [18].
With the anticipated experimental precision, however,
higher order corrections will have to be taken into account. A current summary of theoretical progress in this
direction can be found in Ref.[19]. Complete one-loop
~~ and e~e~ produccalculations have been performed for 
tion [20] and for sfermion masses and their decays [21].
For a relatively light
spectrum and a high–energy
p SUSY
2
–
3
TeV), the simple one–loop
LC (MSUSY  s <

approximation may turn out to be inadequate and resummation of higher–order effects might be necessary to obtain
good theoretical predictions [22].

m2f~L ; m2f~R ; af~

Study of selectrons/smuons
At e+ e collisions charged sleptons are produced in

pairs via the s-channel =Z exchange; for the first generation there is additional t-channel neutralino exchange.
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endpoints (the minimum E and maximum E+ energies)

Different states and their quantum numbers can be disentangled by a proper choice of the beam energy and polarization.

p
E = 41 s (1  )(1 m2~ =m2`~)

(4)

providing an accurate determination of the masses of the
primary slepton and the secondary neutralino/chargino.
Simulations of the e and  energy spectra of e~R e~R and
~R ~R (respectively) production, including beamstrahlung,
QED radiation, selection criteria and detector resolutions,
are shown in fig. 2 assuming mSUGRA scenario SPS#1a
[23].
a moderate luminosity of L = 200 fb 1 at
ps =With
400 GeV one finds me~R = 143  0:10 GeV,
m~R = 143  0:10 GeV and m~01 = 96  0:10 GeV
from selectron, or m~01 = 96  0:18 GeV from smuon
production processes. Assuming the neutralino mass is
known, one can improve slepton mass determination by
a factor 2 from reconstructed kinematically allowed minimum mmin (`~). A slightly better experimental error for the
neutralino mass Æm~01 = 0:08 GeV from the smuon pro~L
duction has recently been reported in [24]. The partner 
is more difficult to detect because of large background from
W W pairs and SUSY cascades. However, with the high luminosity of TESLA one may select the rare decay modes
~L ! ~02 and ~02 ! `+ ` ~01 , leading to a unique, back=. The achievable mass
ground free signature +  4` E
resolutions for m~L and m~02 is of the order of 0.4 GeV
[25].
One should keep in mind that the measurement of selectron masses is subject to two experimental difficulties: an overlap of flat energy distributions of leptons
+
+
+
from e~R e~+
L ; e~R e~R ; e~L e~L ; e~L e~L , and large SM background.
Nevertheless, it has been demonstrated [26] that thanks to
larger cross sections, both problems can be solved by a double subtraction of e and e+ energy spectra and opposite
electron beam polarizations Pe = +0:8 and Pe = 0:8,
symbolically (Ee
Ee+ )eR (Ee
Ee+ )eL . Such a
procedure eliminates all charge symmetric background and
clearly exhibits endpoints from
p the e~R and e~L decays, as
seen in fig. 3. Simulations at s = 500 GeV in the SPS#1a
scenario [26] show that both selectron masses can be determined to an accuracy of Æme~R ; e~L  0:8 GeV.

Figure 1: Cross sections at threshold for the reactions
e+L eR ! e~+R e~R (left) and eR eR ! e~+R e~R (right) in the
SPS#1a scenario, including background [20]. Error bars
correspond to a luminosity of 10 fb 1 (left) and 1 fb 1
(right) per point.
Slepton masses can be measured in threshold scans or
~+L ~L ; ~+R ~R ; e~+L e~L and
in continuum. At threshold: 
+
e~R e~R pairs are excited in a P-wave characterized by a slow
rise of the cross section   3 with slepton velocity
+
+
+
. On the other hand, in e+
L eL = eR eR ! e~R e~L = e~L e~R
and eL eL = eR eR ! e~L e~L = e~R e~R sleptons are excited in
the S-wave giving steep rise of the cross sections   .
Therefore the shape of the cross section near threshold is
sensitive to the masses and quantum numbers.

Figure 2: Lepton energy spectra in the processes eR e+
L !
e~R e~+R ! e ~01 e+~01 (left) and eRpe+L ! ~R ~+R !
 ~01 + ~01 !  ~01 + ~01 (right) at s = 400 GeV; L =
200 fb 1 ; scenario SPS#1a [23].
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The expected experimental precision requires higher order corrections, and finite sfermion width effects to be included. Examples of simulations for the SPS#1a point
are shown in fig. 1. Using polarized e+ e beams and
L = 50 fb 1 a (highly correlated) 2-parameter fit gives
Æme~R = 0:20 GeV and Æ e~R = 0:25 GeV; the resolution
~R ~R production. For
deteriorates by a factor of  2 for 
eR eR ! e~R e~R the gain in resolution is a factor  4 with
only a tenth of the luminosity, compared to e+ e beams.
Above the threshold, slepton masses can be obtained
from the endpoint energies of leptons coming from slep~0i
ton decays. In the case of two-body decays, `~ ! ` 
+
and ~` ! ` 
~i the lepton energy spectrum is flat with
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Figure 3: Energy spectrum (Ee
Ee+ )eR
(Ee
Ee+ )eL for
eR; L e+ ! e~R e~L in
the model SPS#1a at
p
s=500 GeV, L=2500
fb 1 [26].

Sneutrino production
At e+ e collisions sneutrinos are produced in pairs via
the s-channel Z exchange; for the ~e production there is
additional t-channel chargino exchange. Their decay into
the corresponding charged lepton and chargino, and the
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Figure 4: Lepton energy and di-jet mass spectra of
eL e+R ! ~e ~e ! e ~+1 e+ ~1 (left) with subsequent decay 
~1 ! qq0 ~01 (right) [25]
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Figure 5: Left: os 2~ versus  (e+ e ! ~1 ~1 ) at s =
500 GeV for polarized (green, upper curve) and unpolarized (red, lower curve) beams; the expected cross sections
shown by vertical lines. Unpolarised beams give a two-fold
ambiguity in os 2~ , while polarized beams give a unique
physical solution. Right: tan as a function of  polarization. From simulations P = 0:82  0:03 leading to
tan = 22  2 [27].

subsequent chargino decay, make the final topology, e.g.
! e+ e `2j E=, very clean. The primary charged
lepton energy, and di-jet energy and mass spectra, see fig. 4,
can be used to determine m~ and m~ to 2 per mil (or bet1
0
ter), and to measure the chargino couplings and the 
~
1 ~1
mass difference; a resolution below 50 MeV, given essentially by detector systematics, appears feasible [25]. The
detection and measurement of tau-sneutrinos ~ is more
problematic, due to neutrino losses in decay modes and decay energy spectra.

~e ~e

tion can be measured very accurately, Æ P = 0:82  0:03,
which in turn allows to determine tan = 20  2, as shown
in the right panel of fig. 5.

Squarks
For the third generation squarks, t~ and ~b, the L R
mixing is also expected to be important. As a result of
the large top quark Yukawa coupling, it is possible that
the lightest superpartner of the quarks is the stop t~1 =
t~L os t~ + t~R sin t~. If the mass mt~1 is below 250 GeV,
it may escape detection at the LHC, while it can easily be
discovered at the Linear Collider.

Study of staus
In contrast to the first two generations, the L R mixing for the third generation sleptons can be non-negligible
due to the large  Yukawa coupling. Therefore the ~’s are
very interesting to study since their production and decay
~.
is different from e~ and 
The ~ masses can be determined with the usual techniques of decay spectra or threshold scans at the per cent
level, while the mixing angle j os ~ j can be extracted with
high accuracy from cross section measurements with different beam polarisations. In a case study [27] for m~1 =
155 GeV, m~2 = 305 GeV,  = 140 GeV, tan
p = 20,
A = 254 GeV it has been found that at s = 500
GeV, L = 250 fb 1 , Pe = +0:8, Pe+ = 0:6, the
expected precision is as follows: m~1 = 155  0:8 GeV,
os 2 = 0:987  0:08, left panel of fig. 5.
The dominant decay mode ~1 ! 
~01  can be exploited to
determine tan if tan turns to be large [28]. In this case
the non-negligible  Yukawa coupling makes ~ couplings
sensitive to the neutralino composition in the decay process. Most importantly, if the higgsino component of the
neutralino is sufficiently large, the polarization of  ’s from
the ~ decay turns out to be a sensitive function of ~ mixing, neutralino mixing and tan [27]. This is crucial since
for large tan other SUSY sectors are not very sensitive to
tan and therefore cannot provide a precise determination
of this parameter.
The  polarization can be measured using the energy
distributions of the decay hadrons, e.g.  !  and
 !  !  0  . Simulations show that the  polariza-
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Figure 6: Left: Contours of R (p
t~1 t~1 ) and L (t~1 t~1 ) as a
function of mt~1 and os t~ for s = 500 GeV, L =
2  500 fb 1 [29]. Right: tan as a function of top polarization. From simulations Pt = 0:44  0:10 leading to
tan = 17:5  4:5 [27].
The t~ and ~b phenomenology is analogous to that of the ~
system. The masses and mixing angles can be extracted
from production cross sections measured with polarized
beams. The production cross sections for e+ e ! t~1t~1
with different beam polarizations, R = e e+ and L =
R L
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eL e+R , have been studied for t~1 ! b ~1 and t~1 ! ~01 de-

determine the trilinear coupling At~ at the ten-percent level
[27].

cay modes including full-statistics SM background. New
analyses have been performed for the SPS#5-type point:
a dedicated “light-stop” scenario with mt~1 = 210 GeV,
m~01 = 121:2 GeV [29]. For this point the decay t~1 !
b ~1 is not open, and the SUSY background is small. The
charm tagging, based on a CCD detector, helps to enhance
the signal from the decay process t~1 ! 
~01 . Generated
events were passed through the SIMDET detector simulation. The results, shown in the left panel of fig. 6, provide
high accuracies on the mass mt~1  0:7 GeV and mixing
angle  os t~  0:01.
If the heavier stop t~2 is too heavy to be produced at the
LC, the precise measurement of the Higgs boson mass mh
together with measurements from the LHC can be used
to obtain indirect limits on mt~2 [30]. Assuming mt~1 =
1801:25 GeV, os t~ = 0:570:01, MA = 25710 GeV,
 = 263  1 GeV, mg~ = 496  10 GeV, A~b = At~  30%
and m~b1 > 200 GeV, fig. 7 shows the allowed region in
the mt~2 –mh plane. Only a lower bound tan > 10 has
been assumed, which could for instance be inferred from
the gaugino/higgsino sector. Intersection of the assumed

Quantum numbers
An important quantity is the spin of the sfermion which
can directly be determined from the angular distribution of
sfermion pair production in e+ e collisions [1, 25].

!

 (e e+
e~i e~+
j )[fb℄
+
e
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measured value mh = 115:5  0:05 GeV with the allowed mt~2 –mh region gives an indirect determination of
mt~2 , yielding 670 GeV <
 705 GeV for the LHC
~ mt~2 <
precision Æmt = 2 GeV (t2 must be above the LC reach).
The LC precision of Æmt = 0:1 GeV reduces the range to
680 GeV <
 695 GeV, i.e. by a factor of more
 mt~2 <
than 2.
Similarly to the ~, the measurement of top quark polarization in the squark decay can provide information on
tan . For this purpose the decay ~b1 ! t~
1 is far more
~0k since in the latter the t polarization
useful than t~1 ! t
depends on 1= sin and therefore is only weakly sensitive
to large tan .
A feasibility study of the reaction

e+L eR

! ~b1~b1 ! t~1 + t~+1

0.5

1

Pe+

ber determination. For polarized beams the charge of the
observed lepton is directly associated to the L; R quantum numbers of the selectrons and the energy spectrum
uniquely determines
whether it comes from the e~R or the
1
e~L decay. However, in order to separate the t-channel neutralino exchange from the s-channel photon and Z-boson
exchange, both the electron and positron beams must be
polarized. By comparing the selectron cross-section for
different beam polarizations the chiral quantum numbers
of the selectrons can be disentangled, as can be seen in
fig. 8, where other parameters are me~R = 137:7 GeV,
me~L = 179:3 GeV, M2 = 156 GeV,  = 316 GeV and
tan = 3 [31].

Figure 7: Indirect determination of mt~2 from
the mh measurement
for Æmt =2 GeV (LHC)
and 0.1 GeV (LC) [30].

exp

0

eR e+R ! e~R e~+L and eL e+L ! e~L e~+R
(6)
via t-channel 
~0 exchange for the sfermion quantum num-

2

∆mh

-0.5

Figure 8: Production
cross sections as pa
function of Pe+ for s
=350 GeV, Pe =-0.8.
ISR and beamstrahlung
are
included
[31].

Due to small L R mixing of the first two generation
sfermions, the mass eigenstates are chiral. As a result, of
particular interest is the associated production of

extraction of m ~t
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Sfermion Yukawa couplings
Supersymmetry enforces gauge couplings and their supersymmetric Yukawa counterparts to be exactly equal at
tree level. For example, the Yukawa coupling g^V~ f f~ between the gaugino partner V~ of the vector boson V , the
fermion f and the sfermion f~ must be equal to the corresponding gauge coupling gV ff .
The Yukawa couplings of selectrons can best be probed
in the production of selectrons via the t-channel neutralino
exchange contributions. For this purpose one can exploit
the e e collider mode due to reduced background, larger
production cross-sections, higher beam polarizability and
no interfering s-channel contributions. Simulations have
shown that these couplings can be determined with high
accuracy [20, 32]. For example, errors for the extraction of the supersymmetric Yukawa couplings g^1 and g^2
(corresponding to the U(1) and SU(2) gauge couplings g1

(5)

has been performed in [27]. A fit to the angular distribution
os s , where s is the angle between the s quark and the
primary ~b1 in the top rest frame in the decay chain e+ e !
~b + t ~ ! ~b + b s ~ , yields P = 0:44  0:10,
1
t
1
1
1
consistent with the input value of Ptth = 0:38. From
such a measurement one can derive tan = 17:5  4:5,
as illustrated in the right panel of fig. 6. After tan is
fixed, measurements of stop masses and mixing allow us to
35

g2 ) are expected in the range Æg^1 =g^1  0:2% and
Æg^2 =g^2  0:8%. The values are for the SPS#1a scenario
and integrated
luminosity of 50 fb 1 of the e e collider
p
running at s = 500GeV, with no detector simulation included. Similar precision in the e+ e mode requires integrated luminosity of 500 fb 1 , see fig. 9.

Mass universality
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Most analyses are performed with a simplifying assumption of universal mass parameters at some high energy scale
G: Æm2 (G) = m~2lR (G) m~2lL (G)=0. This assumption can
be tested at the LC. For example, in [34] a quantity
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Figure 9: The 1 bounds on the supersymmetric Yukawa
couplings g^1 and g^2 in the SPS#1a scenario from e e
with L = 50 fb 1 (left)
and e+ e with L = 500 fb 1
p
(right), both running at s = 500 GeV [32].

21 (G))
(7)

Sfermions with complex CP phases

Such a high experimental precision requires radiative
corrections to be included in the theoretical predictions
for the slepton cross-sections. Far above threshold the effects of the non-zero slepton width are small, of the order f~=mf~, and the production and decay of the sleptons
can be treated separately. As mentioned, for both subprocesses the complete electroweak one-loop corrections in
the MSSM have been computed [20, 21]. The electroweak
corrections were found to be sizable, of the order of 5–10%.
They include important effects from supersymmetric particles in the virtual corrections, in particular non-decoupling
logarithmic contributions, e.g. terms / log mf~=mweak
from fermion-sfermion-loops.

The soft SUSY breaking parameters: the gaugino masses
and trilinear scalar couplings, and the Higgsino mass parameter , can in general be complex and the presence of
non-trivial phases violates CP. This generalization is quite
natural and is motivated by the analogy between fermions
and sfermions: in the SM the CKM phase is quite large
and the smallness of CP-violating observables results from
the structure of the theory. Furthermore, large leptonic CPviolating phases together with leptogenesis may explain the
baryonic asymmetry of the Universe.
x
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The equality of gauge and Yukawa couplings in the
SU(3)C gauge sector can be tested at a linear collider by
investigating the associated production of quarks q and
squarks q~ with a gluon g or gluino g~. While the processes e+ e ! q qg and e+ e ! q~q~g are sensitive to
the strong gauge coupling of quarks and squarks, respectively, the corresponding Yukawa coupling can be probed
in e+ e ! qq~g~. In order to obtain reliable theoretical predictions for these cross-sections it is necessary to include
next-to-leading order (NLO) supersymmetric QCD corrections. These corrections are generally expected to be rather
large and they are necessary to reduce the large scale dependence of the leading-order result. The NLO QCD corrections to the process e+ e ! q qg within the Standard
Model have been known for a long time. Recently, the
complete O( s ) corrections to all three processes in the
MSSM have been calculated [33]. The NLO contributions
enhance the cross-section in the peak region by roughly
20% with respect to the LO result. Furthermore, the scale
dependence is reduced by a factor of about six when the
NLO corrections are included.

[ 113 ( 21
22 (G))℄;

defined at the electroweak scale, is proposed as a probe of
non-universality of slepton masses if only both selectrons
and the light chargino are accessible at a linear collider ( 1
and 2 are the U(1) and SU(2) couplings). It turns out
that 2 is strongly correlated with the slepton mass splitting, 2  0:76 Æm2 (G). Assuming SUSY masses in the
150 GeV range to be measured with an experimental error of 1%, it has been found [34] that the non-universality
can be detected for jÆm2 (G)j  2500 GeV2 ; knowing the
gaugino mass M2 to 1% increases the sensitivity down to
Æm2 (G) = 1400 GeV2 .
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Figure 10: Branching ratios of ~1 ! 
~01  for
m~ = 233, 238, 243 GeV
 (from bottom to top) [37].

In mSUGRA-type models the phase ' of  is restricted
by the experimental data on electron, neutron and mercury
electric dipole moments (EDMs) to a range j' j <
 0:1 –
<
0.2 if a universal scalar mass parameter M0  400 GeV
is assumed. However, the restriction due to the electron
EDM can be circumvented if complex lepton flavour violating terms are present in the slepton sector [35]. The phases
of the parameters At~;~b enter the EDM calculations only at
two-loop level, resulting in much weaker constraints [36].
In the pure sfermionic sector the phases of Af~ and
, eq. (3), enter the masses m2f~1;2 and mixing angle f~
3
only through a term m2f jAf~j(tan ) 2If os('Af~ + ' ).
36

parameter points where the decay t~1 ! b~ + has a sufficient branching ratio allowing for the measurement of this
asymmetry, see fig. 12 where other parameters are taken
as mt~1 = 240 GeV, mt~2 = 800 GeV, m~ = 200 GeV,
M2 = 350 GeV, jAt~j = 1000 GeV [39].
CP violation in the stau sector can generate electric and
weak dipole moments of the taus. The CP-violating tau
dipole form factors can be detected up to the level of (3
5)  10 19 e m [40] at a linear collider with high luminosity
and polarization of both e+ and e beams. Although such a
precision would improve the current experimental bounds
by three orders of magnitude, it still remains by an order
of magnitude above the expectations from supersymmetric
models with CP-violation.
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Figure 11: Left: Branching ratios of t~1 ! 
~+1 b (solid),
~t1 ! ~01 t (dashed), t~1 ! ~+2 b (dashdotted). Right: Con~01 t) in the SPS#1a inspired scenario. The
tours of B (t~1 ! 
dashed lines denote the contours of os t~ [38].
Therefore the t~1;2 masses are more sensitive to phases
than masses of ~1;2 and ~b1;2 because of the mass hierarchy of the corresponding fermions. The phase depen3
dence of f~ is strongest if jAf~j ' jj(tan ) 2If and
jm2f~ m2f~ j <
 jaf~mf j [37]. Since the Z f~i f~i couL

R

Lepton flavour violation
There are stringent constraints on lepton flavour violation (LFV) in the charged lepton sector, the strongest being BR( ! e ) < 1:2  10 11 [41]. However,
neutrino oscillation experiments have established the existence of LFV in the neutrino sector with tan2 Atm ' 1,
tan2  = 0:24 0:89 and sin2 (213 ) <
 0:1 [42].



plings are real, and forf~1f~2 production only Z exchange

contributes, the f~i f~j production cross sections do not explicitly depend on the phases – dependence enters only
through the shift of sfermion masses and mixing angle.
However, the various f~ decay branching ratios depend in
a characteristic way on the complex phases. This is illustrated in fig. 10, where branching ratios for ~1 are shown
for m~1 = 240 GeV,  = 300 GeV, jA~ j = 1000 GeV,
tan = 3, and M2 = 200 GeV [37]. The branching ratios
for the light t~1 in the SPS#1a inspired scenario are shown
in fig. 11, including the contour plot for the mixing angle
os t~ [38]. A simultaneous measurement of B (t~1 ! ~01 t)
and os t~ might be helpful to disentangle the phase of At~
from its absolute value. As an example a measurement of
B (t~1 ! ~01 t) = 0:6  0:1 and j os t~j = 0:3  0:02
would allow to determine jAt~j  320 GeV with an error
(jAt~j)  20 GeV and 'At~ with a twofold ambiguity
'At~  0:35 or 'At~  1:65 with an error ('At~) 
0:1, see fig. 11 (right).
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In principle, the imaginary parts of the complex parameters involved could most directly and unambiguously be determined by measuring suitable CP violating observables.
For example, the polarization of the  + normal to the t~1
decay plane in the decay t~1 ! b~ + is sensitive to CP
violation. The asymmetry of the  polarization perpendicular to the decay plane can go up to 30% for some SUSY

In the MSSM the R–parity symmetry forces total lepton
number conservation but still allows the violation of individual lepton number, e.g. due to loop effects in  !
e [43]. Moreover, a large  - mixing can lead to a
large ~ -~ mixing via renormalization group equations.
Therefore one can expect clear LFV signals in slepton and
sneutrino production and in the decays of neutralinos and
charginos into sleptons and sneutrinos at future colliders
[44].
For the reference point SPS#1a a scan over the flavour
non-diagonal (i 6= j ) entries of slepton mass matrix eq. (2)
2 j up to 8  103 GeV2 ,
shows [45] that values for jMR;ij
2
3
2
jML;ij j up to 6  10 GeV and jAij vd j up to 650 GeV2
are compatible with the current experimental constraints.
In most cases, one of the mass squared parameters is at

ACP
0

m23 [GeV]

10

Figure 13: Left: Cross section
for the signal e   E
= as a
p
Right:
function of BR( ! e ) forp s = 500 GeV [45].
R
3 significance contours for s =500 GeV and L= 500
fb 1 (A), =1000 fb 1 (B). Line C: ~~ contribution with
luminosity 500 fb 1 . Dotted lines: BR( !  )=10 7,
10 8 , 10 9 [46].

a)

x

 (e   E=) [fb]

0.3
0.2
0.1
0
-0.1
-0.2
-0.3





0

'A

t

Figure 12: The CP sensitive asymmetry as a
function of 'At~; tan =3
(thick), tan =10 (thin),
=400 GeV (solid), =700
GeV (dashed) [39].
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least an order of magnitude larger than the others. However, there is a sizable part in parameter space where at
least two of the off-diagonal entries have the same order of
magnitude.
=,
Possible LFV signals at an e+ e collider include e E
e E=,  E= in the final state plus a possibility of additional
jets.
fig. 13 the cross section of e+ e ! e   E
= at
ps =In500
GeV versus BR( ! e ) is shown for points
consistent with the experimental LFV data which are randomly generated in the range 10 8  jAij j  50 GeV,
10 8  Mij2  104 GeV2 . The accumulation of points
along a band is due to a large e~R -~R mixing which is less
than the corresponding left-left
constrained by  ! e
or left-right mixing.
Note that the collider LFV signals can be very competitive to those from rare charged lepton decay, like  !  .
This is illustrated in fig. 13, where for simplicity the LFV
has been restricted to the 2-3 generation subspace of sneutrinos with the mixing angle 23 and m23 = jm~2 m~3 j
as free parameters. [46].

Figure 14: Left: Exclusion region at 95% CL at a 500 GeV
e+ e collider. Right: Exclusion region at 95% CL and 5
discovery at a
collider [48].
since it has a very little SM background. Taking as a reference point the value (B )0 obtained for M = 350 GeV
% CL
and a 10% branching ratio to two photons, the 95 p
exclusion limit on and the 5  discovery line for F is
shown in fig. 14 in terms of the ratio R =   BR( !
)=(B )0 . Thus the sensitivity at a photon collider obtained from the same electron-positron beam energy is expected to be much higher for m  300 400 GeV.

Sgoldstinos

m2 ,
In the GMSB SUSY, not only the mass splittings
p
but also the supersymmetry-breaking scale F is close to
1=2  m2 < pF . Then the gravthe weak scale: GF

~ becomes very light, with mG~ = F=p3MP0 =
itino G
F=(10 TeV)2  0:03 eV. The appropriate effective lowenergy theory must then contain, besides the goldstino, also
its supersymmetric partners, called sgoldstinos [47]. The
spin-0 complex component of the chiral goldstino superfield has two degrees of freedom, giving rise to two sgoldstino states: a CP-even state S and a CP-odd state P . In the
simplest case it is assumed that there is no sgoldstino-Higgs
mixing, and that squarks, sleptons, gluinos, charginos, neutralinos and Higgs bosons are sufficiently heavy not to play
a rôle in sgoldstino production and decay. Thus the S and
P are mass eigenstates and, being R–even, they can be produced singly together with the SM particles.
During the Workshop new results on massive sgoldstino
colliders have been presented
production at e+ e and
[48]. The most interesting channels for the production of
such scalars ( will be used to indicate a generic state) are
! , followed
the process e+ e !  , and the fusion
by the  decay to photons or gluons.
The e+ e !  ! gg process gives rise to events
with one monochromatic photon and two jets. However,
the brems- and beamstrahlung induces a photon energy
smearing comparable to or larger than the experimental resolution. On the other hand, the signal can be searched for
directly in the jet-jet invariant mass distribution. Results of
the simulation are presented in fig. 14 wherep
the exclusion
region at the 95% CL is shown in the m – F plane for
two parameter sets: 1) M1 = 200 GeV, M2 = 300 GeV, M3
= 400 GeV, 2) M1 = M2 = M3 = 350 GeV.
For the
collider, despite the smaller decay branching
ratio, only the two-photon final state has been considered

GAUGINOS AND HIGGSINOS
Supersymmetric partners of electroweak gauge and
Higgs bosons mix due to the gauge symmetry breaking.
The mass-eigenstates (with positive mass eigenvalues) are
charginos (
~
i , i=1,2, mixtures of the wino and charged
higgsino) and neutralinos (
~0i , i=1,2,3,4, mixtures of B~ ,
3
0
0
~
~
~
W , H1 and H2 ). At tree level the chargino sector depends
on M2 ,  and tan ; the neutralino sector depends in addition on M1 . The gaugino and higgsino mass parameters can
be complex; without loss of generality M2 can be assumed
real and positive, and the non-trivial CP-violating phases
may be attributed to  = jjei' and M1 = jM1 jei'1 .
The chargino mass matrix is diagonalized by two unitary
matrices acting on left- and right-chiral weak eigenstates
(parameterized by two mixing angles L;R and three CP
phases L;R and ) [49, 50]. The neutralino mass matrix is
diagonalized by a 44 unitary rotation N parameterized in
terms of 6 angles and 9 phases (three Majorana i and six
Dirac ij phases) [51, 52]

N = diagf1; ei 1 ; ei 2 ; ei 3 gR34 R24 R14 R23 R13 R12

(8)
where Rjk are rotations in the [jk ] plane characterized by
a mixing angle jk and a (Dirac) phase jk .
Charginos and neutralinos are produced in pairs

e+ e

! ~+i ~j ; ~0i ~0j

(9)

~ , and
via s-channel =Z and t-channel ~e exchange for 
via s-channel Z and t- and u-channel e~ exchange for 
~0
production. Beam polarizations are very important to study
the 
~ properties and couplings. The polarized differential
38

cross section for the 
~i ~j production can be written as [52]

+

σL− {11}

2 1=2
[(1 Pl Pl )u + (Pl Pl )l
16 s
)t + Pt Pt sin(2 )n ℄ (10)

0.5

cos2φR

dfijg
=
d os  d
+Pt Pt os(2

1.0

+

σR− {11}

Ecm = 500 GeV
0.0

−0.5

2 ℄ is the two–body
where  = [1 (i + j )2 ℄[1 (i j )p
phase space function with i = m~0i = s, P =(Pt ; 0; Pl )
[P =(Pt os ; Pt sin ; Pl )] is the electron [positron] polarization vector; the electron–momentum direction defines
the z –axis and the electron transverse polarization–vector
the x–axis. The coefficients u , l , t and n depend
only on the polar angle  and their explicit form is given
in [50] for charginos, and in [52] for neutralinos. The n ,
present only for non-diagonal neutralino production, is particularly interesting because it is non-vanishing only in the
CP-violating case.
Given the high experimental precision in mass and cross
section measurements expected at the LC, the radiative corrections will have to be applied to the above expressions.
Recently full one-loop corrections to chargino and neutralino sector have been calculated [21, 53, 54, 55]. The
numerical analysis based on a complete one loop calculation has shown that the corrections to the chargino and
neutralino masses can go up to 10% and the change in the
gaugino and higgsino components can be in the range of
30%, and therefore will have to be taken into account.
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Figure 16:
Contours
+1 ~1 ) with polarof  (~
ized beams in the plane
[ os 2L ; os 2R ℄ [56].
1.0

cos2φL

extracted to lowest order in analytic form [56, 57]

M2 = MW [ [ os 2R + os 2L℄℄1=2
(11)
jj = MW [ + [ os 2R + os 2L ℄℄1=2
(12)
2
2
2
2
2
2
2
os  = [ (M2  ) 4mW (M2 +  )
4m4W os2 2 ℄=8m2W M2 jj sin 2
(13)

1=2
1 + ( os 2R os 2L )
tan =
(14)
1 ( os 2R os 2L )
where  = (m2~
m2~ )=4MW2 and  = (m2~ +
2
2
1
m2~ )=2MW2 1. However, if ~2 happens to be beyond the
1

kinematic reach at an early stage of the LC, it depends on
the CP properties of the higgsino sector whether they can
uniquely be determined in the light chargino system alone:
(i) If  is real, os  = 1 determines m~ up to
2
at most a two–fold ambiguity [50]; this ambiguity can be
resolved if other observables can be measured, e.g. the
mixed–pair 
~01 ~02 production cross sections.
(ii) In a CP non–invariant theory with complex , the
parameters in eqs.(11–14) depend on the unknown heavy
chargino mass m~ . Two solutions in the fM2 ; ; tan g
2
space are parameterized by m~ and classified by the two
2
possible signs of sin  . The unique solution can be found
with additional information from the two light neutralino
states 
~01 and ~02 , as we will see in the next section.
The above methods fail for the light chargino if it happens to be nearly mass-degenerate with the lightest neutralino, as predicted in a typical AMSB scenario. In this
0
~
case 
1 ! ~1 + soft pion, and very little activity is seen in
the final state. However, one can exploit the ISR photons in
e+ e ! ~+1 ~1 to measure both m~1 and the mass split0
~
ting 
1 ~1 [58]. The ISR photon recoil mass spectrum
starts to rise at 2m~ allowing to determine the chargino
1
mass at a percent level, fig. 17. Moreover, the pion energy
spectrum for events with charginos produced nearly at rest
0
peaks around 
~
1 ~1 and again precision of order 2 percent is expected.
Besides the e+ e option, chargino pair production

Charginos
Experimentally the chargino masses can be measured
very precisely at threshold since the production cross section for spin 1/2 Dirac fermions rises as leading to steep
excitation curves. Results of a simulation for the reaction
e+R eL ! ~+1 ~1 ! ` ` ~01 qq0 ~01 , fig. 15, show that the
mass resolution is excellent of O(50 MeV), degrading to
the per mil level for the higher 
~
2 state. Above threshold,
from the di-jet energy distribution one expects a mass resolution of Æm~ = 0:2 GeV, while the di-jet mass distri1
0
butions constrains the 
~
1 ~1 mass splitting within about
100 MeV. Since the chargino production cross sections are

Figure 15: Cross section
+
for e+
R eL ! ~1 ~1 !

0
0
0
` ` ~1 qq ~1 at threshold (in the RR 1 scenario [1, 25], errors for
10 fb 1 per point).

! ~+i ~i (i = 1; 2)

simple binomials of os 2L;R , see fig. 16, the mixing angles can be determined in a model independent way using
polarized electron beams [56].
Once masses and mixing angles are measured, the fundamental SUSY parameters of the chargino sector can be

(15)

mode of a Linear Collider has been studied [59].
in the
In this case the production is a pure QED process (at tree
level) and therefore it allows the chargino decay mechanism to be studied separately in contrast to the e+ e mode
39

2 per mil can be expected [1, 25]. Higher resolution of
order 100 MeV for m~02 can be obtained from a threshold
~02 ~02 ; heavier states ~03 and ~04 , if accessiscan of e+ e ! 
ble, can still be resolved with a resolution of a few hundred
MeV. For the higher values of tan >
 10 the dominant
0
+
0
~2 is to   ~1 . With  ’s decaying in the
decay mode of 
final state the experimental selection of the signal from the
SM and SUSY background becomes more difficult. Preliminary analyses nevertheless show [60] that an accuracy
of 1-2 GeV for the mass determination seems possible from
~01 ~02 .
the process e+ e ! 
To resolve the light chargino case in the CP-violating
scenario (ii) discussed in the previous section, we note that
each neutralino mass m~0i satisfies the characteristic equation

Figure 17: The ISR photon recoil mass and the pion energy
scatter plot (left), and the pion energy spectrum across the
+
+
= [58].
red line (right) for e+
R eL ! ~1 ~1 !   E
where both production and decay are sensitive to the SUSY
parameters.
Provided the chargino mass has been measured and the
energy spectrum and polarization of the high energy photons are well under control, the production cross section
and the polarization of the charginos in reaction eq. (15)
are uniquely predicted. By manipulating the polarization
of the laser photons and the converted electron beam various characteristics of the chargino decay can be measured
and exploited to study the gaugino system. As an example,
in [59] the forward-backward asymmetry (measured with
respect to the e+ e beam direction)

(<eM1 )2 + (=mM1 )2 + ui <eM1 + vi =mM1 = wi (17)
where ui ; vi ; wi are functions of m~0i ; M2 ; ; tan ;
since physical masses are CP-even, vi is necessarily proportional to sin ' . Therefore each neutralino mass defines
a circle in the f<eM1 ; =mM1 g plane, assuming other pa-

rameters fixed. With two light neutralino masses two crossing points in the (<eM1 , =mM1 ) plane are found, fig. 19
(left). Since from the chargino sector fM2 ;  tan g are
parameterized by the unknown m~ , the crossing points
2
will migrate with m~ , fig. 19 (right). Using the mea2

 ( os e+ > 0) e ( os e+ < 0)
AFB = e
(16)
e ( os e+ > 0) + e ( os e+ < 0)
of the positron from the decay 
~+1 ! ~01 e+ e , shown in
fig. 18, has been studied to determine M1 and m~e .
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Figure 19: Two crossing points determined by two light
neutralinos (left) and their migration with m~ (right) [56].
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~01 ~02 , a unique solution for M1
sured cross section for 
is obtained and the heavy chargino mass predicted. If the
LC would run concurrently with the LHC, the LHC experiments might be able to verify the predicted value of m~ .
2

Figure 18: The e+ forward-backward asymmetry (in %)
in the ee-CMS of the decay positron from
! ~+1 ~1 ,
+
0
+
~1 ! ~1 e e as a function of the pparameter M1 (left)
and the sneutrino mass m~e (right) at see = 500 GeV for
M2 = 152 GeV,  = 316 GeV, tan = 3. The shadowed
region corresponds to the bound m~01 > 38 GeV [59].

Neutralinos with CP-violating phases
Particularly interesting is the threshold behavior since
due to the Majorana nature of neutralinos [52], a clear indication of non–zero CP violating phases can be provided by
studying the excitation curve for non–diagonal neutralino
pair production near thresholds.
Like in the quark sector, it is useful [52, 61] to represent
the unitarity constraints

Neutralinos
Similarly to the chargino case, the di-lepton energy and
mass distributions in the reaction e+ e ! 
~02 ~02 ! 4`E=
0
0
can be used to determine 
~1 and ~2 masses. Previous analyses of the di-lepton mass and di-lepton energy spectra performed in the tan = 3 case showed that uncertainties
in the primary and secondary 
~02 and ~01 masses of about

Mij = Ni1 Nj1 + Ni2 Nj2 + Ni3 Nj3 + Ni4 Nj4
Dij = N1i N1j + N2i N2j + N3i N3j + N4i N4j

40

(18)
(19)

on the neutralino mixing matrix N , eq. (8), in terms of
unitarity quadrangles. For i6=j we get Mij =Dij =0 and
the above equations define two types of quadrangles in the
complex plane. The M -type quadrangles are formed by
 connecting two rows i and j , eq. (18),
the sides Nik Njk
 connecting two columns i and
and the D-type by Nki Nkj
j , eq. (19), of the mixing matrix. By a proper ordering of
sides the quadrangles are assumed to be convex with areas

area[Mij ℄ = 14 (jJij12 j + jJij23 j + jJij34 j + jJij41 j)
ij j + jJ ij j + jJ ij j + jJ ij j)
area[Dij ℄ = 14 (jJ12
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Figure 20: Cross section (left) p
and CP-odd asymmetry for
e+ e ! ~01 ~02 ! ~01 ~01 l1 l2 at s=500 GeV with m0 =100
GeV, tan =10 and gaugino mass universality. In shaded
area m~ <104 GeV [63].
1

(21)

(22)

Note that plaquettes, and therefore the areas of unitarity
quadrangles, are not sensitive to the Majorana phases i .
Unlike in the quark or lepton sector, the orientation of all
quadrangles is physically meaningful, and determined by
the CP-phases of the neutralino mass matrix.
For a CP-conserving case with real M1 ; M2 and , the
neutralino mixing matrix N has all Dirac phases ij = 0
mod  and Majorana phases i = 0 mod =2. Majorana
phases i = =2 describe only different CP parities of
the neutralino states. In terms of quadrangles, CP is conserved if and only if all quadrangles have null area (collapse
to lines or points) and are oriented along either the real or
the imaginary axis.
The non–zero values of CP-odd quantities, like n or the
polarization of the produced neutralino normal to the production plane, would unambiguously indicate CP-violation
in the neutralino sector. In [63] the CP-odd asymmetry defined as

(T < 0)
A = ((TT >> 0)
0) + (T < 0)

400

60
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M2=GeV
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kl are the Jarlskog–type CP–odd “plaquettes” [62]
where Jij

 N
Jijkl = =mNik Njl Njk
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Figure 21: The D–type (left panel) and M –type (right
panel) quadrangles in the complex plane, illustrated for
tan = 10, jM1j = 100:5 GeV, '1 = =5, M2 = 190:8
GeV, jj = 365:1 GeV and ' = 0; ij as indicated in the
figure [65].
If CP is conserved, the CP parity of a pair of Majorana
fermions 
~0i ~0j produced in the static limit in e+ e collisions by a spin-1 current with positive intrinsic CP must
satisfy the relation

(23)

i j ( 1)L = 1

where T = p~(e )  p~(l1 )  p~(l2 ) for the process e+ e !
~01 ~02 ! ~01 ~01 l1 l2 with two visible leptons in the final state

(24)

~0i and L is the
where  i = i is the intrinsic CP parity of 
angular momentum [66]. Therefore neutralinos with the
same CP parities (for example i = j ) can only be excited
in P-wave. The S-wave excitation, with the characteristic
steep rise  of the cross section near threshold, can occur
only for i 6= j with opposite CP–parities of the produced
neutralinos [67]. This immediately implies that if the fij g
and fik g pairs are excited in the S–wave, the pair fjk g
must be excited in the P–wave characterized by the slow
rise 3 of the cross section, fig. 22, left panel.
If CP is violated, however, the angular momentum of
the produced neutralino pair is no longer restricted by the
eq. (24) and all non–diagonal pairs can be excited in the
S–wave. This is illustrated in fig. 22, where the threshold
behavior of the neutralino pairs f12g, f13g and f23g for
the CP-conserving (left panel) case is contrasted to the CPviolating case (right panel). Even for a small CP–phase
'1 = =5, virtually invisible in the shape and orientation
of unitarity quadrangles in fig. 21, the change in the energy

has been considered. In fig. 20 the expected cross section
(left) and the asymmetry (right) are shown as functions of
M2 and  assuming '1 = =2.
One can also try to identify the presence of CP-phases
by studying their impact on CP-even quantities, like neutralino masses, branching ratios etc. Since these quantities are non–zero in the CP-conserving case, the detection
of CP-odd phases will require a careful quantitative analysis of a number of physical observables [64], in particular
for numerically small CP-odd phases. For example, fig. 21
displays the unitarity quadrangles for the SPS#1a point assuming a small non-vanishing phase '1 = =5 (consistent
with all experimental constraints) [65]. The quadrangles
are almost degenerate to lines parallel to either the real or
the imaginary axis, and revealing a small phase of M1 will
be quite difficult. However, studying the threshold behavior of the production cross sections can be of great help
[52, 65].
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(i j) = (12)

σ(e e −> χ i χ j ) [fb]

σ(e e −> χ i χ j ) [fb]

(i j) = (12)
(i j) = (13)

In the MSSM the multiplicative quantum number R–
parity is conserved. Under this symmetry all standard
model particles have Rp = +1 and their superpartners
Rp = 1. As a result, the lightest SUSY particle (LSP)
is stable, SUSY particles are only produced in pairs with
the distinct signature of missing energy in an experiment.
However, R–parity conservation has no strong theoretical justification since the superpotential admits explicit R–
= p) terms
parity violating (R

(i j) = (23)

0

0
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Figure 22: The threshold behavior of the neutralino production cross–sections  fij g for the CP–conserving (left
panel) and the CP–violating (right panel) cases. Other parameters as in fig. 21 [65].

WR=p = i Li Hu + 21 ijk Li Lj D k
+ 0ijk Li Qj D k + 12 00ijk Ui D j D k

where Hu ; L; Q are the Higgs and left–handed lepton and
 D;
 U are the corresponding
squark superfields, and E;
right–handed fields. R–parity violation changes the SUSY
phenomenology drastically. The LSP decays, so the characteristic signature of missing energy in the R
= p conserving
MSSM is replaced by multi–lepton and/or multi–jet final
states.
The couplings ,  and 0 violate lepton number, while
00
 violate baryon number. If both types of couplings were
present, they would induce fast proton decay. This can be
avoided by assuming at most one type of couplings to be
non-vanishing.

dependence near threshold can be quite dramatic. Thus,
observing the fij g, fik g and fjk g pairs to be excited all in
S–wave states would therefore signal CP–violation.

Gluinos
Strongly interacting gluinos will copiously be produced
at the LHC. Only for rather light gluinos, mg~  200 – 300
GeV, can a 1 TeV LC improve on the LHC gluino mass
measurement.
In e+ e annihilation the exclusive production of gluino
pairs proceeds only at the loop level: s-channel photons
and Z 0 bosons couple to the gluinos via triangular quark
and squark loops. Moreover, near threshold the pairs of
identical Majorana gluinos are excited in a P-wave with
a slow rise of the cross section. As a result, the production cross sections are rather small even for relatively light
gluinos, see left panel of fig. 23. For mg~ >
 500 GeV, no
events at LC with luminosities of 1 ab 1 per year are expected irrespectively of their collision energy.
In the
option, the chances to observe gluinos are better. First, the gluino pairs can be excited in an S-wave with
a faster rise of the cross section. Second, for mq~  mg~ the
production can be enhanced by resolved photons. As seen
in the right panel of fig. 23, the production cross sections in
the polarized e e option can reach several fb in a wider
range of gluino masses.
10

e−(80%−) e+(60%+) → g g

e−(80%−) e−(80%−) → e− e− g g

~ ~

-1

~ ~

mSUSY = 325 GeV

X = 6.5
x > 0.8 xmax

m~g = 200 GeV

10

10

10

m~g = 300 GeV
m~g = 400 GeV

σ [fb]

m~g = 500 GeV

σ [fb]

10

-2

m~t,1= 110 GeV
-3

1

θ~t = 45.2˚

-4

0

mSUSY = 325 GeV
m~t,1
= 110 GeV
= 45.2˚
θ~t

500

1000

1500
2000
√
s [GeV]

2500

3000

10

m~g = 200 GeV
m~g = 300 GeV
m~g = 400 GeV
m~g = 500 GeV

-1

0

500

1000

1500
2000
√
see [GeV]

2500

3000

Figure 23: Gluino production cross section in e+ e annihilation (left), and in polarized direct photon collisions
generated in e e (right). [68].

(25)

Bilinear R–parity violation
Models with explicit bilinear breaking of R–parity
(BRpV) assume only i 6= 0 in eq. (25) and the corresponding terms in the soft SUSY breaking part of the La~ i Hu [69]. As a result, the sneugrangian Lsoft 3 Bi i L
trinos develop non-zero vacuum expectation vi = h~i i
in addition to the VEVs vu and vd of the MSSM Higgs
fields Hu0 and Hd0 . The bilinear parameters i and vi induce mixing between particles that differ only by R–parity:
charged leptons mix with charginos, neutrinos with neutralinos, and Higgs bosons with sleptons. Mixing between
the neutrinos and the neutralinos generates at tree level a
~ j2 =Det(M~0 ) (where i =
non-zero mass m3  M2 j
i vd + vi ) for one of the three neutrinos and the mixing
angle tan2 atm  (2 =3 )2 ; the remaining two masses
and mixing angles are generated at 1-loop. For example,
the solar mixing angle scales as tan2 sol  (1 =2 )2 . Thus
the model can provide a simple and calculable framework
for neutrino masses and mixing angles in agreement with
the experimental data, and at the same time leads to clear
predictions for the collider physics [70].
= p couplings, production and decays of SUSY
For small R
particles is as in the MSSM except that the LSP decays.
Since the astrophysical constraints on the LSP no longer
apply, a priori any SUSY particle could be the LSP. In a recent study [71] a sample of the SUSY parameter space with
R= p couplings consistent with neutrino masses shows that irrespectively of the LSP nature, there is always at least one
correlation between ratios of LSP decay branching ratios
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The NMSSM, the minimal extension of the MSSM, introduces a singlet superfield field S in the superpotential

W

 Hu HdS

1 3
S :
3

(27)

In this model, an effective  = x term is generated when
the scalar component of the singlet S acquires a vacuum
expectation value x = hS i. The fermion component of the
singlet superfield (singlino) will mix with neutral gauginos
and higgsinos after electroweak gauge symmetry breaking,
changing the neutralino mass matrix to the 55 form which
depends on M1 , M2 , tan , x and the trilinear couplings 
and .
In some regions of the parameter space the singlino
may be the lightest supersymmetric particle, weakly mixing with other states. In the extended SPS#1a scenario
with large x  jM2 j, analysed in [75], the lightest neu~0S with mass  2x becomes singlino-dominated
tralino 
while the other four neutralinos 
~01;:::;4 have the MSSM
0
characteristics. The exotic 
~S state can be searched for
~0S together with the lightin the associated production of 
0
est MSSM-like neutralino 
~1 in e+ e annihilation. The
unpolarized cross section, shown in fig. 26 for m~0S = 70
GeV, is larger than 1 fb up to x < 7:4 TeV which corresponds to a singlino content of 99.7 %. Polarized beams
can enhance the cross section by a factor 2–3, and provide
discriminating power between different scenarios [76]. If
the couplings of a singlino-dominated LSP to the NLSP are
strongly suppressed at large values of x, displaced vertices
in the NMSSM may be generated, fig. 26, which would
clearly signal the extension of the minimal model. For a
similar analysis in the E6 inspired model we refer to [75].
However, if the spectrum of the four lighter neutralinos
in the extended model is similar to the spectrum in the
MSSM, but the mixing is substantial, discriminating the
models by analysing the mass spectrum becomes very difficult. Studying in this case the summed-up cross sections
of the four light neutralinos may then be a crucial method
to reveal the structure of the neutralino system [52]. More
specifically, in extended SUSY models with n SU(2) doublet and m SU(2) singlet chiral superfields, the sum rule
reads
P
2
lim s ij fij g = 48 4 s4
s!1
W W


 n (8s4W 4s2W + 1) + 48s4W + 3 (28)

In the case of charged slepton LSP, the collider physics
might distinguish whether bilinear or trilinear couplings are
= p and the neutrino mass matrix [72].
dominant sources of R
Possible final states of the LSP are either lj k or q q0 . If
the LSP is dominantly right-chiral, the former by far dominate over the hadronic decay mode. In the case of TRpV,
the two-body decay width for ~li ! lj + k k scales as
 k sin2 ~li 2kji provided 0 <
 , while for the BRpV
2
2
one has  Yi sin ~li j for i 6= j (Yi is the corresponding
e1 ! ek k )  1. ImmediYukawa coupling), and BR(~
ately one finds then

1
<
 0:5

400

EXTENDED SUSY

=p
Bilinear versus Trilinear R

BR(~e1 ! ek k ) =

300

Sneutrino Mass (GeV)

and one of the neutrino mixing angles. Two examples of
chargino and squark being the LSP are shown in fig. 24.



200

Figure 25:  (~
    ) at
(a,b) and e+p
e (c,d)
s=100
collider with
GeV (a,c) and 1 TeV
(b,d) [73].

(26)

Therefore, the LC measurements of the ~li decay modes can
distinguish between bilinear or trilinear terms as dominant
contributions to the neutrino masses [72].
For trilinear couplings of the order of current experimental upper bounds, in particular for the third generation
(s)fermions, additional production as well as decay channels may produce strikingly new signatures. For example,
sneutrinos could be produced as an s-channel resonance
in e+ e annihilation. During this workshop single sneutrino production in association with fermion pairs at polarised photon colliders has been analysed [73]. The associate mode may also appear with fermions of different
flavour [74], so that the signal is basically SM background
collisions
free. Moreover, the advantage of exploiting
in place of e+ e ones in producing single sneutrinos with
a fermion pair of differnt flavour resides in the fact that the
cross sections for the former are generally larger than those
for the latter. As an example, fig. 25 shows the unpolarised
and e+ e induced ~  
production rates for both the
p
modes at se+ e = 500 GeV and 1 TeV. For illustration,
the couplings are set  = 0 = 1.
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The right–hand side of eq. (28) is independent of the number m of singlets and it reduces to the sum rule in the
MSSM for n = 2. In fig. 27 the exact sum rules, normalized to the asymptotic value, are compared for an NMSSM
scenario giving rise to one very heavy neutralino with
m~05  1000 GeV, and to four lighter neutralinos with
masses equal within 2 – 5 GeV to the neutralino masses
in the MSSM. Due to the incompleteness of these states
below the thresholds for producing the heavy neutralino
~05 , the NMSSM value differs significantly from the corresponding sum rule of the MSSM. Therefore, even if the
extended neutralino states are very heavy, the study of sum
rules can shed light on the underlying structure of the supersymmetric model.
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quantities in laboratory experiments. This procedure has
very successfully been pursued for the three electroweak
and strong gauge couplings, and has been expanded to
a large ensemble of supersymmetry parameters [78] –
the soft SUSY breaking parameters: gaugino and scalar
masses, as well as trilinear couplings. This bottom-up approach makes use of the low-energy measurements to the
maximum extent possible and it reveals the quality with
which the fundamental theory at the high scale can be reconstructed in a transparent way.
A set of representative examples in this context has been
studied [79]: minimal supergravity and a left–right symmetric extension; gauge mediated supersymmetry breaking; and superstring effective field theories. The anomaly
mediated as well as the gaugino mediated SUSY breaking
are technically equivalent to the mSUGRA case and therefore were not treated explicitly.

1.25

1

m~S = 85 Exp.
GeV Input

Figure 27: The sum
of neutralino–pair production cross sections:
all pairs in the MSSM
(solid), and of the first
four neutralino states in
the NMSSM (dashed);
both normalized to the
asymptotic value [52].

Gravity mediated SUSY breaking
The minimal supergravity scenario mSUGRA is characterized by the universal: gaugino mass M1=2 , scalar mass
M0 , trilinear coupling A0 , sign of  (the modulus jj determined by radiative symmetry breaking) and tan . The
parameters M1=2 , M0 and A0 are defined at the GUT scale
MU where gauge couplings unify i = U . The RGE are
then used to determine the low energy SUSY lagrangian
parameters.
The point chosen for the analysis is close to the Snowmass Point SPS#1a [8], except for the scalar mass parameter M0 which was taken slightly larger for merely illustrative purpose: M1=2 = 250 GeV, M0 = 200 GeV,
A0 = 100 GeV, tan = 10 and sign() = +.
Based on simulations and estimates of expected preci-

RECONSTRUCTING FUNDAMENTAL
SUSY PARAMETERS
Low energy SUSY particle physics is characterized by
energy scales of order <
 1 TeV. However, the roots
for all the phenomena we will observe experimentally in
this range may go to energies near the Planck or the GUT
scale. Fortunately, supersymmetry provides us with a stable bridge between these two vastly different energy regions [77]. To this purpose renormalization group equations (RGE) are exploited, by which parameters from low
to high scales are evolved based on nothing but measured
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Gauge mediated SUSY breaking

sion, the low-energy ’experimental’ values are taken as the
input values for the evolution of the mass parameters in the
bottom-up approach to the GUT scale. The results for the
evolution of the mass parameters to the GUT scale MU are
shown in fig. 28. The left panel presents the evolution of
the gaugino parameters Mi 1 , while the right panel shows
the extrapolation of the slepton mass parameters squared of
the first two generations. The accuracy deteriorates for the
squark mass parameters and for the Higgs mass parameter
MH2 2 . The origin of the differences between the errors for
slepton, squark and Higgs mass parameters can be traced
back to the numerical size of the coefficients. The quality of the test is apparent from table 1, where it is shown
how well the reconstructed mass parameters at the GUT
scale reproduce the input values M1=2 = 250 GeV and
M0 = 200 GeV.

1=Mi [GeV 1 ℄

Q [GeV]

In GMSB the scalar and the F components of a
Standard–Model singlet superfield S acquire vacuum expectation values hS i and hFS i through interactions with
fields in the secluded sector, thus breaking supersymmetry. Vector-like messenger fields M , carrying non–zero
SU (3)  SU (2)  U (1) charges and coupling to S , transport the supersymmetry breaking to the eigen–world. The
system is characterized by the mass MM  hS i of the messenger fields and the mass scale  = hFS i=hS i setting the
size of the gaugino and scalar masses. MM is expected to
be in the range of 10 to 106 TeV and  has to be smaller
than MM .
The gaugino masses are generated by loops of scalar and
fermionic messenger component fields, while masses of the
scalar fields in the visible sector are generated by 2-loop effects of gauge/gaugino and messenger fields, and the A parameters are generated at 3-loop level and they are practically zero at MM . Scalar particles with identical Standard–
Model charges squared have equal masses at the messenger
scale MM , which is a characterictic feature of the GMSB
model.
This scheme has been investigated for the point  =
100 TeV, MM = 200 TeV, N5 = 1, N10 = 0, tan = 15
and  > 0 corresponding to the Snowmass Point SPS#8.
The evolution of the gaugino and sfermion mass parameters of the first two generations as well as the Higgs mass
parameters, including 2-loop –functions, is presented in
fig. 29.

M~j2 [103 GeV2 ]

Q [GeV]

Figure 28: mSUGRA: Evolution, from low to high scales,
of gaugino mass parameters (left), and first two generation
sfermion mass parameters and the Higgs mass parameter
MH2 2 (right). The widths of the bands indicate the 1 CL
[79].

M~j2 [103 GeV2 ℄

1=Mi [GeV 1 ℄

MM

?

The above analysis has also been extended [79] to a left–
right supersymmetric SO(10) model in which the SO(10)
symmetry is assumed to be realized at a scale between the
standard SU (5) scale MU ' 2  1016 , derived from the
unification of the gauge couplings, and the Planck scale
MP ' 1019 GeV. The right–handed neutrinos are assumed heavy, with masses at intermediate scales between
O(1010 ) GeV and O(1015 ) GeV, so that the observed light
neutrino masses are generated by the see-saw mechanism.
The evolution of the gaugino and scalar mass parameters of
the first two generations is not affected by the left–right extension. It is only different for the third generation and for
MH2 2 owing to the enhanced Yukawa coupling in this case.
The sensitivity to the intermediate R scales is rather weak
because neutrino Yukawa couplings affect the evolution of
the sfermion mass parameters only mildly. Nevertheless, a
rough estimate of the intermediate scale follows from the
evolution of the mass parameters to the low experimental
scale if universality holds at the Grand Unification scale.

Q [GeV℄

Q [GeV℄

Figure 29: GMSB: Evolution, from low to high scales, of
gaugino mass parameters (left), and first two generation
sfermion mass parameters and the Higgs mass parameter
MH2 2 (right). The widths of the bands indicate the 1 CL
[79].
The gaugino masses in GMSB evolve nearly in the same
way as in mSUGRA. However, due to the influence of the
A–parameters in the 2-loop RGEs for the gaugino mass parameters, they do not meet at the same point as the gauge
couplings in this scheme. On the other hand the running
of the scalar masses is quite different in both theories. The
bands of the slepton L–doublet mass parameter ML~2 and
2 , which carry the same moduli
the Higgs parameter MH
2
of standard–model charges, cross at the scale MM . The
crossing, indicated by an arrow in the fig. 29, is a neces45

sary condition (in the minimal form) for the GMSB scenario to be realized. Moreover, at the messenger scale the
ratios of scalar masses squared in the simplest version of
GMSB are determined solely by group factors and gauge
couplings, being independent of the specific GMSB characteristics, i. e. messenger multiplicities and  mass scale.
The two scales  and MM , and the messenger multiplicity NM = N5 + 3N10 can be extracted from the spectrum
of the gaugino and scalar particles. For the point analyzed
in the example above, the following accuracy for the mass
parameters and the messenger multiplicity has been found:

 = (1:01  0:03)  102 TeV
MM = (1:92  0:24)  102 TeV
NM = 0:978  0:056

Table 2: Comparison of the experimentally reconstructed
values with the ideal fundamental parameters in a specific
example for a string effective field theory. [All mass parameters are in units of GeV.]
Parameter

m3=2
hS i
hT i
sin2 
gs2
ÆGS
tan

(29)
(30)
(31)

String induced SUSY breaking

1=Mi [GeV 1 ℄  10

1 (MGUT ) =

1 (Mstring ) + 

1
i [nj ℄

2

M~j2 [103 GeV2 ]

(32)

Q [GeV]

Universality is generally broken in such a scenario by a
set of non-universal modular weights nj that determine the
coupling of T to the SUSY matter fields j . The gaugino
and scalar mass parameters can be expressed to leading order by the gravitino mass m3=2 , the vacuum values hS i and
hT i, the mixing parameter sin , the modular weights nj
and the Green-Schwarz parameter ÆGS . The relations between the universal gauge coupling (Mstring ) at the string
scale Mstring and the gauge couplings i (MGUT ) at the
SU(5) unification scale MGUT :

i

Reconstructed
179.9  0.4
1.998  0.006
14.6  0.2
0.899  0.002
0.501  0.002
0.1  0.4
10.00  0.13

The evolution of the gaugino and scalar mass parameters is displayed in fig. 30. The pattern of the trajectories
is remarkably different from other scenarios. The breaking of universality in the gaugino sector, induced by string
threshold corrections, is shown in the insert.

Four–dimensional strings naturally give rise to a minimal set of fields for inducing supersymmetry breaking; they
play the rôle of the fields in the hidden sectors: the dilaton
S and the moduli Tm chiral superfields which are generically present in large classes of 4–dimensional heterotic
string theories. In the analysis only one moduli field T has
been considered. SUSY breaking, mediated by a goldstino
field, originates in the vacuum expectation values of S and
T generated by genuinely non–perturbative effects. The
properties of the model depend on the composition of the
goldstino which is a mixture of the dilaton field S and the
moduli field T ,

G~ = S sin  + T os 

Ideal
180
2
14
0.9
0.5
0
10

Q [GeV]

Figure 30: String scenario: Evolution, from low to high
scales, of gaugino mass parameters (left), and first two generation sfermion mass parameters and the Higgs mass pa2 (right). The widths of the bands indicate the
rameter MH
2
1 CL [79].
The reconstructed values the fundamental parameters of
the string effective field theory are compared with the ideal
values in Table 2. Also the reproduction of moduli weights
as ’integers’ at the per-cent level provides a highly nontrivial check of the string model [79].

(33)

receive small deviations from universality at the GUT scale
which are accounted for by string loop effects transporting
the couplings from the universal string scale to the GUT
scale. The gauge coupling at Mstring is related to the dilaton field, gs2 = 1=hS i.
A mixed dilaton/moduli superstring scenario with dominating dilaton field component and with different couplings
of the moduli field to the (L,R) sleptons, the (L,R) squarks
and to the Higgs fields, corresponding to O–I representation has been chosen for the analysis [79], for which
sin2  = 0:9, nLi = 3, nEi = 1, nH1 = nH2 = 1,
nQi = 0, nDi = 1, nUi = 2, and the gravitino mass
180 GeV.

SUMMARY
Much progress has been achieved during the Extended
ECFA/DESY Workshop. It has been demonstrated that a
high luminosity LC with polarized beams, and with addiand e e modes, can provide high quality
tional e ,
data for the precise determination of low-energy SUSY Lagrangian parameters. In the bottom–up approach, through
the evolution of the parameters from the electroweak scale,
the regularities in different scenarios at the high scales can
be unravelled if precision analyses of the supersymmetric
particle sector at e+ e linear colliders are combined with
46

analyses at the LHC. In this way the basis of the SUSY
breaking mechanism can be explored and the crucial elements of the fundamental supersymmetric theory can be
reconstructed.
So far most analyses were based on lowest–order expressions. With higher order corrections now available, one of
the goals of the SUSY WG in the new ECFA Study would
be to refine the above program. Many new theoretical calculations and future experimental analyses will be necessary. However, the prospect of exploring elements of the
ultimate unification of the interactions provides a strong
stimulus in this direction.
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HIGGS BOSON PRECISION STUDIES at a LINEAR COLLIDER 
Klaus Desch, University of Hamburg, Germany
Abstract

to extract the fundamental parameters of the Higgs sector
with high precision. The series of ECFA/DESY workshops
aims at a comprehensive study of the physics case, a determination of the achievable precisions on Higgs observables
as well as on a fruitful cross-talk between theory, physics
simulations and detector layout.
A future linear collider offers also the option of photonphoton collisions from back-scattered laser light. The
physics potential and progress in Higgs physics at a photon
collider is discussed elsewhere in these proceedings [2].

This report summarizes the progress in the study of
Higgs physics at a future linear electron positron collider
at center-of-mass energies up to about 1000 GeV and high
luminosity. After the publication of the TESLA Technical Design Report [1], an extended ECFA/DESY study on
linear collider physics and detectors was performed. The
paper summarizes the status of the studies with main emphasis on recent results obtained in the course of the workshop.

OBJECTIVES OF THE STUDY

STANDARD MODEL HIGGS BOSON

Elucidating the mechanism responsible for electro-weak
symmetry breaking is one of the most important tasks of
future collider based particle physics. Experimental and
theoretical indications of a light Higgs boson make the precision study of the properties of Higgs bosons one of the
major physics motivations of a linear collider (LC). Both
the Higgs boson of the Standard Model (SM) and those of
extended models will be copiously produced in e+ e collisions in various production mechanisms. A large variety
of different decay modes can be observed with low backgrounds and high efficiency. These measurements allow us

Theoretical Predictions
In e+ e collisions, the SM Higgs boson is predominantly produced through the Higgs-strahlung process,
! H0 Z [3] and through the vector boson fusion processes e+ e ! e e (e+ e )H0 [4]. The SM production
cross-sections are precisely known including full electroweak corrections at the one-loop level. For a recent review
of the theoretical calculations see e.g. [5]. Recently the full
one-loop corrections to the WW-fusion process have been
calculated [6, 7]. The radiatively corrected cross-sections
for Higgs-strahlung and WW-fusion are shown in Fig. 1.
For Higgs-strahlung the corrections are positive for small
Higgs masses and negative for large Higgs masses and are
of O(10%). For WW-fusion the corrections are of similar
size but always negative.
With the Higgs boson being responsible for mass generation its couplings to massive SM particles are proportional
to their masses: gffH = mf =v , gV V H = 2MV2 =v . Thus
Higgs bosons decay preferentially into the heaviest kinematically possible final states. State-of-the-art branching
ratio calculations including electro-weak and QCD corrections [8] are coded in the program HDECAY [9] for the
SM and its minimal supersymmetric extension, the MSSM.
Branching ratios of the neutral Higgs bosons in the MSSM
can be also calculated with program FeynHiggsDecay [10].
The SM Higgs branching ratios in the mass range relevant
to a LC are shown in Fig. 2.

e+ e
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of Wisconsin, b CERN, INFN, University di Lecce, d Moscow State
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University,
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hh University of Bonn, ii Lancaster University, jj INFN, University
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Tools for Simulation
A variety of leading-order Monte Carlo generators exist
which are commonly used for Higgs studies in e+ e collisions. They are PYTHIA [11], HERWIG [12], HZHA [13],
CompHep [14], and WHiZard [15]. CompHep and
WHiZard offer the possibility of generating the complete
2 ! 4 and (in the case of WHiZard) also 2 ! 6 processes
including their interference with SM backgrounds.
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tector performance specified for the TESLA detector in the
TDR. A comparative study of different event generators
and of different fast detector simulation programs was carried out in [18].
Most analyses which involve tagging of heavy quarks
use a realistic event-wise neural-net algorithm based on
ZVTOP [19] which was first used at the SLD detector.
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Coupling to Z Bosons
The anchor of a model-independent precision analysis
of Higgs boson properties at a LC is the measurement
of the total cross-section for the Higgs-strahlung process,
e+ e ! H0 Z. Z bosons can be selected in Z ! e+ e
and Z ! +  decays. From energy-momentum conservation the invariant mass recoiling against the Z candidate
can be calculated. Through a cut on the recoil mass, Higgs
bosons can be selected independent of their decay mode,
allowing for a model-independent measurement of the effective HZ coupling, gHZZ . Once gHZZ is known, all other
Higgs couplings can be determined absolutely. The total
Higgs-strahlung cross-section can be measured
p with an accuracy of 2.5% for mH = 120 GeV and s = 350 GeV for
500 fb 1 [21]. Assuming that the uncertainty scales with
the square root of the cross-section and that the selection
purity and efficiency is independent of the center-of-mass
energy, one can obtain an accuracy between 1.2 % and 10%
for
H < 360 GeV, for an integrated luminosity of
ps100fb<1m
= GeV at a center-of-mass energy corresponding to the maximum of the cross-section for a given Higgs
mass. The relative error is shown in Fig. 3 together with the
optimal center-of-mass energy as a function of the Higgs
mass.
The importance of a precise and model-independent determination of gHZZ has e.g. recently been discussed in the
context of supersymmetric models [22] and in the context
of models with higher Higgs field representations, as well
as in the context of extra-dimensional models [23].
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Figure 1: Upper plots: cross-section for the processes
e+ e ! ZH0 and e+ e ! e e H0 including
complete
p
one-loop electro-weak corrections for s = 500 GeV.
Lower plots: Relative amount of one-loop corrections relative to Born level result (left) and relative to an improved
Born approximation (IBA) (from [7]).
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The measurements of differential production crosssections and decay angular distributions provide access to
the discrete quantum numbers of the Higgs boson: J P C .
In the TDR, the measurement of the -dependence of
the Higgs-strahlung cross-section close to the production
threshold was exploited to determine the spin of the Higgs
boson. The spin can also be determined from the invariant mass of the off-shell Z boson in the decay H0 ! ZZ
for mH < 2mZ . This method is independent of the Higgs
production process and thus potentially applicable also in
and gg collisions. The invariant mass distribution for
mH = 150 GeV is shown in Fig. 4. For mH above 2mZ ,
azimuthal correlations of the two Z boson decay planes can

Figure 2: Branching ratios of the SM Higgs boson calculated with HDECAY [9].

Beamstrahlung was simulated in most analyses presented below using the parameterization CIRCE [16].
The vast majority of experimental analyses in this summary includes the simulation of complete SM backgrounds.
The effects of limited detector acceptance and resolution
have been incorporated using the parametric detector simulation program SIMDET [17] which is based on the de52
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Figure 3: Achievable precision on the cross-section for
e+ e ! H0 Z as a function of the Higgs mass. An
integrated luminosity proportional to the center-of-mass
energy in fb 1 /GeV at a center-of-mass energy corresponding to the maximum of the cross-section is assumed.
The center-of-mass energy which yields the largest crosssection is also shown (dashed line, right scale).
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decays for the SM Higgs and for examples of spin-1 and
spin-2 bosons for mH = 150 GeV (from [25]).
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be exploited to gain sensitivity to Higgs boson spin and
CP [24, 25].
The CP quantum number, like the spin, can be determined from both Higgs boson production and decay [26].
In the TDR, the sensitivity of the angular distribution of
the Z recoiling against the H0 in Higgs-strahlung was exploited. Recently a method has been proposed which
makes use of the transverse spin correlation in H0 !  + 
decays. The spin correlations between the two  leptons is
probed through angular correlations of their decay products. In particular, events from   !   !    0 
0 
  
and from   ! a
1  !    !     can
be used. The angle between the decay planes of the two
 mesons from either  decay provides a suitable observable [27, 28]. While this angle can be determined in the
laboratory frame, ideally it is evaluated in the Higgs boson rest frame, which can be approximately reconstructed
using  lifetime information [29]. Preliminary results including detector simulation have shown that
p from a sample
of 1 ab 1 of Higgs-strahlung events at s = 350 GeV,
a statistical separation between a CP-even and a CP-odd
Higgs boson of eight standard deviations may be achieved
assuming production cross section and branching ratio as
for H0SM (see Fig. 5, note that background is not yet taken
into account) [30].
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both ττ → ρνρν and ττ → a1νρν included
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acoplanarity angle Φ

Figure 5: Acoplanarity angle between the two  decay
planes from H0 =A0 !  +  decays (from [30]).
the TESLA TDR as well as in all other regional LC studies [31, 32] analyses have been performed to investigate
the expected precisions on the branching ratio determination. For a light Higgs boson with mH < 160 GeV, a
large variety of Higgs decay modes can be measured. The
; ; and gg are disentangled via
hadronic decays into bb
the excellent capabilities of a LC vertex detector. Progress
has been achieved recently in the level of detail at which
the algorithms to tag b- and c-quarks are implemented into
the simulation. Although these studies are not finished, it

Decay Branching Ratios
The precise measurement of Higgs boson decay branching ratios is one of the key tasks in LC Higgs physics. In
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looks conceivable that the results of the TDR study will
essentially be confirmed [33].
There are two different methods to extract branching ratios from the observed events:
1. Measure the topological cross-section for a given final state, e.g.  (H0 Z ! X Z) and divide by the total
measured Higgs–strahlung cross-section (as obtained
from the recoil mass measurement) [34].

25

20

15

2. Select a sample of unbiased H0 Z events (events in the
recoil mass peak) and determine the fraction of events
corresponding to a given H0 ! X decay within this
sample.

10

The latter method was first applied to Higgs branching ratio studies in [35]. Since in this approach binomial (or in principle multi-nomial) statistics can be applied,
smaller errors of the branching ratios can be inferred for
the same number of events than from a rate measurement.
Although only relying on events with Z ! `+ ` , the latter method yields errors very similar to those of the TDR
method [34]. The achievable precision for the both methods for a SM Higgs boson of 120 GeV from a sample of
500 fb 1 is shown in Table 1. A possible combination of
both methods is currently being investigated. While for the
hadronic Higgs decays, there is a sizable overlap, for the
H0 ! W + W decay a significant improvement may be
expected from combination.
; ; gg;  +  ; W + W ,
Besides the decays into bb
0
0
Z Z ; and further decay modes have been studied. The
very rare decay Hp0 ! +  might be detectable in WWfusion events at s = 800 GeV for mH = 120 GeV. A
measurement of the muon Yukawa coupling with approximately 15% relative accuracy may be obtained from a sample of 1 ab 1 . Here,
p the logarithmic rise of the signal
cross-section with s is of advantage. A precision measurement of the H0 ! +  branching ratio however can
only be performed at even higher luminosity or at higher
energy [36]. The expected signal is shown in Fig. 6.
Another rare Higgs boson decay is the loop-induced
H0 ! Z decay. This decay has been studied in the
W W ! H0 ! qq final state for a sample of 1ab 1
at 500 GeV for 120 GeV < mH < 160 GeV. Around the
expected maximum of the branching ratio for a SM Higgs
boson (140 GeV), a relative error of 27% can be expected
while for lower (120 GeV) and higher (160 GeV) Higgs
masses only upper limits at 70-80% of the SM branching
ratio can be expected to be set [37]. The expected signal is
shown in Fig. 7 together with the background.
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Figure 6: Expected mass spectrum
for the decay H0 !
p
1
+
  from a sample of 1ab at s = 800 GeV for mH =
120 GeV (from [36]).
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Figure 7: Expected mass spectrum
for the decay H0 ! Z
p
1
from a sample of 1 ab at s = 500 GeV for mH = 120
GeV (from [37]).
momentum
compatible with an invisible Higgs decay. At
ps = 350 GeV,
the achievable precision on the invisible
branching ratio is shown to be significantly higher than in
the indirect approach, yielding e.g. a relative precision of
 10% for a branching ratio of 5% and a 5 observation
down to a branching ratio of 1.5-2.0% with 500 fb 1 at
p
s = 350 GeV and Higgs masses between 120 and 160
GeV [38] (see Fig. 8).

Heavier SM Higgs Boson
Above a Higgs mass of approximately 2 mW , the phenomenology of the SM Higgs changes quite drastically.
First, the bosonic decays into W+ W and ZZ rapidly become dominant, leaving only very little room for Yukawa
couplings to be probed directly. Second, the total decay
width increases rapidly with mass, exceeding 1 GeV for
mH > 190 GeV.
In order to assess the question up to which Higgs mass a

Invisible Higgs Decays
In the TDR it was pointed out that the decay independent
recoil mass technique allows us to extract a possible invisible decay width of the Higgs boson by comparing the rate
of events in the recoil mass peak with the rate for all visible decays. This indirect technique is now complemented
by a study which explicitly asks for missing energy and
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Table 1: Summary of expected precisions on Higgs boson branching ratios from existing studies within the ECFA/DESY
workshops. (a) for 500 fb 1 at 350 GeV; (b) for 500 fb 1 at 500 GeV; (c) for 1 ab 1 at 500 GeV; (d) for 1 ab 1 at 800
GeV; (e) as for (a), but method described in [35] (see text).
Mass(GeV)
Decay

bb




gg
WW
ZZ

∆BR / BR
10

140

2.4 (a) / 1.9 (e)
8.3 (a) / 8.1 (e)
5.0 (a) / 7.1 (e)
30. (d)
5.5 (a) /4.8 (e)
5.1 (a) / 3.6 (e)

2.6 (a)
19.0 (a)
8.0 (a)
14.0 (a)
2.5 (a)

160

180
200
220
Relative Precision (%)
6.5 (a) 12.0 (d) 17.0 (d) 28.0 (d)

2.1 (a)
16.9 (a)

3.5 (b)
9.9 (b)

240

280

320

5.0 (b)
10.8 (b)

7.7 (b)
16.2 (b)

8.6 (b)
17.3 (b)

23.0 (b) / 35.0 (e)

Z

10

120

27.0 (c)

width, Higgs-strahlung production cross section) can be
measured. A complete study of the mass range 200 GeV
< mH <320 GeV has been performed [40]. The final
state q
qqq`+ ` resulting from H0 Z ! ZZZ and from
H0 Z ! W+ W Z is selected. A kinematic fit is used to assign the possible di-jet combinations to bosons (W+ W or
ZZ). The resulting di-boson mass spectrum can be fitted by
a Breit-Wigner distribution convoluted with a detector resolution function. A relative uncertainty on the Higgs mass
of 0.11 – 0.36 % is achievable from 500 fb 1 at 500 GeV
for masses between 200 and 320 GeV. The resolution on
the total width varies between 22 and 34% for the same
mass range. Finally, the total Higgs-strahlung cross-section
can be measured with 3.5 – 6.3% precision. Under the assumption that only H0 ! W+ W and H0 ! ZZ decays
are relevant, their branching ratios can be extracted with
3.5–8.6% and 9.9–17.3%, respectively (see Table 2). The
expected mass spectra for mH = 200 GeV and mH = 320
GeV are shown in Fig. 9.

ind. method
MH = 120 GeV
MH = 140 GeV
MH = 160 GeV
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Figure 8: Accuracy on the branching ratio H0 !
invisible, as a function of BR(H0 ! invisible) for three
Higgs masses using 500 fb 1 at 350 GeV (full line). The
dashed and dotted lines indicate the contributions from the
measurement of the invisible rate and from the total Higgsstrahlung cross section measurement, respectively. The
large dots are the result of the indirect method, presented
in the TDR (from [38]).

Table 2: Expected precision on Higgs boson line-shape
parameters
for 200 < mH < 320 GeV at a LC with
ps = 500 GeV.

mH (GeV)  (%) mH (%)  H (%)

direct Yukawa coupling measurement would still be possible, a study was performed which aims at selecting H0 !
bb as a rare Higgs decay [39]. Like in the case of H0 !
+  , the large number of Higgs bosons produced in the
WW-fusion channel at high energy is favorable in comparison to using the Higgs-strahlung
p process at lower energies. For 1ab 1 of data at s = 800 GeV, a 5 sensitivity to the bottom Yukawa coupling is achievable for
mH < 210 GeV. A measurement of the branching ratio
 is possible with (12,17,28) % accuracy for
BR(H0 ! bb)
mH = (180,200,220) GeV.
The second question about heavier Higgs bosons is,
whether the Higgs line-shape parameters (mass, decay

200
240
280
320

3.6
3.8
4.4
6.3

0.11
0.17
0.24
0.36

34
27
23
26

Top Yukawa Coupling
For mH < 2mt , the top quark Yukawa coupling is not
directly accessible from Higgs decays. The only relevant
tree level process to access the top quark Yukawa coupling is the process e+ e ! H0 tt [41]. Due to the large
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Higgs Potential

TESLA 500 GeV
-1
∫L = 500 fb
mH = 200 GeV

The observation of a non-zero self-coupling of the Higgs
boson is the ultimate proof of spontaneous symmetry
breaking being responsible for mass generation of the SM
bosons and fermions since it probes the shape of the Higgs
potential and thus the presence of a vacuum expectation
value. Higgs boson self-coupling in general leads to triple
and quartic Higgs boson couplings out of which only the
former is accessible. For 500 GeV center-of-mass energy,
the double Higgs-strahlung process, e+ e ! H0 H0 Z is
most promising for observation, the small cross-section of
0.1 - 0.2 fb however demands the highest possible luminosity and calls for ultimate jet energy resolution since only if
 bq
 q can be reconthe most frequent six jet final state bbb
structed, the signal rate becomes significant. The crosssection has been calculated in [47] and radiative corrections became known recently [48]. In the TDR, an experimental analysis for mH = 120 GeV was presented [49]
which concluded that with 1ab 1 of data at 500 GeV, a
precision of 17 - 23 % for 120 < mH < 140 GeV on
the e+ e ! H0 H0 Z cross-section can be achieved. Recently, the potential of the WW-fusion channel for higher
Higgs boson masses at higher energies was discussed and
compared to the possibilities at the LHC in [50]. Furthermore, it was discussed how the existing analyses might be
improved by exploiting kinematic differences between the
signal diagram and diagrams which lead to the same final
state without involving the triple Higgs coupling (dilution
diagrams), namely the sequential radiation of two Higgs
bosons from one Z boson and the diagram which involves
the quartic ZZHH coupling [51]. In particular, the invariant mass of the hadronic system which is formed by the
two Higgs boson decay products is sensitive to the different contributions to the HHZ final state. Its distribution is
shown in Fig. 11. A reduction of the uncertainty on the
trilinear coupling from 0.23 to 0.20 can be obtained.
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Figure 9: Expected reconstructed Higgs boson mass spectra for mH = 200 GeV and mH = 320 GeV from 500 fb 1
at 500 GeV (from [40]).

MINIMAL SUPERSYMMETRIC HIGGS
SECTOR

masses of the final state particles, the process only has a
significant cross-section at center-of-mass energies significantly beyond 500 GeV. Higher order QCD corrections to
the process have been calculated and are significant [42].
Recently, also the full O( ) electro-weak corrections became available [43]. Experimental studies have been performed for mH < 130 GeV in the TDR [44] and in the NLC
study [45]. Recently a completely new study has been performed with refined b-tagging simulation as well as for an
extended mass range of up to mH = 200 GeV, exploiting

also the H0 ! W+ W decay [46]. For the H0 ! bb


case, both the tt ! bbq
q`  and the tt ! bbqqqq channels have been analyzed. For the H0 ! W+ W case, the
2-like-sign lepton plus 6-jet and the single lepton plus 8-jet
final states were studied. The events were selected by neural networks. The generic 6-fermion background is fully
taken into account. The expected uncertainties on the top
Yukawa coupling for 1ab 1 at 800 GeV range from 6–14%
for 120 < mH < 200 GeV and are shown in Fig. 10.

Theoretical Predictions
The Higgs sector of the Minimal Supersymmetric Standard Model (MSSM) comprises two complex scalar field
doublets which acquire vacuum expectation values v1 and
v2 . After electro-weak symmetry breaking, two charged
Higgs bosons (H ) and three neutral Higgs bosons emerge,
two of which are CP-even (h0 ; H0 ) and one is CP-odd (A0 ),
if CP is conserved. In contrast to the SM, the Higgs masses
are predicted in terms of the fundamental parameters of the
MSSM. At tree level, the mass spectrum is determined by
tan = v2 =v1 and mA and the mass of the h0 has to fulfill mh < mZ . Higher order corrections, predominantly
from loops involving third generation fermions and their
supersymmetric partners, have large influence. In particular, mh can be as large as 135 GeV [52]. A compilation of
more recent higher order corrections can be found in [53].
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Figure 10: Expected relative precision on the top Yukawa coupling for 120 < mH < 200 GeV from 1 ab 1 at 800 GeV for
various final states and for two different assumptions of the systematic uncertainty on the background (BG) normalization
(from [46]).
The value of mh as a function of tan is shown for two
different cases of scalar-top mixing (no-mixing and mmax
h
scenarios of [56]) in Fig. 12. The complete 1-loop and
dominant 2-loop SUSY corrections to the production crosssections for e+ e ! h0 Z [54, 55] and the 1-loop corrections from stop-sbottom loops for e+ e ! e e h0 [57, 58]
are calculated.

Study of Heavy Neutral SUSY Higgs Bosons
If os2 (
) is small1 , the heavy neutral MSSM
Higgs bosons are predominantly produced through the process, e+ e ! H0 A0 . With the mass splitting between
H0 and A0 being small for a large part of the parameter
space, the mass
reach of the LC for H0 and A0 is app
proximately s=2. In this case, the coupling of the H0
to gauge bosons is small, therefore the dominant decays
 and  +  . During the workof both H0 and A0 are bb
shop, a new experimental study was started to fully determine the sensitivity of the LC to the heavy MSSM Higgs
bosons through the pair production process [62]. For the
 b and bb +  final states are anfirst time, both the bbb
alyzed including detector simulation and complete standard model backgrounds. Preliminary results at 500 GeV
and 800 GeV center-of-mass energy were obtained. The
following assumptions are made: 500 fb 1 at 500 GeV
) = 0, BR(H0 ! bb) =
and at 800 GeV, os2 (
0
+
90%, BR(H !   ) = 10%. Mass reconstruction is
performed using a kinematic fit which imposes energymomentum conservation. Therefore a good mass recon b and bb +  final
struction is achieved both in the bbb
states, see Fig. 13 and 14. The achievable precisions on
masses and topological cross-sections are listed in Table 3
for various choices of mH and mA .

The MSSM Higgs sector exhibits a so-called decoupling
limit as mA becomes large, in which the h0 approaches
the properties of the SM Higgs boson [59] This limit is
approached relatively fast for mA > 200 GeV in a large
portion of the MSSM parameter space. However, also scenarios far away from decoupling (e.g. the intense coupling
scenario [60]) is experimentally not excluded and theoretically possible. In such a scenario, all Higgs bosons are accessible already at 500 GeV and a rich phenomenology is
waiting to be disentangled. The closer the MSSM scenario
moves towards the decoupling limit the more difficult it becomes to distinguish the Higgs sector from the SM. Therefore most analyses focus on a close-to-decoupling scenario.
In this case, the analyses for a light SM Higgs apply also
for h0 . It is the task of the LC to employ the precise measurements of the properties of this lightest Higgs boson to
distinguish it from a SM Higgs and draw conclusions on
the supersymmetric parameters.

1
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is the mixing angle in the CP-even neutral Higgs sector

1 at 500 GeV (a) and 800 GeV

Table 3: Expected precision on the properties of heavy MSSM Higgs bosons from 500 fb
(b), respectively (from [62]).
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(b)
(b)
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200
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300
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(mA + mH ) (jmA
(GeV)
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1.9
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Figure 11: Distribution of the H0 H0 invariant mass in
e+ e ! H0 H0 Z events for mH = 120 GeV (1 ab 1 at
800 GeV). The histograms are for predictions of the trilinear Higgs coupling ranging from 1.25 to 0.5 (top to bottom)
times the SM coupling. (from [51]).

Figure 12: Largest mass of the light CP even Higgs boson
of the MSSM as a function of tan for two scenarios of
scalar-top mixing (no-mixing and mmax
h scenarios of [56]).
The bands indicate the effect of varying the top quark mass
by 1 standard deviation of its current error.
beams the cross-section can further be enhanced. A particular scenario where this is the case has been chosen in [57]
(MSUSY = 350 GeV,  = 1000 GeV, M2 = 200 GeV and
large stop mixing). Cross-section contours for this scenario
are shown in Fig. 15.

Since at the tree level and in the decoupling limit the
heavy neutral MSSM Higgs bosons decouple from the
Z, the mass reachpfor their discovery at a LC is limited
to approximately s=2 from the pair production process.
It has been investigated during the workshop, how single production mechanisms could extend the mass reach
of an e+ e LC. In particular, the WW-fusion process
e+ e ! e e H0 has been investigated [57]. Its tree level
cross-section is proportional to os(
). Depending
on the SUSY parameters, radiative corrections might increase the cross-section for e+ e ! e e H0 , possibly
allowing discovery beyond the pair production kinematic
limit for certain choices of the MSSM parameters. Using
left-polarized electron beams and right-polarized positron

Charged Higgs Bosons
Charged Higgs bosons can be p
pair-produced at the LC
via e+ e ! H+ H if mH < s=2. A complete simulation of this p
process for the decay H+ ! tb has been
performed for s = 800 GeV, 1 ab 1 , and mH = 300
GeV [63]. The expected signal and background are shown
in Fig. 16. The mass resolution is approximately 1.5%. A
5 discovery will be possible for mH < 350 GeV.
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Figure 13: Simulated signals and background of the pro b. Top: reconstructed sum
cess e+ e ! H0 A0 ! bbb
of the two Higgs candidate masses. Bottom: reconstructed
difference of the two Higgs boson candidate masses. The
study was performed at 500 GeV center-of-mass energy
) = BR(A0 ! bb) = 0:9
and for 500fb 1 . BR(H0 ! bb
was assumed (from [62]).

Figure 14: Simulated signal and background of the pro +  ( +  bb)
 for mA = 140
cess e+ e ! H0 A0 ! bb
GeV and mH = 150 GeV at 500 GeV center-of-mass energy (500fb 1 ). Top: reconstructed  invariant mass from
 invariant mass
a kinematic fit. Bottom: reconstructed bb
from a kinematic fit. BR(H0 !  +  ) = BR(A0 !
 +  ) = 0:1 was assumed (from [62]).

Since in pair production
p the mass reach for charged
Higgs bosons is limited to s=2, also the rare processes of
single charged Higgs production may be considered. The
dominant processes for single charged Higgs production
are e+ e ! btH + ; e+ e !   H + , and e+ e !
W H + . Their cross-sections have been calculated at leading order in [64]. QCD corrections to e+ e ! btH + have
recently become available [65] and are sizable. In general,
parameter regions for which the production cross-section
exceeds 0.1 fb are rather small for charged Higgs masses
beyond theppair production threshold. Cross-section contours for s = 500 GeV and 800 GeV are shown in

Fig. 17.

Constraints on SUSY Parameters
At tree level, the MSSM Higgs sector only depends on
and mA . Thus, if mA would be measured, tan
could in principle be uniquely determined from the observed Higgs properties. In particular, the coupling of A0
to down-type fermions is directly proportional to tan .
Therefore this coupling which appears in the rate of the
 0 and e+ e ! A0 H0 ! bbb
 b processes, as
e+ e ! bbA
well as in the total decay width A can be used to extract

tan
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Figure 17:

e+ e

in principle. This has been studied in [67]. Due to the
large radiative corrections the predictions for the observables also depend on other SUSY parameters (in particular
the sfermion masses and mixings) which are fixed in this
analysis. Therefore the resulting errors (see 18) are only
valid if all other SUSY parameters, were precisely known.
A different approach to tan determination has been
proposed in [68]. In a scenario where all SUSY particles
are light compared to the center-of-mass energy, the dependence
cross-section for charged Higgs production on
ps in ofthethe1 TeV
domain can be compared to the logarithmic Sudakov expansion of the cross-section. In particular,
it has been shown, that the first coefficient of the expansion

Cross-section contours for the processes

depends only on tan .
A complete study of SUSY parameter determination in
the full MSSM is only possible when studies of the Higgs
sector are combined with information on sparticle production. Within more constrained SUSY models which assume
specific SUSY breaking schemes Higgs observables alone
can lead to significant constraints [69]. As an example, the
NUHM (non-universal Higgs mass) model has been considered in [70]. The NUHM model assumes unification of
sfermion masses and mixing terms as well as unification
of gaugino mass terms at a high scale. However, in con60
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Figure 19: Deviation of decay branching ratios of the lightest CP even Higgs in the constrained MSSM with nonuniversal Higgs mass (NUHM) (for tan = 10; A0 =
0; m1=2 = 300 GeV and m0 = 0) from their SM values in terms of standard deviations of the prospective measurement error at the LC as a function of tan . The dependence on  is weak (from [70]). The errors are taken
from [1].

trast to the mSUGRA (minimal supergravity) model, both
 and mA are free parameters. In Fig. 19, the deviation of
branching ratios of the lightest Higgs boson from the SM
is shown for the NUHM scenario as a function of mA . The
deviation is plotted in terms of standard deviations of the
prospective measurement error at the LC as described in
 and
the TDR. It can be seen that in particular h0 ! bb
0
+
h ! W W provide good sensitivity to mA while the
dependence on  is only weak. As a caveat, the values of
tan as well as the other model parameters are fixed in
this study and thus have to be allowed to vary freely in the
study or assumed to be known from elsewhere in order to
translate the plotted deviations into expected errors on the
parameter measurements.
Another study utilizes the ratio R = BR(h0 !

bb)=BR(h0 !  +  ) [71]. At tree level, in the MSSM,
this ratio is constant since both b quarks and  leptons are down-type fermions, coupling proportionally to
sin = os to the h0 . A precise measurement of this ratio
is therefore sensitive to the difference of the radiative corrections to these two decays. In particular at large tan
these corrections become relevant, allowing to gain sensitivity to the value of tan itself if all other SUSY parameters are fixed. The ratio of RMSSM =RSM as a function of
tan is shown in Fig. 20.

scalar-quarks [72, 73, 74]. Such a scenario is theoretically
attractive since it provides a possible solution to the cosmic baryon asymmetry [75]. In a CP violating scenario the
three neutral Higgs bosons, H1 , H2 , H3 , are mixtures of the
CP even and CP odd Higgs fields. Consequently, they all
couple to the Z boson and to each other. These couplings
may be very different from those of the CP conserving case.
In the CP violating scenario the Higgs-strahlung processes
e+ e ! Hi Z (i = 1; 2; 3) and pair production processes
e+ e ! Hi Hj (i =
6 j ) may all occur, with widely varying
cross-sections.
In a case study, for mH = 200 GeV and tan = 3, the
sensitivity of the observable Higgs masses mH1 , mH2 and
 b
of the observed cross-section for e+ e ! H1 H2 ! bbb
to the real and imaginary part of the trilinear coupling At
has been analyzed. Under the assumption that the other
SUSY parameters are known, the complex phase of At may
be extracted from these observables [62]. Clearly, further
studies are needed in order to extract CP-violating SUSY
parameters from the Higgs sector.

EXTENDED MODELS

CP violation in the SUSY Higgs Sector

Genuine Dimension-Six Higgs Operators

In the MSSM the Higgs potential is invariant under the
CP transformation at tree level. However, it is possible to
break CP symmetry in the Higgs sector by radiative corrections, especially by contributions from third generation

If a light Higgs boson is discovered at the LHC but no
additional particles are seen at the LHC or the LC, it is important to search for small deviations of the Higgs boson
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With the same integrated luminosity, for mH = 120 GeV,
a2 can be measured to 0:13(0:07) at 500 (800) GeV corresponding to a scale   1 TeV.

potential from the SM predictions to probe new physics
scales. If the reason for such small deviations is beyondSM physics at large scales , the effective operator approach can be chosen to parameterize the low-energy behavior of such models. Recently, operators of dimension six have been studied, which involve only the Higgs
field and which are not severely constrained by precision
electro-weak data [76]. These operators are

O1 = 12  (y )  (y )

200

Figure 21: Plane of the real and imaginary part of the
trilinear coupling At in a CP violating MSSM scenario.
In the black region, the Higgs ppair production process
e+ e ! H1 H2 is observable at s = 500 GeV with 500
fb 1 . The chosen model point is (750,800) GeV for the
(real,imaginary) part of At . The dark grey band is the region which is consistent with the measured lightest Higgs
mass, the medium grey region is consistent with the mea b rate. The real and imagisured e+ e ! H1 H2 ! bbb
nary part of At can thus be constrained to the overlapping
region. Parameters are mH = 200 GeV and tan = 3
(from [62]).
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In [76], it has been shown that the parameter a1 can be
measured to an accuracy of 0:005(0:003) corresponding to
a scale   4 TeV, from 1 ab 1 of data at 500 (800) GeV
through the measurement of the production cross-sections
from Higgs-strahlung and WW/ZZ-fusion for mH = 120
GeV. The parameter a2 modifies the form of the Higgs potential and thus the Higgs pair production cross-section.
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The prospects for the exploration of general Two Higgs
Doublet Models (2HDM) at a LC have been discussed
e.g. in [1]. During the workshop, a 2HDM scenario has
been discussed in which the lightest CP-even Higgs boson
has absolute values of the tree level couplings to fermions
and massive gauge bosons exactly as in the SM and the
other Higgs bosons are heavy (O(TeV)) [77]. Within the
2HDM such a scenario can be realized differently from the
SM in two ways: (A) the tree level couplings have the
same sign as in the SM or (B) either up-type or down-type
fermions have opposite sign couplings as in the SM. The
only possibility to distinguish such a scenario from the SM
is through loop-induced processes, in particular through the
loop-induced h0 and ggh0 couplings. Depending on mh
the effect can be large enough to be distinguishable from
the SM at the LC (and LHC) from Higgs branching ratio
! h0
measurements or at a photon collider through the
process (see Fig. 22).
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The addition of a Higgs singlet field defines the Next-tominimal MSSM (NMSSM). This addition is theoretically
motivated mainly since it allows a naturally small  parameter. If the associated Peccei-Quinn symmetry were unbroken, it would lead to a massless CP odd Higgs boson which
is ruled out. The LC phenomenology of the model depends
on how strong this symmetry is broken. The Higgs spectrum of the NMSSM consists of three CP-even and two CPodd neutral Higgs bosons and two charged Higgs bosons.
The complete LC phenomenology has recently been reviewed in [78]. As an example, the masses of the neutral
and charged Higgs bosons and the coupling of the CP-even
Higgs bosons to the Z are shown in Fig. 23 as a function of
mA (defined as the top left parameter of the CP-odd Higgs
mixing matrix, see [78]). It can be seen that in a large portion of the parameter space, all three CP-even Higgs bosons
would have significant couplings to the Z, thus significant
Higgs-strahlung cross-sections at the LC.
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Figure 23: NMSSM Higgs boson properties: masses (upper plot) and couplings of the CP even Higgs bosons to
the Z(lower plot) (from [78]) for a scenario with slightly
broken Peccei-Quinn symmetry (for  = 0:05,  = 0:02,
vs = 15 v, tan = 3 and A = 100 GeV). The arrows
denote the region allowed by LEP searches with 95% confidence.
TESLA TDR.
More recently, also the impact of extra dimensions on
the Higgs boson phenomenology has been studied. In the
ADD scenario, two effects have been analyzed:
1. A modification of the quasi-resonant W+ W ! H0
production process through interference of the SM amplitude with the imaginary part of the graviton/graviscalar KK
exchange amplitude [84]. In order to yield a significant
modification, a large total Higgs width is needed (i.e. large
mH ), which implies on the other hand a large center-ofmass energy. While the graviscalar contribution only modifiesp
the normalization of the cross-section (by few percent
for s = 1 TeV, mH = 500 GeV and 2 extra dimensions at a fundamental Planck scale of 1 TeV), a significant change of the angular distribution is expected from
the spin-2 graviton exchange.
2. A modification of the process e+ e ! H0 H0 Z and
the existence of the process e+ e ! H0 H0 which is absent at tree level in the SM [85]. For a 1 TeV LC and mH =
120 GeV, a sizable correction to e+ e ! H0 H0 Z both in
normalization and angular distribution is expected for fundamental Planck scale up to a few TeV. Furthermore, the
cross-section for e+ e ! H0 H0 exceeds 0.1 fb for a fundamental Planck scale below approximately 2 TeV. In [85],

Higgs Bosons and Extra Dimensions
Models which postulate the existence of additional space
dimensions in order to explain the hierarchy between the
electro-weak and the Planck scale have been discussed extensively in recent years. Their common feature is that the
apparent weakness of gravity in our 4-dimensional world
is a result of its dilution in the extra dimensions. Two scenarios, that of large extra dimensions (ADD) [79] and that
of warped extra dimensions (RS) [80] have been discussed
in particular. The ’classic’ signatures involve deviations of
SM processes like e+ e ! ff and e+ e ! W+ W from
the virtual exchange of towers of (ADD) [81] or single [82]
Kaluza-Klein (KK) excitations of gravitons, or their real
emission together with SM fermions or gauge bosons [83].
These modes have been studied experimentally e.g. in the
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expected 5  discovery limits on the fundamental Planck
scale of 880–1560 (1640–2850) GeV have been derived at
p
s = 500 (1000) GeV for 6–3 extra dimensions.
In the RS scenario, the influence on the Higgs sector
might be much more drastic. Besides the spin-2 KK graviton excitations, graviscalar excitations, called Radions, are
predicted [86]. They are predicted to couple to SM particles through the trace of the energy-momentum tensor,
i.e. up to the trace anomaly of QCD, very similar to the
Higgs boson. The lightest Radion might in fact be lighter
than the lightest graviton excitation and thus the discovery
channel for the model. Higgs boson and Radion may exhibit kinetic mixing, which leads to a modification of both
Higgs boson and Radion properties, in particular their couplings to gauge bosons and fermions. For a review of the
Radion phenomenology, see e.g. [87]. The Radion sector
is governed by 3 parameters: the strength of the Radionmatter interactions described by an energy scale  , the
mass of physical Radion, m , and the Radion-Higgs mixing parameter  . In Fig. 24, the effective couplings squared
of the Higgs boson and the Radion (relative to those of a
SM Higgs boson) are shown for the choice  = 5 TeV,
and three values of the Radion mass (20, 55, 200 GeV) as a
function of  . Large deviations of the Higgs couplings from
their SM values are expected if there is large Radion Higgs
mixing present. The Radion itself has couplings which are
reduced by a factor v= with respect to those of a SM
Higgs in the case of no mixing, which requires high luminosity for direct discovery. The sensitivity of the trilinear
Higgs coupling to Radion admixtures has been studied as
well in [87].
The LC capability of precisely measuring the Higgs
 and H0 ! W+ W has been
branching ratios H0 ! bb
exploited in [88]. In Fig. 25, the regions where the LC
would observe larger than 2.5 deviations of the Higgs
branching ratios due to Radion Higgs mixing is shown together with the regions where the LHC can observe the
Higgs bosons. In particular the regions in which the LHC
might be blind to the Higgs boson are well covered by
the LC. A study of the sensitivity of the WW-fusion channel to Radion effects has also been presented at the workshop [89].

Figure 24: Effective coupling of the Higgs boson (upper)
and the Radion (lower) to Z boson (from [87]).
in LHC measurements on third generation squark properties in order to constrain the interpretation of a supersymmetric Higgs sector. These examples are currently been
worked out in more detail in a world-wide LHC/LC study
group [91].

SUMMARY AND OUTLOOK
The precision study of Higgs bosons is at the core of the
physics program of a future linear collider. In the course of
the extended ECFA/DESY study 2001-2003 this physics
case has been developed further: the precision of theoretical calculations has been improved, the implication of new
theoretical models has been investigated and the experimental studies of the LC sensitivity have been extended and
improved.
The studies are vital for the preparation of the worldwide
LC project and will be continued both in the three regions
America, Asia, and Europe and in worldwide workshops.
In Europe, the study will continue in the framework of a
new ECFA study. Major goals of this new study are to continue to incorporate new theoretical ideas and to improve
the precision of theoretical predictions. On the experimental side, a more detailed study of systematic limitations, impact of machine conditions and in particular dependence of

RELATION TO THE LHC
A Higgs boson with SM-like properties will most likely
be discovered at the Large Hadron Collider LHC. In recent years, the potential of the LHC to make measurements
of Higgs boson properties has been investigated. For a recent summary of the ATLAS studies, see [90]. In most
cases the capabilities of a LC are superior to those of the
LHC as far as Higgs physics is concerned. In particular,
no model-independent measurements of Higgs boson couplings are possible at the LHC. However, there are cases
where the synergy of both colliders is vital and rewarding.
Examples are in the determination of the top Yukawa coupling, in the mass reach for heavy SUSY Higgs bosons, and
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Abstract
This report presents a review of the studies made in the
working group on “ and e physics” of the ECFA/DESY
workshop on linear collider physics. It reports on several
new physics studies, in particular s-channel Higgs production. A summary of R&D activities for the interaction region is presented. The merits of e e collisions are briefly
recalled.

Higgs can be s-channel produced as a resonance.
CP analysis opportunities for Higgs bosons
Precise test of the coupling to photons
Possible higher mass discovery range for e.g. H; A,
and sleptons

Note that a PC needs no positron drive beam but electron
beams, which can be produced with relatively high polarisation, are sufficient.

INTRODUCTION
A future e+ e linear collider (LC) offers excellent new
opportunities for the study of high energy particle collisions. The idea to convert the electron beams of a LC into
photon beams, by laser backscattering, and thus create a
photon collider (PC), was first discussed about 20 years ago
in [1]. Projects for a future LC collider are studied in Europe (TESLA,CLIC), the US (NLC) and Asia (JLC), and
all consider a PC as a possible additional option. Recently,
in the context of the ECFA-DESY LC study, a detailed discussion of the physics and design of a PC was presented
in the TESLA-TDR [2] and in [3]. This paper reviews the
work done during the last two years in the study group “
and e physics” of the extended ECFA/DESY workshop
on physics and detectors at a linear collider.
A plethora of new and exciting measurements become
accessible with a PC, in particular Higgs boson studies,
but also searches for new physics and electroweak, top and
QCD measurements can be made often in a complementary
way compared to e+ e collisions. The precision reached
at a PC is competitive if sufficiently high luminosities can
be reached.
Examples of advantages of a PC include:



Different J P C states than for e+ e .

Spent electrons deflected
in a magnetic field

Spot size for hard γ

Polarized e-beam
Spot size for soft γ

Polarized laser beam
5-96
8047A507

Figure 1: A sketch of the creation of a photon beam by
Compton backscattering of laser photons off beam electrons.
The proposed technique for a PC consists of using laser
backscattering as shown in Fig. 1. A low energy (typically
1 eV) laser beam of photons collides with the high energy
(typically 250-500 GeV) electron beam and is backscattered receiving a major fraction of the incoming electron
energy. The maximum energy of the generated photons is
given by E max = xEe =(1 + x), with Ee the electron beam
energy and x = 4Ee EL os2 (=2)=m2e 4 with EL and 
the laser photon energy and angle between the electron and
laser beam. The distance of the conversion to the interaction point is in the range of several mm. A typical value for
x is 4.8, which leads to photon spectra which peak around
0:8Ee . The energy distribution depends on the polarisation
of the photon (P ) and electron beam (e ), the most peaked
spectrum is obtained when P e = 1. In reality, due to
the maximum polarizability of the electron beam a value
close to P e = 0:8 can be reached. Sometimes it is
advantageous to have a broader spectrum, e.g. to discover
particles with unknown masses, in which case the configuration P e = +0:8 will be more useful.
The polarization of both beams can be further used to
produce interactions with the same (Jz = 0) or opposite (Jz = 2) photon helicities, useful e.g. for Higgs
studies. Higher geometrical luminosities can be achieved

Higher cross sections for charged particles than in

e+ e .

 The work reported in this talk was done by the members of the “
and e physics” working group of the Extended ECFA/DESY Study;
D. Anipko (Nowosibirsk), E. Asakawa (Tokyo U.), D. Asner (Cornel),
I. Bozovic (VINCA Belgrade), W. Da Silva (Paris VI), A. De Roeck
(CERN), A. Finch (Lancaster), I. Ginzburg (Nowosibirsk), R. Godbole
(Bangalore), J. Gronberg (LLNL Livermore), C. Heusch (Santa Cruz),
G. Klemz (DESY-Zeuthen), M. Krämer (Edinburgh), F. Kraus (Dresden), M. Krawczyk (Warsaw), J. Kwiecinski (Krakow), V. Makarenko
(NC PHEP Minsk), I. Marfin (NC PHEP Minsk), S. Maxfield (Liverpool), D. Miller (CERN), K. Moenig (DESY-Zeuthen), M. Mühlleitner
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Zeuthen), V.G. Serbo (Novisibirsk), T. Shishkina (NC PHEP Minsk), S.
Soeldner-Rembold (Manchester), A. Stahl (DESY Zeuthen), V. Telnov
(Novisibirsk), M. Velasco (Northwestern), M. Wing (Bristol Univ. &
DESY), A.F.Żarnecki (Warsaw),
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for photon colliders than for genuine e+ e colliders, due
to the absence or strong reduction of beamstrahlung in
the interaction region. The ’luminosity’ is usually defined to be the luminosity corresponding to the region
ps > 0:8ps ;max and is typically 10% of the geometrical e+ e luminosity. For the TESLA parameters,
but including a smaller horizontal function at the interaction point namely 1.5 mm in x, compared to 15 mm
for the e+ e beam design, and reducing the horizontal
p
emittance from 553 nm to 140 nm, leads to L ( s >
0:8ps ;max)  13 Le+e . This gives event samples corresponding to O(100) fb 1 per year for the PC. A PC

simulation
(V.Telnov)
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Figure 2: Comparison of the center of mass energy distribution obtained from full simulation of the luminosity
spectrum [4] with results from CompAZ, for three electron
beam energies [6]

needs a second interaction point
needs a cross angle
has a rather peaked but somewhat smeared centre of
mass system (CMS) energy spectrum

Background studies [7] have been made for incoherent
and coherent e+ e pair production. A new two-mask design in the IP reduces the background by a factor 2-3 with
respect to the previous layout; the details are still being optimized. Tracks in the TPC and hits in the vertex detector
from incoherent and coherent pairs were found to be tolerable and similar to the expected background at an e+ e
collider interaction region. Hence there is now evidence
that a similar vertex detector as for an e+ e collider detector can be used for a PC detector, and therefore a similar
quality in b-tagging can be achieved. The neutron background is still under study but the first results show that it
is tolerable as well [8].
During this workshop we also had direct contact with
MC developers which resulted in getting requirements implemented in e.g. the new SHERPA generator [9], and getting good MC parameter tunes for PYTHIA and HERWIG (using mostly HERA p data) from the JETWEB
team [10].
On the web page of the working group a link directing to the page with the tools can be found: http://wwwh1.desy.de/~maxfield/ggcol/lcgg.html.

Both high energy e and
interactions can be provided, depending on whether only one or both lepton beams
are converted.

TOOLS
During this workshop major progress was made on the
development and completion of the tools to study physics
at a
collider. These tools have now reached a high level
of maturity.
Luminosity spectra at photon colliders can not be described completely by effective photon spectra due to the
energy-angle correlation in Compton scattering and beam
collision effects. Fully detailed luminosity distributions
were obtained by a complete simulation of beam collisions,
resulting in ’collision events’ that contain the types of colliding particles (photon, electron, positron), their energies
and polarizations. The PHOCOL program [4] was used to
generate these collision events for several e e CMS energies and laser configurations. PHOCOL includes nonlinear corrections and contributions of higher order processes. An example of a
CMS energy distribution is
shown in Fig. 2. The event files can be used by the CIRCE
program [5]. These luminosity spectra are also used to tune
a simple model based on analytical formulae for the Compton scattering (CompAZ [6]). The results of such a tune
are shown in Fig. 2 as well. While being an approximation, these spectra are nevertheless extremely convenient
for studies e.g. at different energies other than the (few)
ones for which event files were produced.
A version of the fast detector simulation package
SIMDET, including modifications for the PC interaction
point (IP) has been used. Overlap events from the QCD
background can be added to the signal events. For TESLA
luminosities, we expect typically on average about one
p
overlaying event at low energy ( see  200 GeV, also
called the Higgs mode since it would be best suited for
the study of a light Higgs with mass  120 GeV) and two
p
events at nominal energy ( see  500 GeV).

LUMINOSITY
One of the topics studied in detail is the precision with
which the luminosity can be measured. The following processes are proposed for the
mode [11, 12]:





ee ! ee ()
ee ! ee ( )
ee ! 4 leptons

The cross sections for these channels are shown in Fig. 3.
The first channel can give the highest precision  0:1%
(stat) but cannot be used for Jz = 0, i.e. for the Higgs
study, because it is suppressed as m2l =s, with ml the lepton
mass. In that case, however, the second channel can be
used. For two years of running the statistical precision for
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Figure 3: Cross sections of processes proposed to measure
collider [12].
luminosity at a
Figure 4: The total
cross-section as function of the
collision energy, compared with model calculations [17]:
BKKS band (upper and lower limits correspond to different photon densities) and EMM band (Eikonal Minijet
Model for total and inelastic cross-section, with different
photon densities and different minimum jet transverse momentum).

the channel ee ! ee , using realistic detector cuts, is

L
L

p

p

( s > 0:8 s

L
L

;max)

= 0:4%

(mH  2GeV) = 1:0%

(1)

(2)

For e collisions the following processes are suggested:




e
e

QCD

! e ; eZ
! eee.

First we consider the QCD aspects of two-photon colli! hadrons. The nature of the phosions in the reaction
ton is complex. A high energy photon can fluctuate into a
fermion pair or into a bound state, i.e. a vector meson with
the same quantum numbers as the photon J P C = 1 .
These quantum fluctuations lead to the so-called hadronic
structure of the photon.
Many QCD studies of photon-photon collisions were
made for the TDR [2] and will not be repeated here. During
this workshop we got new paramterizations of the energy
dependence of the total cross section [14, 15], and new LO
parametrizations of the photon structure functions [16].
As an example the total
cross-section is briefly discussed, a quantity that is not yet understood from first
principles. Fig. 4 shows the present photon-photon crosssection data in comparison with recent phenomenological
models [14]. All models predict
p a rise of the cross-section
with the collision energy, s , but the amount of the
rise differs and predictions for high photon-photon energies show noticable differences. Proton-like-models follow
closely the rise of the proton-proton cross-section, while in
QCD based models, a stronger rise is predicted using the
eikonalized pQCD jet cross-section.
The figure demonstrates that large differences between
the models become apparent in the energy range of a future 0.5-1 TeV e+ e collider. An overview of new model
predictions is reported in [14]. The absolute precision with
which these cross-sections can be measured ranges from

The statistical precision that can be achieved is better
than 1% for one year of running.

PHYSICS TOPICS
Two-photon physics is not new. Most e+ e colliders
have or had a program of two-photon physics, by using
the photons emitted from the lepton beams, which follow the well known WWA [13] energy dependence. The
known disadvantage is the rapidly decreasing photon flux
with photon energy: for collisions with a fractional energy
p
s =2Eebeam larger than 0.1 (0.5) the luminosity is reduced by a factor 100 (10000) with respect to the e+ e luminosity. Hence the PC opens a new opportunity for truly
high energy two-photon physics, which is not limited to
QCD but competes in searches for new physics and measurements of Higgs properties.
The cross sections for charged particle pair productions
collisions than for e+ e colare considerably larger in
lisions and decrease more slowly with energy. Hence one
can study new particles far from threshold with higher rate.
at 500 GeV is a factor
E.g. W W pair production in
20 larger than in e+ e . Cross sections for charged scalars,
lepton and top pairs are a factor 5 10 higher at a PC, compensating for the reduced luminosity compared to e+ e .
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Fig. 6. These studies use as before the NLO QCD backgrounds [21]. New in these studies are the use of a more
realistic photon spectrum, inclusion of overlap background
QCD events (on average one event per bunch crossing), btagging using a neural net, and using a correction method
for the reconstructed Higgs mass, accounting for escaping
neutrinos from the heavy flavour decays.

5% to 10%, where the largest contributions to the errors
are due to the control of the diffractive component of the
cross-section, Monte Carlo models used to correct for the
event selections, the absolute luminosity and knowledge on
the shape of the luminosity spectrum [17]. These prospects
for measurement have been updated to the TeV range and
are shown in Fig. 4.

Higgs Studies

− −

Number of events / 2.5GeV

e e beams with √see =210.5 GeV

The quest for the Higgs particle(s) and the measurement
of its properties will be one of the most important topics for
high energy collider physics in the coming years. The PC
is an ideal place to study the Higgs boson since it can be
produced as an s-channel resonance. The mass reach of the
PC is up to 80% of the CMS energy of the e e collider. A
detailed study of the H vertex is only possible at a PC.
Accurate measurements of mass and width are extremely
important and can be used to compare the SM predictions
with those of alternative models e.g. based on SUSY. Since
the two-photon decay width of the Higgs is sensitive to all
heavy charged particles which acquire mass via the Higgs
mechanism, the partial width could be modified by 5-10%
in these models.
!
For a light Higgs, the most promising channel is
H ! bb. A first study based on detector simulation,
showed that a 2% statistical precision for the partial width
could be reached [18], for a Higgs with mass of 120 GeV.
During this workshop we have
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Members of the US PC study group have been reporting
to us on their Higgs analyses as well, in particular H; A
production and discovery, the H !
decay mode, and
charged Higgs studies.
First we discuss the H ! bb studies. Selecting Jz = 0
strongly suppresses the (Leading Order) contributions of
bb and production, but a good tagging of bottom quarks
with simultaneous rejection of charm quarks is needed.
During this workshop two new complete analyses were finalized [19, 20]. The two studies use a different approach
for the background process, but come to the same conclusions. The simulated mass spectrum for a Higgs particle with mass of 120 GeV, is shown in Fig. 5 for signal and background. The PC will determine the quantity
(H ! )  BR(H ! bb). A feasibility study for a light
Higgs, using a parametrized simulation of the detector, has
confirmed that the quantity above can be determined with
a typical statistical accuracy of about 2-3%, as shown in

Figure 5: Reconstructed invariant mass distribution, Wre
(top [19]) and MH (below[20]), for selected bb events.
Contributions for background and signal are shown separately. In the top plot the arrows show the optimized mass
window for the partial width measurement.
Since the bb branching ratio can be measured at an e+ e
collider with a precision of 1-2%, (H ! ) can be determined with a statistical accuracy of approx. 2% for an
integrated luminosity of 85 fb 1 , i.e one year running.
! H ! W W and !
In [22] the processes
H ! ZZ have been studied for the region 180 GeV
< mH < 350 GeV via qqqq decays for the W W channel and llqq decays for the ZZ channel. Typical mass
plots are shown in Fig. 7. Due to the interference with
the standard model background the processes
! Higgs
! W W=ZZ turn out to be also sensitivity to the phase
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such analyses.
Further interesting CP studies include the study of the
channel
! tt, measuring asymmetries composed of
the initial lepton beam polarization and the decay lepton
charge [24]. A sensitivity plot is shown in Fig. 10.
Our US colleagues have reported to us on studies of
! H ! and charged Higgs production. The
first channel is quadratically sensitive to the two photon
Higgs partial width. The event rate is however small and
an excellent calorimeter is need for the signal to be observable. In the analysis
p a calorimeter energy resolution
e =E = ((0:015= E )2 + (0:0045)2)1=2 was assumed
which is better than the CMS experiment EM calorimeter resolution. This would be also a different calorimeter
than what is currently envisaged for the TESLA detector.
The signal for one year of running is shown in Fig. 11.
The mass resolution on the peak is 0.4 GeV, allowing for a
measurement of mH  100 MeV and = of 24%. A
crucial issue will be the understanding of the background.
An analysis of the production of charged Higgses, which
appear in extended Higgs doublet models, is reported
in [25]. The cross section is about a factor 20 larger than for
e+ e collisions. Taken into account the branching ratios,
for a charged Higgs below 200 GeV generally the channel
! H + H !  is the most promising. With suitable cuts (albeit with a very low efficiency of a few %) a

Figure 7: Distribution of the reconstructed invariant
mass
! W W; ZZ for Higgs mass/electron beam of
180/152.5 GeV and 300/250 GeV respectively [22].
of the
! Higgs coupling,  . The measurement of
both the phase and partial width gives powerful tools to
discriminate a SM Higgs from that of an extended model.
A plot showing the sensitivity that can be reached on the
partial two-photon width and the phase versus the mass of
the Higgs is given in Fig. 8, using the same simulation tools
as for the light Higgs discussed above. Over a large region
a sensitivity of 3-5% can be achieved. The deviation from
the SM prediction expected by a Higgs in a 2HDM is also
indicated [22]
Furthermore the CP structure of the Higgs boson can be
verified by studying the decay into ZZ; W W and measuring the azimuthal angle  between the decay planes of
the two Z; W bosons. An example of the sensitivity of
the angle  is shown in Fig. 9 for the decay channels
H ! ZZ; W W , using a realistic simulation and for one
year of data taking. In [22] one can find a very extensive
discussion on sensitivities to CP properties using this and
other variables, showing that a PC is an excellent tool for
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Figure 10: The boundaries of blind regions in the parameter
space at 95% C.L. in the x3 y3 plane for a luminosity of
100 fb 1 for EB = 310 GeV, given for both the SM and
an example of a MSSM point. Details on this analysis and
definitions of the x3 ; y3 variables can be found in [24].

(except perhaps for SUSY decay modes of the H; A) if the
mass is larger than about 200-300 GeV at medium tan .
Fig. 12 shows the mass distribution of the H; A in the bb
decay channel. This mass distribution [28] was estimated
using exactly the same tools as for the light Higgs H ! bb
analysis [19]. Fig. 13 shows the region that could be covered by a PC for several years of running (assuming a 630
GeV collider) [27] in the bb decay mode. The e+ e mode
of that collider can reach MH;A masses up to about 300
GeV only. The PC essentially closes the wedge left by the
LHC, up to masses of 500 GeV. Fig. 14 shows the precision
with which the cross section can measured for MA in the
range of 200-350 GeV and tan = 7, with and without

S/B of about 3 can be achieved. This decay mode does not
allow to reconstruct the mass. To get mass information the
channel H + H ! qq is under study. More PC studies
of the US group are reported in [25, 26].
An important “golden” channel for the PC is the produc! H; A. Indeed, a PC may help to discover H; A
tion
bosons in the MSSM SUSY extension of the SM when
these are inaccessible by other machines. For example the
LHC cannot extract the H; A signals out of the background
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Table 1: Precision achievable on triple gauge couplings for
a , e and ee collider.
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study shows that these couplings can be measured at a PC
with a precision similar to the one achieved at an e+ e
collider, see Table 1. The sensitivity is proportional to the
momentum of the particles involved in the triple gauge boson vertex. The analysis [29] includes detector simulation
and 3D fits including the azimuthal decay angle (not yet
done for the
study).
Top quark production was studied in [3]. The e scattering gives a good sensitivity to the anomalous top couplings,
! tt allows for
as detailed in that report. The reaction
an extraction of the electric dipole moment: for 20 fb 1
and an electron beam energy of 250 GeV a sensitivity on
the dipole moment of 1:3  10 16 ecm can be achieved,
when assuming a realistic luminosity spectrum [31].
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4σ
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Figure 13: Regions in MA , tan where the LHC has problems discovering the heavy Higgs, A and H , with the statistical sensitivity at a PC based on a 630 GeV e+ e collider,
after several years of running [27].
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Figure 15: Cross section for gluino production in
collisions versus the gluino mass and for different squark
masses [33] (maximal stop mixing (thin lines) and no mixing (thick lines)).

Figure 14: Statistical error on the determination of the
 ( ! A; H ! bb) measurements shown for MA =
200 350 GeV and tan = 7; M2 =  = 200 GeV, with
and without overlaying events (OE) [28]. The lines are to
guide the eye.

Beyond the Standard Model
overlaying events.

Supersymmetry is presently the most popular theory for
physics beyond the standard model. A few examples are
given where a PC can make significant contributions.
If the LSP is light, the process e ! e~01 ! e01 01 can
extend the range of discovery for heavy sleptons. Indeed
LHC has difficulties discovering sleptons for masses above
300-350 GeV, and the e+ e colliderphas to pair produce
sleptons, hence its range is limited
p to see =2. In case of a
e collider the reach is 0:9  see m01 , e.g. 350 GeV for
250 GeV electron beams and a LSP of 100 GeV [32].

Standard Model
Due to the large cross sections, several precise measurements of SM parameters or particle properties can be made
at a PC.
Triple gauge couplings were studied in detail, using realistic luminosity spectra and detector simulation [29]. The
WHIZARD [30] Monte Carlo was used for the signal. The
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between the t~1 and t~2 . If the t~1 mass and t~ mixing angle
are known from e+ e studies then using a precise measurement of the two-photon partial width of the Higgs one
can constrain the mass of t~2 as shown in the Figure [26].
Other new theories propose the existence of extra dimensions. It appears that the reaction
! W W is very sensitive to ADD type of effects
[34].
The
sensitivity scales with
p
a CMSpenergy as 11 s. For e+ e ! ff the sensitivity
is 6.5 s, and for the LHC using the process pp ! jj
it is 9 TeV for 100 fb 1 . A new study shows the sensitivity to ADD extra dimensions in the channel
! tt
in Fig. 17 [35]: the top figure takes the ideal Compton
spectrum while the lower figure includes the luminosity via
CompAZ. The sensitivity is reduced from Ms = 1:7 TeV
to 1.4 TeV for one year of running.

2
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Γ(γγ) / Γ(γγ)SM

1.8

tan β = 10
mh > 111 GeV (solid lines)

1.6
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1.4
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Figure 16: Dependence of the partial two photon width of
the Higgs on Mt~2 for various values of Mt~1 . Here MA is 1
TeV, tan = 10 and M2 =  = 200 GeV, other SUSY
mass parameters are set to 1 TeV [25].

TECHNOLOGY FOR A PC
A photon collider IP introduces new challenges: The
laser part, the optics, stability and control in the IP (to 1
nm), length control in case of a cavity, beam extraction line,
etc. Both the European and the US groups have an R&D
effort on the hardware part.
Europe is developing a scheme for an optical cavity,
shown in Fig. 18 [36], and plans are considered to make
a 1:9 scale model. The use of a cavity allows multipassing of the laser signal and thus reduces the required
laser power. The US group of LLNL follows a full power
laser design, as the short bunch distance at the NLC is less
favourable to benefit from such a cavity option.
The US group has commissioned a laser with 20 J pulses
at 10 Hz. The full power (100 Hz at 10 Hz) is expected to
be reached next year. In total 10 of these lasers would be
required. They have also studied interferometry for alignment, built a half-size focusing optics setup in the lab,
studied a beam-beam deflection feedback system, and are
preparing a proposal for a PC testbed at SLAC, using the
SLC and perhaps even parts of the SLD [37]. A picture of
the set-up of the optics is shown in Fig. 19.
In all there is progress but funding is presently certainly
and issue to continue the R&D. The developments during
the coming years will be of vital importance.
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Figure 17: The sensitivity to ADD extra dimensions in the
channel
! tt, for an ideal Compton spectrum (top) and
for a realistic one using CompAZ (bottom).

! gluinos.
Another channel of interest at a PC is
This reaction is only accessible at an e+ e collider if the
squarks are heavier than the gluinos and the decays q~ ! g~q
are open. Photons couple to squarks and quarks and can
produce gluinos via box diagrams. The yield is shown in
Fig. 15. Typically 2000 gluinos pairs can be produced/year
for light quarks (325 GeV) [33]. It remains to be seen what
one can learn more at a PC than what is known from the
LHC at that point.
Measuring the two photon width at a PC can also help
to pin down masses of sparticles which cannot be directly
produced at the e+ e collider. An example is shown in
Fig. 16, where we assume a scenario of large mass splitting

E-E- COLLISIONS
The PC will be based on e e collisions. These collisions can be of great interest by itself. No new studies
have been presented in the context of this workshop, but an
excellent overview paper can be found in the proceedings
of the LCWS2002 [38]. Here we recall on a few of the
outstanding advantages of e e
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Large polarization for both beams, hence (almost)
pure eL ; eR initial states.
Excellent discovery potential for states with exotic
quantum numbers (e.g such as H )

than in e+ e
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Possibility to identify TeV level Majorana neutrinos
through the lepton number violation reaction e e !

input from laser

Figure 18: The optical cavity for the TESLA PC IP design.

To be fully convincing these studies need to reach the same
maturity as for the e+ e collider or PC studies: i.e. include
detector simulation, backgrounds, beamstrahlung, ...
On the downside there are of course no classical schannel processes in e e , and since the beams show an
anti-pinch effect, the luminosity in general is lower than
for e+ e . One finds typically numbers in the ball-park of
Le e = 0:15 0:3  Le+ e [39].
Unlike for the PC there are however no major changes
required in the interaction region or accelerator. The e e
option is the extra option which for TESLA would be most
easily to realize. Fig. 20 shows how easy it could be for the
machine shift leader to switch from e+ e to e e collisions: just four switches to turn... Clearly we must keep it
on the roadmap and the future new physics will decide how
valuable this option will be for us.

CONCLUSION
and e collider will provide exciting physics opAn
portunities, many of which have been developed in detail
during the last two years. The development of specific PC
study tools has allowed that several of the studies have now
reached the necessary maturity.
At the LCWS2002 in Jeju a panel discussion was organized on the PC option [40]. The conclusion was a clear
plea to continue the R&D and physics studies such that we
can be in a good position to incorporate a PC in the overall planning of a LC, when that day comes. A PC will be
largely complementary to its drive LC and will therefore
strengthen the case for such an e+ e collider. A PC option
should be considered from the onset within the planning of
the project. A vigorous R&D plan for a PC will need to be
put in place, preferably on a world-wide level.
Finally an (updated) short list of processes which are
considered to be most important for the physics program
of the photon collider option of the LC, is presented in Table 2, taken from ref. [3]. Additionally to this list are the
processes e ! e , leptoquark production, strong WW
scattering and e ! eH . It summarizes the rich physics
program that becomes accessible at a Photon Collider!

Figure 19: The optics setup at LLNL.
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Reaction

! H; h ! bb
! H ! W W ( )
! H ! ZZ ()

!H !
! H ! tt
! H; A ! bb
~ ~+i ~i
! f~f;
! g~g~+
!H H
! S [t~t~℄
e ! e~ ~01
!
e ! eG
!
e ! e~G~
! W +W
e ! W e
! 4W=(Z )
! tt
e ! tbe
! hadrons
e ! e X , e X
g ! qq; 
! J= J=
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GeV
SM Higgs, 140< MH <
GeV
SM Higgs, 180< MH <
GeV
SM Higgs, 120< MH <
GeV
SM Higgs, MH >
GeV
MSSM heavy Higgs, interm.
large cross sections
measurable cross sections
large cross sections
tt stoponium
E0 M~0
Me~ < :
1
non-commutative theories
extra dimensions
Radions
superlight gravitions
anom. W inter., extra dimensions
anom.W couplings
W W scatt., quartic anom. W ,Z
anomalous top quark interactions
anomalous W tb coupling
total
cross section
NC and CC structure functions
gluon in the photon
QCD Pomeron
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The TESLA DETECTOR CONCEPT
M.A. Thomson,
Cavendish Laboratory, University of Cambridge, Cambridge, UK
THE PHYSICS ENVIRONMENT

Abstract
The high precision physics goals of a future e+ e linear collider place strict requirements on the design of the
detector. This paper gives an overview of the TESLA detector concept concentrating on the physics motivation for
the design choice and the detector performance.

It is foreseen that the TESLA LC would operate at
centre-of-mass energies of 90 800 GeV. In the TESLA
design, the colliding beams arrive in five bunch trains per
second with each train consisting of 2820 bunches separated by 337 ns. The nominal luminosity (at 500 GeV) is
3.41034 cm 2 s 1 which is more than 1000 times that
achieved at LEP 2. The corresponding event rates are indicated in Table 1. In addition to the listed processes there
is a significant background from the multi-peripheral “two
photon” process, e+ e ! e+ e + hadrons, which corresponds to approximately 0.02 events with visible tracks
per bunch crossing (BX) at 500 GeV. The relatively long
time between successive BXs (337 ns) should allow association of tracks with BX. In addition to the two photon
background, there are also significant beam related backgrounds corresponding to approximately 600 hits per BX
in the Vertex detector. These background levels, although
high compared to those experienced at LEP, are much lower
than those anticipated at the LHC. Consequently the detector design is dictated by the physics goals and not by issues
of radiation hardness.

INTRODUCTION
Within the particle physics community there is increasing consensus that the world’s next large accelerator project
will be an e+ e linear collider (LC) operating in the energy range 500 GeV 1 TeV. The TESLA (TeV Energy Superconducting Linear Accelerator) project [1] offers one
technological route to realising such a LC. The luminosities provided by TESLA would be approximately three orders of magnitude greater than those achieved at LEP. This,
coupled with the clean environment of e+ e collisions,
would make TESLA the ideal place for precision studies
of physics beyond the Standard Model (SM). The physics
potential of a LC, such as understanding the nature of any
Higgs-like particle, places stringent requirements on all aspects of the detector design.

Table 1: Event rates at a 500 GeV e+ e collider assuming
the TESLA design luminosity of 3.41034 cm 2 s 1 . The
event rate from e+ e ! qq refers to the rate summed over
all quarks other than the top quark.
Process
Event Rate
e+ e ! e+ e ( > 20 mrad)
350 s 1
+
e e ! qq( )
1600 h 1
+
+
e e !W W
930 h 1
+
e e ! tt
70 h 1
+
e e ! ZH (MH=120 GeV)
7h 1

 This article summarises both detector R&D work and the
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PHYSICS AT A LINEAR COLLIDER
The physics case for a future LC is well documented in
the TESLA Technical Design Report [1] (TDR). The main
goals of the physics programme are summarised below:
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Higgs Physics: If the Higgs boson exists, it is likely
that it will be discovered at the LHC or Tevatron. At a
LC the emphasis will be on establishing the nature of
the Higgs through precise measurements of its properties, such as mass, fermionic branching fractions and
the Higgs boson trilinear coupling.
Supersymmetry: Supersymmetry (SUSY) is a widely
touted candidate for physics beyond the SM. How-

being able to reconstruct the gauge bosons directly from
jets and leptons. This places strict performance requirements on the detector.





arbitrary units

ever, SUSY encompasses a wide range of theoretical
scenarios, both in terms of the mechanism by which
SUSY is broken and the large number of free parameters within SUSY models. The wealth of precise measurements possible at the LC would provide a powerful probe of the underlying structure of the SUSY
theory.
Strong Electroweak Symmetry Breaking: If the Higgs
boson is not discovered at the LHC or Tevatron,
an alternative mechanism for electroweak symmetry
breaking is required. The golden physics process in
the absence of the Higgs boson is that of longitudinal W-boson scattering, WL+ WL ! WL+ WL which,
without contributions from the s-channel Higgs exchange, grows and violates quantum mechanical unitarity. To avoid unitarity violation it is required that
the interactions between the vector-bosons become
strong at energies of order 1 TeV. This would be manifested in anomalous triple or quartic gauge boson couplings. Observation of the W+ W and ZZ scattering processes will be possible using the final states
e  e W+ W and e  e ZZ. Anomalous gauge boson
couplings can be studied using similar techniques to
those used at LEP, such as the reconstruction of angular distributions and correlations.
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Figure 1: A comparison of the reconstructed invariant mass
distribution from the qq system in W+ W !qq` ` events
at LEP using the measured quantities (Raw) and the result
of the kinematic fit [3]. Also shown is the underlying generated distribution.

Detector Requirements at TESLA
The main requirements for a TESLA detector are summarised below:

Top-quark Physics: An e+ e LC provides a clean environment in which to study the properties of the top
quark. In particular, the mass of the top quark is a key
input in fits to high precision electroweak data. At the
LC the top quark mass can be determined with a precision of  200 MeV compared to 1 2 GeV at LHC.



Momentum resolution: 1=p  5  10 5 GeV 1 (a
factor of ten better than that achieved at LEP). Good
momentum resolution is important for the reconstruction of the leptonic decays of Z bosons. This is particularly relevant for e+ e ! ZH events where the
Higgs boson properties, including its mass, are best
studied by considering the system recoiling against
the Z, with the golden channel being Z ! +  .



Impact parameter resolution: Efficient b and quark
tagging which implies good impact parameter (d0 )
resolution:

DETECTOR REQUIREMENTS
Before considering explicitly the requirements for a detector at a future LC it is worth considering the impact
of the performance of the LEP detectors on the physics
sensitivity. The main goal at LEP was to perform precision measurements of the properties of the W and Z gauge
bosons. Physics sensitivity did not usually depend strongly
on the detector performance. A good example is the measurement of the W-boson mass where the four LEP collaborations obtain similar statistical uncertainties [2] with
significantly different jet energy resolutions. This is a direct consequence of the kinematic fit where the total energy of the final state fermions is constrained to be equal
to the energy of the e+ e collisions; as a result the mass
resolution is significantly better than achieved using the
raw measured jet energies, as indicated in Fig. 1 [3]. At
a LC, kinematic fitting will be far less useful due to Beamstrahlung and increased initial state radiation (ISR). In addition, many of the potentially interesting final states at a
future LC involve two or more unobserved particles, for example, e+ e ! e  e W+ W and many SUSY processes,
and kinematic constraints will be of limited use. As a result, the physics performance at a LC depends critically on

5:0 m
d20 < (5:0 m)2 +
3
p(GeV) sin 2 

!2

:

This is a factor of three better resolution than obtained
at SLD.
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p

Jet energy resolution: E =E  0:3= E (GeV) in
order to be able to directly reconstruct and identify
gauge bosons from their hadronic decays to jets, i.e.
W ! qq and Z ! qq. This is a factor of two better
than the best achieved at LEP.
Hermiticity: Hermetic down to 5 mrad for searches for
missing energy signals from new physics.
High Granularity: Events at the LC will have high
track densities due to the boosted final states and the

1=p

fact that many of the interesting physics processes result in final states with six or more jets. A LC detector
is required to have high granularity and good two track
resolution.

 5  10

5 GeV 1 ; excellent heavy flavour tagging

capability and efficient track reconstruction down to small
angles. A subsidiary, but nevertheless important, requirement is to minimise the amount of material in the central
tracker in order to minimise multiple scattering, to reduce
the occupancy from converting background photons, and to
avoid compromising the performance of the calorimeters.
The components of the tracking system are:

THE TESLA DETECTOR CONCEPT
The baseline TESLA detector concept is discussed in detail in the TESLA TDR [1]. The general detector layout
consists of a cylindrical barrel region and two endcaps and
is shown in Fig. 2. Tracking of charged particles is performed using a high precision Silicon-based microvertex
detector (VTX) surrounded by a large gaseous time projection chamber (TPC) which provides a large number of
space points along a track and enables momentum determination. The tracking is supplemented by additional Silicon forward tracking detectors (FTD) perpendicular to the
beam axis. The high granularity electromagnetic calorimeter (ECAL) consists of alternate layers of Silicon and Tungsten. A high granularity hadronic calorimeter (HCAL) is
located outside the ECAL, but still inside the magnet coil.
The superconducting magnet, which is based on the CMS
magnet [4], provides a highly homogeneous 4 T solenoidal
field. Muon chambers are located within the magnet return yoke. There is no hardware trigger, with deadtime-free
continuous readout over a complete 1 ms bunch train. Zero
suppression, hit recognition and digitisation is performed
in the front-end electronics.






a multilayer micro-vertex detector (VTX) from radii
of 1:5 6:0 cm consisting of five concentric barrels of
Silicon pixel detectors;
a large volume Time Projection Chamber (TPC) between radii 32 170 cm to provide precise momentum
measurements;
additional Silicon tracking between the vertex detector and the TPC consisting of 2 cylinders of Silicon in
the barrel region (SIT) and discs in the forward region
(FTD);
a precise forward straw chamber or Silicon tracker behind the TPC endplate (FCH/Si-FCH).

The layout of the tracking system is shown in Fig. 3. One
advantage of the proposed system is that tracks can be reconstructed independently in the TPC and in the combined
seven layers of the VTX and SIT detectors, thus aiding both
alignment and calibration. The physics motivation and the
design of the main components of the tracking system are
described below.
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Figure 3: The components of the tracking system [1].
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Figure 2: A quadrant of the TDR concept of a detector for
TESLA [1] (dimensions in mm).

VERTEX DETECTOR
Precise measurements of the properties of as yet undiscovered new particles form the cornerstone of the LC
physics programme. It is assumed that if the Higgs boson and/or SUSY exist, they are likely to have been discovered at the LHC or Tevatron before the linear collider is
operational. At a LC the emphasis will be on establishing the nature of these new particles by making precise
measurements of their properties. Heavy-flavour tagging
will be of prime importance in many of these studies as

The main features of the detector components are described below, concentrating on the tracking detectors, in
particular the vertex detector and central tracker, and the
calorimetry.

OVERVIEW OF THE TRACKING SYSTEM
The primary requirements of the tracking system for a
detector at TESLA are: excellent momentum resolution,
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BR

many signatures of new physics result in final states containing b-quarks, for example, e+ e ! ZHH and e+ e !
H0 A0 ! bbbb. One particularly important question is
whether the Higgs boson, if it is observed, has production
and decay properties consistent with being the SM Higgs.
In the SM the Higgs boson coupling to fermions, gH , is
proportional to the fermion mass. If the Higgs boson is
light (MH < 150 GeV), which is consistent with the current electroweak data [2], one important test of the Higgs
sector will be the measurement of its fermionic branching fractions, shown in Fig. 4. Here the ability to be able
to tag efficiently charm quarks is important for separating
H ! and H ! bb. Efficient heavy flavour tagging will
also play a major rôle in the event identification of many
final states involving quarks.
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Figure 4: The decay branching fractions of the SM Higgs
boson as a function of Higgs boson mass, MH .



Design Issues
Heavy flavour tagging requires a precise measurement
of the impact parameter d0 , the transverse (r), distance of
a charged particle track from the primary vertex. In general, the impact parameter resolution can be expressed as
the quadrature sum of two terms:

2

d0

= a2 +

b
3
p(GeV) sin 2 

!2

0
z (cm)

10

20

ever there are a number of widely accepted design principles:
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Figure 5: General layout of a CCD-based vertex detector [1].
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The first term, a, depends on the single point resolution
and the second term is the degradation in resolution arising
from multiple scattering in the vertex detector which depends on both polar angle  and momentum p. The TESLA
detector goal is for both a and b to be smaller than 5 m.
This would represent a significant improvement over previous vertex detectors, e.g. this is approximately a factor
three better than that achieved at SLD.
In light of the success of the SLD vertex detector it is
generally accepted that a vertex detector at the next linear
collider will consist of approximately one billion Silicon
pixels arranged in concentric cylindrical layers, as shown
schematically in Fig. 5.
Given the rapid evolution of semi-conductor devices, it is
too early to decide on a specific detector technology, how-



the inner layer should be as close to the interaction
region as possible. This is particularly important for
charm tagging. In the TESLA TDR design [1] the
inner radius is 15 mm. Ultimately the minimum inner radius is determined by the size of the beam pipe,
which depends on the accelerator design.
at TESLA beam related backgrounds, even at a radius of 12.5 mm, are not a significant problem as most
e+ e pairs from beam-beam interactions are confined
to the beam pipe by the 4 T magnetic field.
the detector should consist of five layers to allow full
track reconstruction independent of the central tracking chamber.
space points should be measured with a precision of
< 5 m which is obtainable with CCD pixel sizes of
 20  20 m2 by charge centroid fitting. In addition,
to giving to good space point resolution, a small pixel
size is important to separate hits from multiple tracks
in dense event environments, e.g. the cores of high
multiplicity jets.
the thickness of the layers should be reduced from
0:004 X0 (SLD) to less than 0:001 X0. This not only
improves the d0 resolution by reducing multiple scattering, but also suppresses
conversions allowing
clean electron identification in heavy flavour decays.

Although the general concept and performance goals
are well defined the technological route is uncertain
and forms an active area of research and development.
The main options currently being considered are: CCD
pixel devices [5]; CMOS monolithic active pixel sensors
(MAPS) [6]; hybrid active pixel sensors (HAPS) [7] and
depleted Field Effect Transistors (DEPFET) [8].
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Figure 6: Efficiency and purity for tagging a heavy flavour jet in Z decays [10]. Figure a) shows the performance of a
slightly modified version of the TDR VTX detector. Figure b) shows the degradation in performance if the inner layer is
removed and the layer thickness doubled. The c(b bkgr) points represent the charm tagging efficiency when only bottom
jets constitute the background. For comparison the best results from SLD are also indicated.

Performance

ment. Fig. 6b shows the charm tagging efficiency versus
purity curves obtained for a four layer VTX detector with
the inner layer at 2.7 mm. In this case the layers have double the nominal thickness, i.e. 0.11 % X0 . The charm tagging performance is significantly degraded. Other detector configurations have been studied [10] and the most important factor influencing the VTX detector performance is
having the inner layer as close to the interaction region as
possible.

The baseline VTX detector of the TESLA TDR consists
of 5 concentric cylinders of 20  20 m2 CCD pixels located at radii of 15 mm, 26 mm, 38 mm, 48 mm and 60 mm.
Each layer corresponds to a thickness of 0.06 % of a radiation length. The expected performance of such a device has
been evaluating using the sophisticated tracking and heavy
flavour tagging algorithms [9, 10] developed at LEP and
SLD. For the TDR baseline design the impact parameter
resolution is

d20 = (4:2 m)2 +

4:0 m
3
p(GeV) sin 2 

!2

THE CENTRAL TRACKER

:

The main purpose of the large volume central tracker
is to provide precise momentum measurements. The performance requirements are set by the ability to reconstruct
precisely Z bosons from their leptonic decays. This is particularly important for measurements of the properties of
the Higgs boson. Current SM fits to electroweak data from
LEP, the Tevatron and SLD suggest a relatively light Higgs
boson mass, MH < 219 GeV (95 % confidence level) [2].
In this mass range the cross-section for the SM Higgsstrahlung process, e+ e ! Z ! ZH
p , shown in Fig. 7,
is relatively large (a few tens of fb at s = 500 GeV).

For comparison the values obtained for the SLD detector
were a = 9 m and b = 38 m. The flavour tagging
used in the TESLA studies is based primarily on the ZVTOP [11] topological vertexing method pioneered at SLD.
This algorithm parametrises tracks as Gaussian probability tubes in three dimensional space and identifies vertices
as regions of high tube overlap. In addition to ZVTOP, a
1-prong charm tag and an impact parameter joint probability tag [12] are combined in a neural net approach similar to that used by OPAL [13]. Recent studies [10] using
the GEANT3 [14] based BRAHMS [15] simulation and
these sophisticated (i.e. realistic) tagging algorithms compared the performance of different VTX detector configurations. Fig. 6a) shows the simulated heavy flavour tagging performance for a slightly modified version of the
TDR VTX detector for a single jet in Z ! qq events.
Although the b-tagging performance is similar to that obtained at SLD, there is a significant improvement of the
charm tag; in the high purity region the charm tagging efficiency is approximately a factor two better than that obtained at SLD. Good charm tagging is particularly important for the Higgs to fermion pair branching ratio measure-

e+

Z
Z*

e-

H

Figure 7: The SM Higgs-strahlung process. Note at a future linear collider the SM Higgs boson is also produced
in the WW fusion process and to a lesser extent in the ZZ
fusion process.
The Higgs boson typically decays into final states in83

Figure 8: a) A typical linear collider event as seen in a TPC with sampling in more than 100 radial layers. b) The same
event as seen in a 5 layer Silicon tracker.
volving jets (e.g. H ! bb or for higher Higgs masses
H ! W+ W ). As jet energies are relatively poorly measured the most precise measurements of the Higgs boson
properties can be obtained from well measured Z decays.
Consequently, the “golden” channel is the Higgs-strahlung
process with Z ! +  . Such events can be precisely reconstructed, independent of the Higgs decay mode, from
the +  system. For example, the mass of the Higgs
boson can be determined from the mass recoiling against
the +  system. Two factors determine the precision
of this measurement: the Z width, Z , and the eventby-event measurement error on the recoil mass which is
of order the momentum resolution, p . For the momentum resolution term to be significantly smaller than that
from Z imposes the requirement on the momentum resolution of the entire tracking system (including the precisely measured hits in the VTX and SIT detectors) of
1=p  5  10 5 GeV 1. This is an order of magnitude
better than achieved at LEP. To achieve this goal, the momentum resolution from the central tracking chamber alone
must be 1=p  2  10 4 GeV 1 .

Fig. 8, where the TPC hit pattern is compared with
that which would be observed using a 5 layer Silicon
central tracker.







Choice of Central Tracker Technology
A number of options for the large volume central tracker
have been considered. These fall into two main categories:
i) gaseous detectors which provide a large number of relatively coarse spatial measurements along a charged particle
track and ii) Silicon detectors which provide a few very precise measurements. The TESLA baseline choice is a Time
Projection Chamber (TPC) such as those successfully operated by the ALEPH [16] and DELPHI [17] collaborations
at LEP. A TPC has a number of significant advantages:



it provides adequate two hit resolution enabling separation of nearby charged particle tracks, an important
point for the reconstruction of jet energies.
as gas forms the active medium, the amount of material in front of the ECAL is minimised. This reduces
multiple scattering and also reduces the occupancy
in the tracking chamber arising from conversions of
background photons.
it provides dE/dx information allowing particle identification.
it allows easy identification of ‘non-pointing’ tracks,
i.e. tracks which do not originate from the interaction region, thereby allowing the reconstruction of decaying neutrals, e.g. KS !  +  . This is also important in searches for signals for physics beyond the
Standard Model. For example, one possible signal
for Gauge Mediated SUSY Breaking (GMSB) would
be the observation of kinked tracks in the process
~G
~.
e+ e ! ~+ ~ ! +  G

TPC Conceptual Design
The baseline design of the TPC is shown in Fig. 9.
The active volume consists of two drift regions (forward/backward) each of 2.5 m in length. The inner radius,
determined by the size of the forward mask system which
extends inside the TPC bore, is 0.32 m and the outer radius
is 1.7 m. The outer radius of the TPC plays an important
rôle in determining the cost and performance of the detector. On the one hand the TPC has to be sufficiently large to
achieve the desired momentum resolution for the baseline

it provides a large number of three-dimensional space
points which enables good pattern recognition in a
dense track environment. This point is illustrated by
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the maximum drift time is approximately 50 s. This corresponds to 160 bunch-crossings for which
p the estimated
background is 80000 hitspin the TPC at s  500 GeV
(and twice as much at s  800 GeV). However, the
sensitive TPC volume corresponds to approximately 109
three-dimensional electronic readout pixels ( 1:5  106
pads  103 longitudinal time samples). Consequently, the
resulting occupancy from beam and gamma-gamma backgrounds is less than 1 % [20]. This would not present a significant problem for pattern recognition/track reconstruction even if the machine background calculations are wrong
by a large factor.
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Figure 9: General layout of the TDR baseline TPC design [1] (dimensions in cm).

TPC Readout
In a conventional TPC the number of drift electrons is
amplified by avalanche multiplication in the high electric
fields generated near the thin wires of multi-wire proportional chambers and the signal is read out via the induced
charge on pads placed behind the wires. There are a number of problems with this traditional approach if applied to
a TPC operating at TESLA:

4 T magnetic field, on the other, the TPC dimensions determine the size of the ECAL, HCAL and solenoid, and thus
significantly impacts the cost of the whole detector.
The TPC would be read out on the two end planes, each
consisting of approximately 200 rings of readout pads. In
the baseline design the readout pads have transverse and
radial dimensions of 2  6 mm2. The performance of the
TPC depends on the choice of gas, which not only affects
the resolution through the transverse and longitudinal diffusion of the drifting charge cloud but also influences the
design of the field cage (as the total voltage at the cathode
depends on the desired drift velocity). In addition, gas mixtures with high hydrocarbon content present a large crosssection to neutron background, leading to higher TPC occupancy. The baseline choice for the TESLA TPC is a
three-gas mixture of Ar-CO2 -CH4 (93-2-5), although there
are many other options [18]. With this choice of gas a single hit resolution of 140 m can be achieved [19]. The ultimate aim is   100 m which can be reached using 9010 Ar-CH4 which has a smaller transverse diffusion constant, although it is more sensitive to neutron background.
The longitudinal granularity of a TPC is limited by the longitudinal diffusion of the charge cloud. In Ar-CO2 -CH4
the longitudinal (transverse) diffusion constants in a 4 T
solenoidal field are 300(70) m cm 1=2 . Hence, for typical
drift distances of 1 m, the longitudinal spread of the electron cloud is about 3 mm. For a drift velocity of 5 cm s 1 ,
this corresponds to a time resolution of 60 ns requiring a
readout rate of at least 20 MHz.
There are two main drawbacks inherent to a TPC. Firstly,
there is a significant amount of material in the endcap regions due to the endplanes and the readout electronics. Ideally the amount of material in front of the ECAL should
be minimised and the goal is for the contribution from the
TPC to be less than 0.3 X0 . Secondly, due to the finite
drift time, the TPC integrates over multiple bunch crossings within a bunch train. This enhances the detector occupancy from beam background and gamma-gamma interactions [20] which could lead to a degradation in the pattern
recognition capability. For a drift velocity of 5 cm s 1 ,







~  B~ effects in the
The resolution is limited by E
strong magnetic field of the TESLA detector. This occurs because close to the proportional chamber wires
the electric and magnetic fields are no longer parallel
and electrons drifting in this region are subject to significant transverse forces which broaden the electron
cloud and therefore degrade the resolution. This is significant for traditional multi-wire readout because the
~  B~ effects are important is deregion over which E
termined by the relatively large separation of the wires
(which sets the scale for the distance over which electrons drift with a non-zero velocity component perpendicular to the magnetic field).
Positive ions produced in the gas amplification process migrate back into the drift region and can distort
the electric field, termed ion feedback. In previous
TPCs ion feedback was reduced by installing a gating
plane just in front of the amplification region which
effectively blocked positive ions drifting back into the
TPC drift region except for after a trigger. Due to the
bunch structure at TESLA and triggerless readout, this
is only an option between bunch-trains.
The large number of wires in the endplane and the
structure required to keep the wires under tension constitutes a significant amount of material.

Because of the above disadvantages of conventional multiwire readout alternative technologies form the basis of the
baseline TESLA detector TPC design. Two options are
currently being considered: Gas Electron Multipliers [21]
(GEMs) or MicroMEGAS [22]. Here only GEMs will be
discussed as MicroMEGAS share many of the advantages
and difficulties of GEMs.
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amplification, for example see [23]. In multi-wire chamber readout, the electron avalanche induces charge on the
readout pads, resulting in a signal which is spread across
several pads. By using a centre-of-gravity algorithm the
resolution is not limited by the pad size. In GEMs and
MicroMEGAS the amplified charge is directly transferred
onto the readout pads. Here the electron clouds arriving at
the readout planes have typical dimensions of 20 50 m,
determined by diffusion over the 1 5 mm drift distance
from the GEM to the readout plane (for GEM towers there
is further diffusion in the gaps between the GEMs). Unless the readout pad sizes are matched to the electron cloud
size, which would result in a prohibitively large number of
channels, the signal will be often localised to a single pad.
In this case it is the pad size (nominally two millimetres)
rather than the GEM hole separation ( 100 m) which
determines the resolution of the device. However, in the
absence of the induction signal it is still possible to achieve
good resolution. A number of approaches have been considered. For example, by using “chevron” rather than rectangular shaped readout pads, as indicated in Fig. 11, it is
possible to spread the charge cloud over more than one pad
and obtain the necessary improvement in resolution [19].
Another promising idea is to spread the charge across a
number of pads by inserting a resistive layer in front of the
pads [24]. It seems likely that a solution to this particular
aspect of using GEMs to readout the TPC will be found.

A GEM, shown schematically in Fig. 10, consists of two
metal foils separated by a thin polymer film with a typical
thickness of 50 m. The device has a high density of small
holes typically separated by 100 200 m. By applying a
potential difference across the two sides of the GEM, high
electric fields are generated in the region of the small holes
(40 80 kV cm 1 ). Nearly all the electrons drifting from
the TPC volume are funnelled into these holes where gas
amplification occurs. The amplified charge is directly collected on readout pads located a few millimetres behind the
GEM.
enlarged view of the
field in one GEM hole
track

drifting
electrons

GEM hole
(schematic)

GEM

track image

pad plane

Figure 10: Schematic view of a single layer Gas Electron
Multiplier (GEM).
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GEMs offer a number of advantages over multi-wire
readout:







10
8

because of the small hole separation the region over
which the electrons move transverse to the magnetic
~  B~ effects are greatly reduced.
field is small and E
Consequently the intrinsic resolution of the TPC is improved.

6
4
2
0

ion feedback is naturally suppressed as the majority
of the positive ions are swept onto the metal foils of
the GEM and do not reach the TPC drift region (as
can been seen from the electric field lines shown in
Fig. 10). Ion suppression to the level 10 2 has already
been achieved. However for stable operation of the
chamber the goal is 10 4 . If this cannot be reached
one solution would be to add a gating plane which is
open for the entire TESLA bunch train.
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Figure 11: Possible layout of “Chevron” shaped pads, with
a track superimposed to illustrate the sharing of charge between different pads (dimensions in mm) [19]. The circles
indicate the typical size of the charge cloud arriving at the
pads for a structure consisting of two GEMs.

as there are no wires to keep under tension it should
be possible to produce thinner endplanes.

TPC Summary
Since the production of the TESLA TDR there has been
an active programme of R&D into the possible use of TPCs
as the central tracking chamber for a detector at the TESLA
linear collider. Although, to date, no major pitfalls have
been identified, more work is required before it can concluded that a TPC will provide the necessary performance
and stability. Fortunately there are a significant number of

GEMs have a number of advantages over wire chamber
readout, however they also bring a number of new challenges. The avalanche region is relatively small and only
limited amplification is achieved (typically less than a factor 100). Consequently, it is likely that a cascade of at least
two GEMs will be required to achieve the necessary gas
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the distribution, which has a peak at the assumed Higgs
mass (MH = 120 GeV), displays a significant tail towards
higher masses. The origins of this tail are Beamstrahlung
(discussed below) and ISR.

groups worldwide actively involved in R&D [25] work for
a TPC option for a future LC detector.
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Figure 12: Layout of the TDR concept of the intermediate
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In the TESLA detector design the tracking capabilities of
the VTX and TPC are complemented by a series of Silicon
detectors in the region between the vertex detector/beam
pipe and the TPC, as shown in Fig. 12. The main purpose of these detectors is to improve the momentum resolution particularly in the forward region. The SIT consists
of two cylinders of double-side Silicon strips with resolution r = 10 m. Such a detector poses few technological
problems; similar detectors have already been successfully
used in the DELPHI microvertex detector. The SIT is useful for the purpose of pattern recognition, providing a link
between VTX and TPC tracks. However, its main purpose
is to provide two well measured space points at a relatively
large distance from the interaction point. Using a combination of the TPC and hits in the five layers of the VTX
detector, supplemented by the SIT, the resolution goal of
1=p = 5  10 5 GeV 1 is reached (see Table 2). It should
be noted that the momentum resolution of the TESLA TDR
tracking system was obtained from a full simulation of the
detector [15] using sophisticated track fitting code adapted
from that used at LEP [26].
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Figure 13: a) Generated and reconstructed Z mass and b)
recoil
for e+ e ! `+ ` H Higgs-strahlung events at
ps = mass
350 GeV (MH=120 GeV) [1].

FORWARD TRACKING
Forward tracking is particularly important at TESLA for
three main reasons:



Table 2: Momentum resolution for tracks in the barrel region.
Detector
1=p
TPC
1:5  10 4 GeV 1
+VTX
0:7  10 4 GeV 1
+SIT
0:5  10 4 GeV 1


Monte Carlo studies have been performed to determine
the physics sensitivity for the above momentum resolution.
These studies used a fast simulation program[27] which
uses a parametrisation of the detector resolutions obtained
from the full simulation. Fig 13a) shows the resulting invariant mass distribution of the +  system in simulated
e+ e ! HZ events. The width is dominated by the natural
width of the Z and not the experimental momentum resolution. Fig. 13b) shows the invariant mass of the Higgs
boson as measured from the +  recoil mass. Here



One undesirable aspect of a future LC is Beamstrahlung. Beamstrahlung is the induced photon radiation from an electron (positron) in one bunch in the
coherent field of the positrons (electrons) in the colliding bunch. The amount of Beamstrahlung depends
strongly on the machine design and corresponds to an
average energy loss of around 1:5 % for TESLA [28].
The effect of Beamstrahlung on the effective centrep
of-mass energy spectrum after photon radiation, s0 ,
is shown in Fig. 14. To make precise mass measurements, e.g. MW from a threshold cross-section scan
and to a lesser extent MH from the recoil mass spectrum, the effects of Beamstrahlung must be quantified.
Fortunately, the luminosity spectrum can be obtained
from data by studying the acollinearity distribution of
Bhabha scattering events for which the cross-section
is highly forward peaked. Consequently, a LC detector requires excellent polar angle resolution for forward tracks [29].
Many of the physics processes at a LC are forwardpeaked, for example e+ e ! W+ W . Here, due to
the highly boosted W bosons, the jets from a hadronic
W-decay are not only forward-peaked but also tend to
overlap.
Missing energy is the main signature for many SUSY
processes and good forward tracking is required to improve the missing-energy resolution.

For tracks with polar angles below 25Æ the polar angle
resolution, and to lesser extent the momentum resolution, is
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Figure 14: The s0 = s distribution for e+ e collisions at
a nominal centre-of-mass energy of 500 GeV. The effects
of ISR alone and ISR plus Beamstrahlung are shown [29].
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Figure 15: Momentum resolution for 250 GeV muons as a
function of polar angle. In this case the FCH is the TDR
straw chamber option.

improved using the forward tracking detector (FTD) which
consists of a series of seven Silicon disks. The first three
layers of the FTD consist of Silicon pixel detectors with
a pixel size of 50  300 m2. The four layers furthest
from the interaction point consist of Silicon strips with a
resolution of 90 m. The excellent polar angle resolution
obtained from the FTD not only allows the mean energy
loss due to Beamstrahlung to be measured with a statistical precision of 5  10 5 , but also provides a measurement of the beam energy spread with statistical precision
of 0:5  10 5 [29].

of Silicon detectors just beyond the TPC at radii 160.5 cm,
165 cm and 169.5 cm. Recently this idea was extended
to replacing the straw-tube FCH with a six layer Silicon
tracker (Si-FCH) [30]. Preliminary studies [30] which assumed a single-layer point-resolution of 25 m and that
each layer represented 0.5 % of a radiation length, indicate
that the SET could improve the momentum resolution in
the barrel region by upto 20 %. However, at this stage the
merits of the SET should be taken with some caution as the
improvement in momentum resolution depends strongly on
the assumed performance of the TPC. Nevertheless, a Sienvelope may offer other advantages:

Forward Chambers
The FTDs primarily measure the polar angle of forward
tracks. However, in the forward direction the momentum
resolution of the TPC is degraded due to the decreased
lever-arm and the reduced number of hits. To improve
the momentum resolution in this region, forward chambers
(FCH) with a point resolution of approximately 50 m,
are positioned directly behind the TPC end planes. In the
TESLA TDR three planes of straw tubes were foreseen.
Recently it has been suggested that Silicon strip detectors
forming a “Silicon Envelope” around the entire TPC would
be a better choice [30] (see below). Independent of the
technological choice, the importance of additional tracking
in the forward region can be seen from Fig. 15 which shows
the momentum resolution for 250 GeV muons as a function
of polar angle when information from different detectors is
included.




The addition of a precisely measured space point, outside the material of the TPC support structure could
aid the calorimeter reconstruction and improve the energy flow measurement.
The addition of the Silicon-envelope would complement the tracking in the VTX, SIT and FTD Silicon
detectors, forming a large lever arm tracker independent of the TPC. As such, the Silicon-envelope would
help in monitoring/calibrating the TPC.

CALORIMETRY
The majority of the interesting physics processes at a
future linear collider are characterised by multi-jet final
states, often accompanied by charged leptons and/or missing transverse energy associated with neutrinos or the lightest super-symmetric particles (LSPs). The reconstruction
of the invariant mass of two or more jets will provide a
powerful tool both for event reconstruction and for event
identification. For example:

Silicon Envelope
It has been suggested that the TDR tracking system
could be complemented by an envelope of Silicon surrounding the TPC [30]. The original proposal [31] considered only the barrel region, the Silicon External Tracker
(SET). The SET would consist of three cylindrical layers
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similar MW sensitivity (a measurement where most of the
information comes from the reconstructed jet-jet invariant
mass distribution).

the identification of the rare, but nevertheless important, ZHH ! 6j final state from background processes will rely on the ability to identify pairs of jets
with the invariant masses of the Z and Higgs;

Jet-Energy Resolution

the identification and separation of e  e W+ W and
e  e ZZ events, of great interest in strong EWSB models, will rely almost entirely on di-jet mass reconstruction.

At a LC kinematic fitting will play a less significant
rôle than at LEP as many final states involve missing energy and the beam energy constraint is less useful due to
Beamstrahlung. Consequently, good jet-energy resolution
is of paramount
p importance. A jet energy resolution of
E =
E leads
p to a di-jet mass resolution of roughly
M=M = = Ejj where Ejj is the energy of the dijet system. A reasonable goal is to match M for the W
or Z bosons to their natural widths, i.e.  2 GeV. Since
Ejj 250 GeV at the LC, this suggests a goal of

In general it will important to be able to identify jet pairs
arising from the hadronic decays of W and Z bosons. Since
the reconstruction of the invariant mass of two or more jets
will play a major rôle in the analyses of numerous processes at the LC, a good measurement of jet energy is of
great importance.

p

E =E = 30 %= E (GeV);

The LEP Experience

which is a factor of two better than the best achieved at
LEP. The importance of achieving this goal is well illustrated by considering the process e+ e ! e  e W+ W .
If the Higgs mechanism is not responsible for Electroweak
symmetry breaking then the quartic gauge coupling process, shown in Fig. 16, is of great interest; without the SM
s-channel Higgs exchange contribution, the cross-section
for longitudinal
W-boson scattering, WL+ WL ! WL+ WL ,
p
grows with s and ultimately violates quantum mechanical unitarity. In strong EWSB scenarios it will be important fully to investigate quartic gauge couplings in both
e+ e ! e  e W+ W and e+ e ! e  e ZZ. For fullyhadronic decays, the e  e W+ W and e  e ZZ final states
can only be distinguished on the basis of the invariant
masses of the pairs of jets. Fig. 17 shows the improvement
in separation obtained in going from a LEP-like resolution
to the TESLA goal. In statistical terms the improved separation is equivalent to a 40 % increase in luminosity [35].

At LEP is was found that the jet energy resolution was
limited by the ability to separate and correctly associate
tracks and energy deposits in electromagnetic and hadronic
calorimeters, rather than the intrinsic momentum and energy resolution of the tracking chambers and calorimeters
respectively. Measurements of jet fragmentation at LEP
have provided detailed information on the particle composition of jets (e.g. [32, 33]). On average, after the decay
of short-lived particles, roughly 62% of the energy of jets
is carried by charged particles (mainly hadrons), around
27% by photons, about 10% by long-lived neutral hadrons
(e.g. n/K0L ), and around 1.5% by neutrinos. The momenta
of charged particles are measured accurately in the tracking detectors and the energy obtained by assuming the  
mass. Photon energies are measured in the electromagnetic
calorimeter (ECAL), and the energies of neutral hadrons in
the hadron calorimeter (HCAL). To obtain the energy of the
jet, the information from tracks, ECAL clusters and HCAL
clusters has to be combined taking into account correlated
energy deposits. For example, a charged hadron will typically deposit energy in both calorimeters, while a neutral
hadron may start showering in the ECAL. The most successful algorithms for jet reconstruction at LEP used the socalled energy flow approach, in which geometrical associations between tracks and calorimeter clusters and between
clusters in the ECAL and HCAL are used to minimise the
double counting of energy. Using the energy flow technique the ALEPH experiment obtained p
a jet-energy resolution of E =E = 60%(1 + j os j)= E (GeV) [34].
Although the OPAL lead-glass calorimeter had a better intrinsic energy resolution, OPAL achieved
p a jet-energy resolution of only E =E  80%= E (GeV). The main
reason for the relatively good performance of the ALEPH
calorimeter was that it had significantly better spatial resolution, permitting better matching and separation of the various energy deposits within a jet. At LEP the beam-energy
constraint used in the kinematic fits reduced the sensitivity
to the jet energy resolution; despite having very different
jet energy resolutions, the four LEP experiments achieved
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Calorimetry at the Linear Collider
The requirements for calorimetry at a future LC can be
summarised as:
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Excellent
p energy resolution for jets:

30 %= E (GeV).

E =E =

Good energy and angular resolution for photons
needed, for example, for the identification of H!
events.

Mj3j4

Mj3j4

Table 3: Contributions from the different particle components to the jet-energy resolution (all energies in GeV). The table
lists the approximate fractions of charged particles, photons and neutral hadrons in a jet and the assumed single particle
energy resolution. The contribution to the overall jet energy resolution from all particles in each category is also shown.
For photons and neutral hadrons this is given by the quadrature sum of the resolutions for individual particles which yields
a term proportional to the total energy in that component. For charged particles only a maximum value can be given; this
corresponds to there being a single charged particle in the jet. In general there will be many charged particles and this
term will be negligible.
Component
Detector Energy Fraction Energy Res.
Jet Energy Res.

4
2
2
Charged Particles (X ) Tracker
 0:6 Ejet
10 EX  < 3:6  10 5 Ejet
p
p
Photons ( )
ECAL
 0:3 Ejet
0:11 E
0:06 Ejet
p
p
0
0:13 Ejet
Neutral Hadrons (h )
HCAL
 0:1 Ejet
0:40 Eh0

120
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100

80

80

60

tions from the individual p
components, a jet-energy resolution of E =E = 14 %= E (GeV) is obtained. This is
far better than the best achieved
for the TESLA TDR dep
tector, E =E = 30 %= E (GeV). From this it is clear
that, in practice, the dominant contribution to the jet-energy
uncertainty comes from double-counting energy deposits
in more than one detector component or missing energy
deposits due to overlapping tracks and showers. Consequently, one can conclude that the jet-energy resolution is
driven mainly by the ability to resolve energy deposits from
different particles. This is particularly difficult in the dense
environment of (potentially highly boosted) hadronic jets
at a LC, as can be seen from Fig. 18. Consequently, for
the purposes of jet-energy resolution granularity is more
important than energy resolution.
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Figure 17: Impact of the jet energy resolution on the
separation of e  e W+ W and e  e ZZ final states where
both gauge bosons decay hadronically [35]. The first plot
shows the separation
p for the best LEP jet-energy resolution,
E =E = 60 %= E (GeV), and the second shows
p the separation for the TESLA goal of E =E = 30 %= E (GeV).






The ability to identify non-pointing photons which
can arise, for example, in GMSB scenarios where a
long-lived neutralino may decay in the detector volume to a photon and an unobserved stable gravitino,
~.
~01 ! G
Excellent hermeticity.
Ideally both the ECAL and HCAL should be placed
inside the magnet coil to avoid degradation in energy
resolution. For this to be affordable the calorimeters
have to be compact.

Of the above requirements it is that of jet-energy resolution which drives the calorimeter design. To understand
the dominant source of uncertainty it is useful to decompose the jet-energy resolution into its components. In an
ideal world one would measure the energy of charged particles using the tracking chambers, the energy of photons
using the ECAL and the energy of neutral hadrons using
the HCAL. Table 3 (adapted from [36]) shows the different contributions to the jet-energy resolution assuming no
double-counting of energy deposits. It should be noted
that although the neutral hadron component comprises only
10 % of the jet energy this is the largest single contribution to the uncertainty. From the sum of the contribu-

Figure 18: View of a di-jet in e+ e
800 GeV [35].

! W+ W

at
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TESLA Calorimeter Concept
The calorimeters at TESLA should be able to:
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separate of energy deposits from different nearby particles. Therefore the ECAL should have a small
Molière radius, M , to limit the transverse spread of
electromagnetic showers and a high lateral segmentation (of the order M ).





discriminate between electromagnetic and hadronic
showers. Therefore the ECAL (and HCAL) should
have a large ratio of the interaction length, I , to the
radiation length, X0 , so that hadronic showers start
relatively deep in the calorimeter. It also implies longitudinal as well as transverse segmentation of the
calorimeters.

Table 4: Comparison of interaction length, I , radiation
length, X0 , and Molière radius, M , for Iron, Copper,
Tungsten and Lead. Also given is the ratio of I =X0 .
material I /cm X0 /cm M /cm I =X0
Fe
16.8
1.76
1.69
9.5
Cu
15.1
1.43
1.52
10.6
W
9.6
0.35
0.93
27.4
Pb
17.1
0.56
1.00
30.5

contain electromagnetic showers in the ECAL. This
suggests that the ECAL should be  20 25 X0 in
depth, sufficient to contain the highest energy showers. This is a further argument for choosing a material
with small X0 in order to arrive at a compact ECAL.

degraded. Consequently a pad size of 1 cm2 is envisaged. The present design of the ECAL has 40 longitudinal
samples. The high granularity leads to an excellent angular
resolution for photons:

The preferred solution adopted for the TESLA TDR,
shown in Fig. 19 envisages a Silicon-tungsten ECAL, followed by an HCAL, both located inside the magnet coil.
The barrel regions have an octagonal geometry. Specialised
calorimetry in the forward region would complete the angular coverage.

p

 = (0:063= E=GeV  0:024) mrad;
allowing the identification of ‘non-pointing’ photons arising from possible GMSB signals from purely neutral decays in the TPC volume. The jet-energy resolution of the
TDR ECAL design yields an energy resolution for single
photons of

cm
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R e turn y ok e
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E =E = (0:11= E =GeV  0:01):

400
Coil

Hadronic Calorimeter

300
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The total ECAL depth for normal incident particles corresponds to 24 X0 (sufficient to mostly contain even the
highest energy electromagnetic showers) but corresponds
to only 0:9 I , consequently hadronic showers tend to develop late in the ECAL. For the purposes of energy-flow the
HCAL should be highly segmented, both in the transverse
and longitudinal directions. However, the overall cost impact of the HCAL design is determined by its size, which
determines the coil radius. Hence cost arguments suggest
a compact detector and the ideal showering material would
be Tungsten which has a particularly short hadronic interaction length (see Table 4). Unfortunately Tungsten is relatively expensive and price considerations tend to favour
using stainless steel which has a somewhat larger I . The
total area of the active layers of the HCAL is approximately
5000 m2 , which would require 5  107 electronics channels for a 1 cm2 lateral segmentation. To avoid the prohibitively high cost of the readout a compromise is likely to
be made: either degrading the lateral segmentation, which
reduces the number of channels, or by reducing the information read out from a single channel. In the latter case,
the digital HCAL option, multiple active elements are read
out on a single channel. For the digital readout one records
whether or not there was an energy deposit in a particular
detector cell but not amount of energy itself, i.e. a simple
binary yes/no outcome. The baseline design consists of a
1 m thickness HCAL consisting of approximately 40 layers, providing 4:5I (6:2I ) of material in the barrel (endcap) region. To reduce the number of readout channels the
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Figure 19: Side view of the TESLA TDR calorimeters [1]
(dimensions in cm).

Electromagnetic Calorimeter
Tungsten is an attractive choice for the showering
medium in the ECAL, having a very low radiation length,
a small Molière radius of 9 mm and a large ratio of I =X0 ,
see Table 4. By using Silicon as the detecting medium,
the gaps between tungsten layers can be kept thin, so that
the whole ECAL of 24 radiation lengths thickness can be
fitted into a thickness of about 20 cm. Keeping the gaps between the tungsten layers to a minimum also avoids a significant increase in the effective Molière radius of the Si-W
sandwich. The transverse granularity of the Silicon readout, i.e. the size of the Silicon pads is determined by the
Molière radius, which defines the transverse size of electromagnetic showers. If the pad size is significantly greater
than the Molière radius the shower can only be localised
to within the area of one pad and the spatial resolution is
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hadronic and electromagnetic components of the
shower. In a highly segmented calorimeter it might be
possible to identify tracks and electromagnetic showers, allowing the possibility of software compensation. This argues for a transverse granularity of order
the Molière radius. In addition the higher granularity of the digital HCAL would provide better separation of energy deposits from nearby hadronic showers,
potentially improving the performance of the energy
flow algorithm.

layers are grouped into 9 (12) longitudinal readout layers
in the barrel (endcap).
Among the preferred options for the HCAL are stainless
steel plates instrumented with either  5  5 cm2 scintillator tiles (providing analogue readout) or resistive plate
chambers (RPCs) providing digital readout with a granularity of between 1  1 cm2 and 2  2 cm2 . The digital
option has the advantage that multiple detector elements
can be readout on the same electronics channel, thus reducing the cost of the associated readout which would otherwise be prohibitively high for a highly segmented large volume HCAL. The choice between a moderately segmented
HCAL with analogue readout or a highly segmented HCAL
with digital readout is a matter of great debate and ongoing studies (e.g. see [37]). Naively one might expect the
digital option to result in a degraded energy resolution as
energy is not explicitly recorded. However, for hadronic
showers this is not necessarily the case. Hadronic showers
consist of a number of distinct components: the ionisation
from the primary particle (if charged); a relatively compact
electromagnetic component e.g. arising from  0 decays;
and a broad (typically transverse size of a few I ) hadronic
component from secondary hadrons. The response of the
HCAL to these different components influences the performance:





Calorimeter Performance
As an example of the TDR calorimeter performance,
Fig. 20 shows the distribution of reconstructed
minus true
p
Z mass for jets from e+ e ! qq at s = MZ obtained
using for the digital HCAL option [35]. A mass resolution
of 2:89 GeV is achieved,
p which corresponds to a jet energy
resolution of 0:3= E(GeV), the TESLA goal.

The charged hadron (predominantly   ) component
of the shower is essentially track-like, consisting of a
number of near minimum ionising particles. Here the
total path length, summed over all tracks, provides a
good energy estimate. This is exactly what is measured in the digital option, providing that the typical
transverse separation of the particles is larger than the
segmentation of the HCAL. The energy resolution for
the charged hadron component in the analogue option
has an additional contribution. In an analogue sampling calorimeter it is the ionisation in the active detector volume that is recorded rather than the total energy. For a charged particle crossing a single active
detector element the ionisation follows the (asymmetric) Landau distribution which has a long tail towards
high values. Consequently a single sample of the ionisation energy loss of a single charged hadron is subject to large fluctuations. As only a small fraction of
the total energy loss is sampled, the inclusion of these
large fluctuations may degrade the energy resolution
for the track-like component of the shower.

entries/0.5 GeV



Based on the above arguments it is difficult to foresee
which option will give the best jet-energy performance in
the context of an energy-flow algorithm. Since many of
the effects are subtle, sophisticated Monte Carlo simulation and energy flow algorithms will be required to address
this interesting question of digital versus analogue HCAL.
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Figure 20: The jet-jet mass resolution for
rest [35].

Z

decays at

Finally, given the relatively large cost of the TDR
calorimeters, it is worth re-emphasising the physics impact. A good example of the importance of excellent jetenergy resolution is the SM process e+ e ! ZHH !
qqbbbb. This process involves the trilinear Higgs coupling, as shown in Fig. 21, providing a direct probe of
the Higgs potential. Here the signal cross-section is small
( 0:5 fb) and the background large. In addition, the six
jet final state results in a large combinatorial background
arising from the association of the six jets to the two Higgs
bosons and the Z. However, providing one has sufficiently
good jet-energy resolution, the invariant masses of the re-

The electromagnetic component of a hadronic shower
consists of many electrons, positrons and photons in
a small transverse region, information which is lost
in the digital option. Hence the electromagnetic component can only be directly measured in the analogue
HCAL, although in the digital HCAL there is information in shower size.
The TESLA HCAL designs are implicitly noncompensating, having different responses for the
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as a “tail-catcher” for hadronic showers which are not fully
contained in the HCAL. A number of options exist for the
muon detectors, both Plastic Streamer Tubes and RPCs are
considered in the TESLA TDR.
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Figure 21: The process e+ e
Higgs trilinear self-coupling.

Forward Calorimeters

! ZHH which probes the

The ECAL coverage of the TESLA detector concept is
completed by two devices in the very forward region: the
Low Angle Tagger (LAT) and the Luminosity Calorimeter (LCAL), as indicated in Fig. 19. The LAT improves
the detector hermeticity by providing calorimetric coverage down to polar angles of 30 mrad. In addition, the
LAT allows a precise Measurment of the luminosity using low angle Bhabha scattering events. It is foreseen that
the LAT would be a Silicon-Tungsten sampling calorimeter along the lines of the luminosity monitors employed by
ALEPH[39] and OPAL[40]. The LCAL covers the region
down to polar angles of 5 mrad; its main purpose is to provide fast monitoring of the luminosity and beam. The backgrounds in this low angle region are high and a Tungsten
sampling calorimeter with either oxygenated Silicon or Diamond sensors[41] are being considered.

constructed di-jet pairs may be used to significantly reduce
the backgrounds. A useful discriminating variable is

p

D = (m12 mH )2 + (m34 mH )2 + (m56 mZ )2 ;

a)

5
4

Events

Events

where the mij are the reconstructed invariant masses of the
jet pairs hypothesised as being associated with Higgs/Z boson. Figure 22 shows the distributions of D
pfor signal and
background for two cases: E =E = 0:3= E (GeV)
p (the
TESLA goal) and E =E = 0:6(1 + j os j)= E (GeV)
(LEP-like) [38]. The increased significance of the signal
above the background expectation in going from a LEPlike jet-energy resolution to the TESLA goal is equivalent to a fourfold increase in luminosity. Given the smallness of the cross-section,
a jet-energy resolution of a least
p
E =E = 0:35= E (GeV) is required to establish a signal
for an integrated luminosity of 1 ab 1 . Here the excellent
jet-energy resolution makes the difference between observing the process or not.
7

CONCLUSIONS AND OUTLOOK
Two years after the publication of the Tesla TDR[1], the
basic detector concept remains the same, providing a viable route to achieving the basic performance goals necessary at a future LC. The emphasis now has shifted towards R&D to investigate the technical issues surrounding
the main detector components: there are a number of active R&D programmes investigating the issues specific to
the operation of a TPC at a future LC; the CALICE collaboration [42] will soon commence a major test-beam study
of the proposed ECAL and HCAL designs; and there are a
number groups investigating possible Silicon technologies
for the VTX detector. In addition to the technical issues,
there many open questions. For example, is a Silicon central tracker a realistic alternative to a TPC ? In this case one
would have essentially the same (i.e. Silicon-based) technology for the entire detector which is an attractive idea.
There is also the important question of the analogue versus
digital versions of the HCAL. Furthermore, there are many
issues related to the optimisation of the detector design, for
example, what is the optimal length and outer radius of the
TPC ? To address these issues will require full simulation
studies of the whole detector as the design of one detector component may affect the performance of another. For
example, the TPC outer radius impacts not only the tracking performance, but also the ECAL inner radius and the
jet-energy resolution. Studies of this kind, considering the
performance of the detector as whole, are just starting in
earnest. It is important that we obtain answers to many of
these questions as soon as possible as, in the not too distant future, hopefully we will have to start designing and
constructing the real detector.
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Figure 22: Distributions of the discriminating variable
D for ZHH ! 6 jet signal and background, for two
values ofpjet energy resolution: a) E =E = 0:6(1 +
j os j)= E (GeV)
p (LEP-like); b) the TESLA goal of
E =E = 0:3= E (GeV).

OTHER DETECTORS
In addition to the detector components described above,
the TESLA TDR detector includes muon chambers and forward calorimeters, described briefly below.

Muon Chambers
The basic task of the muon system is to identify muons
which penetrate the HCAL. The muon system would be
embedded in the 2 m thickness of iron of the magnetic return yoke, see Fig. 2. The muon system may also be useful
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Abstract
In Asia and North America research and development
on a linear collider detector has followed complementary
paths to that in Europe. Among the developments in the
US has been the conception of a detector built around silicon tracking, which relies heavily on a pixel (CCD) vertex
detector, and employs a silicon tungsten calorimeter. Since
this detector is quite different from the TESLA detector, we
describe it here, along with some of the sub-system specific
R&D in these regions.



The “Silicon Detector” (SiD, illustrated in Figure 1) was
conceived as a high performance detector for the NLC,
achieving all of the physics goals enumerated above, with
reasonably uncompromised performance, but constrained
to a rational cost. The strategy of the “Silicon Detector” is
based on the assumption that energy flow calorimetry will
be important. While this has not yet been demonstrated in
simulation by the US groups, the TESLA Collaboration has
accepted this and it seems probable that the US community
will eventually agree.

The TESLA detector, which has been developed by the
ECFA-DESY Studies over the past several years, optimizes
the design of the detector around a specific set of assumptions. Alternative assumptions exist, and to a varying degree, have been applied to the design of other possible linear collider detectors, such as the JLC 1 Detector, the North
American Large Detector, and the North American Silicon
Detector (so-called SiD). Table 1 summarizes the properties of these differing choices. This table shows a number
of similarities between the detectors:



Timing resolution capable of separating bunchcrossing to suppress overlapping of events.

THE SILICON DETECTOR

INTRODUCTION




Hermeticity (both crack-less and coverage to very forward angles) to precisely determine the missing momentum.

both TESLA and the Large Detector use TPC trackers.
both TESLA and the Silicon Detector use silicon/tungsten for the EM calorimeter.
The Large Detector and the JLC Detector choose scintillator tile with lead for EM and hadron calorimetry.

Other details vary, including the choice of magnetic field,
which ranges from 3 up to 5 Tesla.
Each of these designs is guided by the physics goals,
which lead to the following principal detector goals:





Two-jet mass resolution, comparable to the natural
widths of the W and Z for an unambiguous identificaion of the final states.

Figure 1: The Silicon Detector.
The strategy of energy-flow calorimetry leads directly to
a reasonably large value of BR2 to provide charged-neutral
separation in a jet, and to an electromagnetic calorimeter (EMCal) design with a small Moliere radius and small
pixel size. Additionally, it is desirable to read out each
layer of the EMCal to provide maximal information on
shower development. This leads to the same nominal solution as TESLA: a series of layers of about 0.5 X0 Tungsten sheets alternating with arrays of silicon diodes. Such

Excellent flavor-tagging efficiency and purity.
Momentum resolution capable of reconstructing the
recoil-mass to di-muons in Higgs-strahlung with resolution better than the beam-energy spread.

 The authors acknowledge the help of the following people in preparing this overview: Gene Fisk, Ray Frey, John Jaros, Tom Markiewicz,
Bruce Schumm, Eric Torrence, and Jae Yu.
1 The name JLC was changed to GLC in April, 2003.
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Tracker type
ECal

Rmin barrel (m)
Type
Sampling
Gaps,active(mm)
Long. readouts

10

SiD

LD

JLC

TPC

Silicon

TPC

Jet-cell drift

1:68

1:27

2:00

1:60

Si pad/W

Si pad/W

scint tile/Pb

scint tile/Pb

2:5 (0:3 Si)

1 (scint)

2 (1 scint)

30

10

3

30  0:4X0
+10  1:2X0
2:5 (0:5 Si)

30  0:71X0 40  0:71X0

40

Trans. seg. (cm)
Channels (

TESLA

3)

zmin endcap (m)
HCal

Rmin (m) barrel
Type
Sampling
Gaps,active(mm)

38  0:71X0

1

0:5

5:2

4

32000

50000

135

144

1:91

1:43

2:50

2:0

T: sc. tile/steel
D: digital/steel

digital/RPC
Cu or steel

scint tile/Pb

scint tile/Pb

1 (TBD)

2 (scint)

3 (2 scint)

2:8

38  0:12 (B),
53  0:12 (EC)
T: 6:5 (5 scint)
D: 6:5 (TBD)

1:7

3:0

1:9

34  0:12 120  0:047 130  0:047

Longitudinal
readouts

T: 9(B), 12(EC)
D: 38(B), 53(EC)

34

3

4

Transverse
segment. (cm)

T: 5–25
D: 1

1

19

14

5Æ

6Æ

6Æ

8Æ

3:0

2:5

3:7

3:7

4

5

3

3

option: Si pad
sh. max det

sc. strip (1cm)
shower max det
(2 layers)

min endcap
Coil

Rmin (m)
B (T)
Comment

Shashlik ECal
option in TDR
discontinued

Table 1: Comparison of Detector Configurations

a calorimeter is expensive, and its cost is moderated by
keeping the scale of the inner detectors down. This has
two implications: the space point resolution of the tracker
should be excellent to meet momentum resolution requirements in a modest radius detector; and the design should
admit high performance endcaps so that the barrel length
(or cosBarrel ) will be small.

struction, as well as participate in the reconstruction of neutral strange particles. Strange particle decays in the tracker
will be reconstructed from stubs in the EM calorimeter
matched to hits in the silicon strips.
The last real strategic question is whether the Hadronic
Calorimeter (HCAL) will be inside or outside the coil. Locating the HCAL inside the coil permits reasonably hermetic calorimetry, but it costs a larger, more expensive coil
and more iron to return the flux. It is assumed that the detector will have a “standard” ultra high performance vertex
detector based on CCD’s (or an equivalent thin, small pixel
technology), and that a muon tracker will be interleaved in

It is expected that track finding will largely be done
in the 5 layer pixellated vertex detector, and the socalled tracker will primarily make the momentum measurement(“Momenter”?), and improve the impact parameter measurement, and consequently refine the vertex recon96

the iron flux return utilizing reliable RPC’s or equivalent.
These considerations lead to a first trial design with a
tracking radius of 1.25 m and a field of 5 T. The field is
set high to get a large BR2 , and also provides a safety
margin of protection for the vertex detector against the
massive number of electron-positron pairs at the interation point. This choice makes BR2 = 8, compared to 10
for TESLA and 12 for the North American Large Detector. The baseline tracker is 5 layers of silicon microstrips
(silicon drift detectors are under consideration as an option) with a cosBarrel of 0.8. A set of 5 silicon strip
disks is arranged as to complete the acceptance. It is made
of thinned silicon squares daisy chained together and read
out on the ends, and supported by a low mass carbon fiber
space frame. The HCAL is chosen inside the coil, and the
radiator is Stainless Steel. The quadrant view is shown in
Figure 2, and the major dimensions are tabulated in Table
2.

Detector

Radius (m)

Axial(z)(m)

Min

Max

Min

Max

Vertex Detector

0.01

0.10

0.00

0.15

Central Tracking

0.20

1.25

0.00

1.67

Endcap Tracker

0.04

0.20

0.27

1.67

Barrel Ecal

1.27

1.42

0.00

1.84

Endcap Ecal

0.20

1.25

1.68

1.83

Barrel Hcal

1.44

2.46

0.00

2.86

Endcap Hcal

0.20

1.42

1.84

2.86

Coil

2.49

3.34

0.00

2.86

Barrel Iron

3.37

6.36

0.00

2.87

Endcap Iron

0.20

6.36

2.87

5.86

Table 2: SiD Major Dimensions

mentum resolution; that its barrel end structure should be
thin compared to a TPC leading to better performance from
disk endcaps; and that the silicon should be extremely robust in the questionable backgrounds of a linear collider.
On the other hand, it will be challenging to read out the
long strips with good noise performance and to keep the
overall thickness of the structure very small.2
The vertex detector is assumed to be a CCD vertex detector, built of CCDs of optimal shape, with multiple readout nodes (20) for speed, thinned (<
m), with improved radiation hardness, and low power. A readout ASIC
is mounted at the CCD, with output through fiber optics.
This is a modest extrapolation from SLD’s VXD3, with
about 3 times the number of pixels.
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Figure 2: Quadrant View of the Silicon Detector.

EM Calorimeter
The EMCal consists of layers of tungsten with gaps sufficient for arrays of silicon diode detectors mounted on G10
mother boards and for a thermal conductor to provide heat
removal. The diode arrays are hexagonal pixels, approximately 5 mm across. The thickness of these gaps is a major
issue, in that it drives the Moliere radius of the calorimeter.
A thickness of 2.5 mm seems plausible now, accommodating a 0.3-0.5 mm silicon wafer, a 0.5 mm G10 carrier, a
1 mm Cu thermal conduction sheet, and 0.5 mm of clearance. Conversely, 1.5 mm seems barely plausible but is an
interesting goal! A stacked assembly rather than insertion
into a slot is assumed. For now, we assume a 2.5 mm gap.3
The readout electronics from preamplification through
digitization and zero suppression will be developed on a
single chip that will be bump or diffusion bonded to the

Tracker
The tracker resolution versus cos is shown in Figure 3.
The resolution at 0 as a function of the tracker radius
is shown in Figure 4 for the high momentum of p = 250
GeV/c, illustrating the choice of the 1.25 m outer radius.
The high momentum resolution of the tracker is analyzed
as a system with the 5-layer vertex detector. The low momentum track finding performance has not yet been calculated. Note that the tracker should be considered with the
5 layer vertex detector as a tracking system. It is assumed
that the barrel readout is only at the ends of each layer, and
that its mass has been minimized by ASIC’s. Note that the
required duty factor of a few hundred nanoseconds (a few
microseconds in probable reality) every 8 milliseconds, is
tiny compared to ATLAS, and that thermal management
should be straightforward assuming power pulsing. The
reasons for considering a silicon strip tracker are that its
point resolution is excellent, leading to excellent high mo-

90

2 Recent designs are considering individual readout of each detector to
provide timing tags and lower occupancies.
3 Recent work indicates that 1.5 mm or somewhat less should be possible.
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W Thickness

2.5 mm

Gap

2.5 mm

Layers

30

Total X0

21.4

Table 3: SiD Electromagnetic Calorimeter Parameters

the electronics can maintain adequately low noise in the
presence of this power pulsing remains to be demonstrated.



Figure 3: Momentum resolution pt =p2t as a function
of cos, specifically log10 (1-cos), for momenta of 3
GeV/c, 20 GeV/c, and 100 GeV/c. The values of the function for  =  /4, 300 mr, 200 mr, and 150 mr are indicated
by the vertical dashed lines.

Figure 5: The center of one 1000 pixel silicon wafer showing the bump bond array at the center for the single readout
chip. A few representative traces from pixels to bump bond
array are shown.
Figure 4: Momentum Resolution at p = 250 GeV/c vs. radius for the SiD tracker system.

Multi-Layer G-10
Wire Bond

wafer of detector diodes. Figure 5 illustrates the center of
one 1000 pixel silicon wafer, with the bump bond array at
the center, and the traces from the pixels to the bump bond
array. Thus it is expected that the pixel size on the wafer
will not affect the cost directly. Shaping times would be
optimized for the (small) capacitance of the depleted diode.
Recent work indicates that it may be possible to get timing
information from each pixel, with localization to about a
bunch within a train. Figure 6 is a cross-sectional view in
the vicinity of the readout chip.
Thermal management is a fundamental problem for the
EM Calorimeter as envisoned here with the deeply embed3
ded electronics. With a power pulsing duty factor of
(which is possible for the X-Band collider), each wafer
might generate 20 mW average power. Preliminary calculations indicate a water cooled heat sink at the outer edge
of an octant, conducting heat through a 1 mm thick copper
plane sandwiched with tungsten and G10, will develop a
0 C temperature differential. This is acceptable. Whether

Readout Chip
Bump Bonds

Silicon Wafer

1

0

2

3

4

5 mm

Figure 6: Cross-sectional view in the vicinity of the EM
Calorimeter readout chip.

Hadron Calorimeter
The HCal is chosen to lie inside the coil. This choice permits much better hermeticity for the HCal, and extends the
solenoid to the endcap flux return. This makes a more uniform field for the track finding, and simplifies the coil design. The HCal radiator is a non-magnetic metal, probably
copper or stainless steel. Lead is possible, but is mechanically more difficult, particularly since the EMCal is supported by the inner layer of the HCal. The detectors could
be “digital”, with high reliability RPC’s assumed. Studies

10

14
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are underway to determine the performance of the “digital”
approach.
The HCal is assumed to be 4  thick, with 46 layers of
radiator 5 cm thick alternating with 1.5 cm gaps.

Coil and Muon Tracker
The coil concept is based on the CMS design, with two
layers superconductor and stabilizer. The stored energy is
1.4 GJ, compared to about 2.4 GJ for the TESLA detector
and 1.7 GJ for the “L” detector. The coil R is 85 cm.
The flux return and muon tracker is designed to return
the flux from the solenoid, although the saturation field for
the iron is assumed to be 1.8 T, which may be optimistic.
The iron is laminated in 5cm slabs with 1.5 cm gaps for
detectors.



Forward Detector
Figure 8: Cross section of the luminosity-pair monitor in
the SiD forwrad system at z=3.5m.

Figure 7 shows the SiD forward system. This figure illustrates the forward masking and magnets, and the tracking, calorimetry, and luminosity-pair monitor. Figure 8
shows the beampipe openings in the luminosity-pair monitor located 3.5 meters from the IP.

Figure 7: Schematic of the forward region of SiD, showing the forward masking and magnets, and the tracking,
calorimetry, and luminosity-pair monitor.

Figure 9: Cost differential versus tracker radius.

Costs
cost dependence on the thickness of the HCal. Although
the HCal itself is not particularly expensive, it drives the
coil and flux return size. The estimated values are shown
in Figure 11.

The “complete” cost estimate is in a separate document.
A crude design code was written in Excel to keep the detector nominally consistent as parameters were varied which
allows the estimation of some of the cost partial derivatives.
The reader is cautioned that these are rather preliminary estimates.
The detector cost derivatives due to the major tracker parameters are shown in Figures 9 and 10.
The SiD tracker outer radius is nominally set to 1.25 m
and cos Barrel =0.8. A further interesting partial is the

The “more complete but extraordinarily preliminary”
SiD total cost estimate is calculated mostly using numbers from the other North American detector costing
exercises.[2] At this time the total materials and supplies
(M&S) estimate is $183M, the Labor estimate is $55M,
and contingency is $84M, for a total of $322M.
99





Simulation
Gaseous Tracking (TPC)
Solid-state Tracking (-strips and silicon drift)

The simulation has been aimed at establishing tracking
specifications, such as resolution and coverage, and in comparing and qualifying technologies.
Future goals for the simulation will include:



Refine Tracker Requirements
– SUSY (central at Michigan, forward at USCS)



Explore Alternatives (not yet fully underway)
– TPC vs. silicon drift
– All-axial central -strip tracking
– Forward tracking scenarios
– With GEANT-based background included



Figure 10: Cost differential versus tracker barrel angle.

Tracking/Calorimeter Interface Issue
– Track-cluster matching
– Calorimeter-assisted VEE finding

Several Canadian and US groups are working on gaseous
tracking. Their objectives are:





Explore readout choice and design
Gas selection (neutron backgrounds, diffusion)
Compact electronics

Test chambers are being studied at Carleton, Victoria, and Cornell. GEM production is carried out at MIT
(Microsystems Technology Laboratory) and proposed at
Louisiana Tech.
Solid-state tracking R&D includes both microstrip detectors and silicon drift detectors:
Figure 11: Cost differential versus hadron calorimeter
thickness.



Long Shaping-time -strips
– Ultra-thin (for momentum resolution and
energy-flow)

DETECTOR R&D IN NORTH AMERICA

– ASIC development at UC Santa Cruz

The detector R&D in North American on linear collider
detectors is diverse, and has not been aimed at any specific
detector configuration. Following several years of support
for simulation, the effort is now transitioning into an invigorated hardware effort. Funding for this new era is now
established.
Below we list many of the tasks that are under investigation (this is not an inclusive list; there are other efforts).

Tracking

– Long (2m) ladders under development at UCSC



Silicon Drift R&D (Wayne State, Brookhaven)
– Intrinsically 3-dimensional
– Proven (STAR VTX detector at RHIC)
– Longer, thinner sensors; low-power readout



Mechanical Issues
– Space frame
– Interferometeric position monitoring (Michigan)

Tracking has focussed on three main R&D thrusts:
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Vertex Detection
Three groups are working now or plan to start work on
vertex detection. The Oregon/Yale/SLAC group is investigating CCDs, as a next step from the success of the 307
Mpixel CCD vertex detector of SLD, VXD3. This studies
include:





Radiation hardness studies





Developing new CCD detector prototype
Studying mechanical issues
Design readout for X-Band operation

Calorimetry
Calorimetry R&D is summarized in Table 4.







ECal module (roughly 20 cm x 20 cm x 30 layers)
HCal module (roughly 1m x 1m x 1m)
Starting 2004-5; site(s) to be determined

Simulations underway

Extensive R&D and simulation progress

Test 16 pixel MAPMT - specification and parameters.
Test extruded MINOS-style scintillator and fiber.
Develop prototype modules (2.5m W x 5.0m L) to:
1. Understand mechanical design/construction issues such as basic scint. Layout, WLS fiber laying, WLS - clear fiber connections, fiber routing,
bundling, optical multiplexing, mechanical engineering, etc.

Goal: Full validation of simulations (GEANT4)

Si/W - SLAC/Oregon/BNL
Integrated Electronics

2. Understand FE electronics, calibration and readout specifications.

– Analog + digital preliminary design

3. Understand safety, testing, and QA procedures.

0.20x0.25 mm2 /pixel
Full charge and time
Heat looks ok (power pulsing)

4. Implement cosmic ray tests and eventually beam
tests.
5. Make detailed cost estimates for a scintillatorbased muon system.

Silicon Detectors
– Prototype design finalized




GEM foils/prototypes fabricated in Texas

An active group including Fermilab, Northern Illinois,
Notre Dame, UC Davis, Wayne State, Rice and UT Austin,
is working on a scintillator based muon detector.[1] This
effort spans the tasks from simulation of muon detection,
to prototype planning. The hardware plan includes:

Some additional details of these efforts:



Triple GEM

Muons

The calorimeter group has the following test beam plan:





Plans for 1 m3 test beam module underway

Scint. tiles - N. Illinois

The Oklahoma/Boston/Fermilab group plans to develop
a design for a linear collider ASIC for CCD readout, and
the Purdue group is planning studies of the mechanical behavior of thin silicon and the development of hybrid silicon
pixels for the linear collider.



Avalanche mode

GEMs - UT Arlington

– spare ladder studies






Glass

– Requires integrated amplification (ASIC)

– removal of SLD VXD3 for analysis





Emphasize reliability

Beamline Instrumentation

5x5 mm2 pixels
6” wafers

A very active group is working on beam-line instrumentation in North America. The high priority items are:

– Vendor order in progress
Colorado’s scintillator tile concept uses an offset type
configuration to improve performance. Simulations and detector work is in progress.
Kansas
is
developing
a
hybrid
scintillator/silicon/tungsten module to provide optimize performance.
RPCs - Argonne/Chicago/BU/FNAL
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dL/dE analysis
– complete analysis to extract both tail and core
– understand external inputs (asymmetries, offsets)
– possible to extract correlations (energy, polarization)?

Ecal

Hcal

Silicon/W

SLAC/Oregon/BNL

Designs and prototyping

Scint/Si/W hybrid

Kansas

Initial ideas

Scint tile/W

Colorado

Ideas under study

Digital - Scint. Tiles

N. Illinois

Designs and prototyping

Digital - RPCs

Argonne/Chicago/BU/FNAL

Designs and prototyping

Digital - GEMs

UT Arlington

Initial designs and prototyping

Table 4: Calorimeter Detector R&D in North America



Accelerator R&D

Extraction line studies
– expected distributions with disrupted beam

Within the US there is a large interest within the university community in working on linear collider accelerator
R&D. This is now funded by DOE at roughly the same
level as the linear collider detector R&D and a similar level
of support is being considered at NSF.

– expected backgrounds at detectors



Forward Tracking/Calorimetry
– Realistic conceptual design for NLC detector
– Expected systematics eg: alignment



R&D ON THE JLC DETECTOR

Beam Energy Width
– Understand precision of beam-based techniques
– Possible with extraction line energy spectrometer based on SLD approach of Wire Imaging
Synchrotron Radiation Detectors (WISRD)

The ongoing R&D work including the following



The JLC strategy for choice of technologies in the baseline R&D has been taken with two principles: 1.) there will
be no “proof-of-principle” R&D, and 2.) the detector must
be constructible within an affordable budget.
The overall layout of the JLC Detector is shown in Figure 12 in the 3T field configuration.

Luminosity
– dL/dE analysis (SLAC, Wayne St.)
– Beamstrahlung Monitor (Wayne St.)
– Pair monitor (Hawaii, in collab. with Tohoku)
– Forward calorimeter (Iowa St.)



Energy
– WISRD spectrometer (UMass, Oregon)
– BPM spectrometer (Notre Dame)



Polarization
– x-line simulations (SLAC, Tufts)
– Quartz fiber calorimter (Iowa, Tennessee)

There are many important topics uncovered.

Testbeams
Test beams will be required to develop the detectors
needed for the linear collider. We must begin now to plan
for these beams. An assessment is underway across the
regions. Some understanding of these needs is being to develop. Table 5 summarizes the known needs at the present
time.

Figure 12: GEANT drawing of the baseline JLC Detector
for 3 Tesla.
There is progress in several areas of the detector. In each,
we list below the work that is completed, or nearly so, and
the work that is in progress, or yet to do.
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1

Group

Apparatus

Beam Conditions

When/Where

TESLA/CALICE

E Cal/H Cal

e,, ,p

Mid 2004 - 2005 Fermilab/Protvino?

J.-C. Brient/P. Dauncy et al

E-flow Tests

e 1-100 GeV

Setup; DESY/CERN
Fermilab/Protvino?

2
3

JLC-Cal - Y. Fujii et al
LC- Cal - R. Frey et al

EM/H Cal

e,, ,p

KEK/2004

Prototypes

1-200 GeV

US/Europe 2004-8

E Cal

e to 10 GeV

E cal at SLAC ’04;

e,, ,p ! 120

H Cal Prototypes
4

Digital H Cal - Argonne,

e,, ,p ! 120

H-Cal Prototypes

E & H Cal @ FNAL?
Fermilab - 2005-’06

NIU, UTA, et al
5

IP Instrumentation

Gas C counter/cal

Woods/Torrence et al

Quartz fiber cal

e/ to 100 GeV;

Sec. Emission det.

LINX for

W. angle, vis light

beamstrahlung;

beamstrahlung

Polarized e’s

Various

Synchrotron rad
BPM E spectro
6

IP Instr and Calorimetry

Compton polar. w/

Onel/Winn et al

quartz fiber cal;

e, , p ! 120

Fermilab

Sec. Emission det.

< 20, < 300 GeV

CERN PS & SPS
Fermilab

C compensated cal
7
8

Tile/fiber Tests

Detector

e,,

R. Ruchti

prototypes, timing,

10 - 100 GeV

Muon Prototype Detectors

RPCs and

e’s 50-750 MeV

TESLA/ALC

Scintillator based

e,, ! 120GeV

Frascati 2004
Fermilab 2005

Table 5: Test Beam Requirements (incomplete list).

Vertex Detector



4. precise estimation of background by a full simulation with detailed beamline components.

done or finishing soon:
1. excellent spatial resolution (see Figure 13);
2. room-temperature operation (good S/N by
Multi-Pinned Phase operation);

Intermediate Tracker



3. radiation hardness measurement : 90 Sr, 252 Cf ,
electron-beam irradiation; analysis is underway.



in progress or to do:
1. Si-sensor fabrication and test-module construction;
2. Simulation study of VTX-IT-CT combined
tracking (see Figure 15).

in progress or to do:
1. CTI improvement: two-phase clocking, thermal
charge injection, notch structure (see Figure 14);
2. fast readout : test-board fabrication in progress ;

Central Tracker

3. thinned CCD (20micrometer): flatness, stability,
reproducibility;
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done or finishing soon:
1. spatial resolution;

20 m, 30 m, 40 m with standard dete tor parameters. A better spatial resolution gives us mu h improvements but we should onsider its merit based on the
improvements and the ost of the dete tor.
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2. z-measurement with charge division;
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120

beam OF F

5. bunch-tagging capability and its impact on
physics sensitivity.

800

Before irradiation
1.7x1011 e/cm2 (13 krad)
8.5x1011 e/cm2 (65 krad)

Notch CCD

beam ON

4. full-simulation study on Pt resolution;

160
Standard CCD



3. solve creeping of aluminum wire;

Laser : injected at drift length = 2.25cm

∆X ON - ∆X OFF (µm)

Vertical CTI (x10-5)

Figure 13: Position resolution of CCD test module obtained with minimum-ionizing pions at KEK pi2 testbeam
measurement. Intrinsic resolutions, after subtraction of
multiple-scattering effects, are written as insight of the figure.

Sense Wire H.V. = 2.8kV

600
Sense Wire H.V. = 2.5kV

IT , the momentum resolutions for di erent muon momenta.
Figure 6: Pt =Pt vs:
r
Preliminary

100

400

Figure 6 shows that there is no signi ant improvement of momentum resolution
at the low energy
(the lower line means the momentum resolution when we used
200
CDC-VTX only at 10 GeV). This is be ause that the e e t of the multiple s attering dominates the momentum resolution. On the other hand, at the higher
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Figure 14: Charge-Transfer Inefficiency of CCDs. Dashed
lines are for standard CCD, while solid lines are for
’notched-structure’ CCD. Notched structure improves CTI
significantly. Notched structure has small deeper well to
concentrate charge in a well.
2.
3.
4.
5.



Figure 16: Effect of drift-field deformation caused by
positive-ions on position measurement. For higher beam
intensity (higher sense current) measured position shifts.
However in the actual operation, inter-train time is long
enough to sweep out all the positive ions.

Calorimeter

effect of gas contamination;
Lorentz angle measurement;
dE/dx measurement;
positive-ion space-charge effect (see Figure 16).



done or finishing soon:
1. hardware compensation, energy response linearity, energy resolution (stochastic term);
2. machine-ability of tiny tiles, assemble-ability;
3. performance of WLS-readout shower-position
detector.

in progress or to do:
1. two-track separation performance with a test
chamber using parallel laser beam (see Figure
17);
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in progress or to do:
1. granularity optimization with a full simulation;

Muon System
200

There is no effort on the muon system for the JLC Detector.

175

Voltage (mV)

150

CONCLUSION

125

The Detector R&D underway in the different regions of
the world shows there is no unique solution, and differing
optimizations can lead to quite different detector configurations. The advantages and disadvantages of each approach
needs to be confronted with honest assessment and comparison.
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Figure 17: Sense-wire FADC spectrum when two parallel
laser tracks are injected into a test chamber with distance
of 2.2mm. 2mm-separation is assured.



[1] http://www-d0.fnal.gov/ maciel/LCD/awg lcdmu.html.
[2] Linear Collider Physics Resource Book for Snowmass 2001,
http://www.slac.stanford.edu/grp/th/LCBook/, 412-413.

Figure 18: Shower axis angular resolution (preliminary) of a
scintillator-strip-array EMcal obtained by a testbeam measurement at KEK. Strip width is 1cm, and the module has 6 superlayers (17 radiation length).
2. photon yield and non-uniformity improvement
for conventional tile/fiber EMcal;
3. performance study of strip-array EMcal :
beamtest, simulation, ghost-rejection (see Figure 18);
4. shower-position detector with directly-mounted
APD-readout;
5. photon detectors (multi-channel HPD/HAPD,
EBCCD etc.).
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A BRIEF REVIEW of the FINDINGS of the INTERNATIONAL LINEAR
COLLIDER TECHNICAL REVIEW COMMITTEE (ILC-TRC)
N. J. Walker, DESY, Hamburg
Abstract
In the beginning of 2003, the ILC-TRC published its
second report on the status of R&D towards the current
proposed designs for an e+e− linear collider [1]. The
nearly 500 page report was the end result of over one year
of intense work by over 30 scientists from the various
linear collider related laboratories around the world.
Charged with making a critical review of the machine
designs, while identifying outstanding R&D items, the
end result in itself represents a unique resource of
information for anyone interested in the subject (both
expert and novice alike). In the following report, I will
summarise the findings of the committee, with perhaps a
slightly personal perspective. Those readers who are
interested in the subject are encouraged to read at least the
executive summary (on which this report is loosely
based), if not the entire report.

INTRODUCTION
At the Snowmass workshop in July 2001, the then
newly formed Steering Committee of the second ILCTRC met for the first time. Chaired once again by Greg
Loew (SLAC), the Steering Committee reflected the five
current proposals for a 500 GeV and beyond centre of
mass e+e− linear collider:
•
•
•
•

R. Brinkmann (DESY) for TESLA [2];
G. Guignard (CERN) for CLIC [3];
T. Raubenheimer (SLAC) for NLC [4];
K. Yokoya (KEK) for the JLC-C and JLC-X [5].

This meeting marked the beginning of a process that
would take over one year to complete, and would keep
some 30 accelerator physicists fully occupied for that
time. The second study was formally commissioned by
chair of ICFA (Prof. H. Sugawara) in February of 2001.
The charge broadly sketched by ICFA to the ILC-TRC
and then later refined read as follows (taken verbatim
from [1]):
•

•
•
•

To assess the present technical status of the four
LC designs at hand, and their potential for meeting
the advertised parameters at 500 GeV c.m. Use
common criteria, definitions, computer codes, etc.,
for the assessments.
To assess the potential of each design for reaching
higher energies above 500 GeV c.m.
To establish, for each design, the R&D work that
remains to be done in the next few years.
To suggest future areas of collaboration.

By ‘present status’ it was agreed to take the baseline
designs as outlined in (for example) the TESLA TDR [2]
and the 2001 NLC Snowmass Report (the so-called
copper book [4]). The Steering Committee decided to
address these charges by forming three working groups,
each containing 14-15 international experts in accelerator
physics:
•
•
•

Technology, RF Power, and Energy
Performance Assessments – chaired by Daniel
Boussard, (CERN retired);
Luminosity Performance Assessments – chaired
by Gerry Dougan (Cornell University);
Reliability, Availability and Operability – cochaired by Nan Phinney (SLAC) and Ralph
Pasquinelli (FNAL).

Once in place, these three working groups worked
primarily by exchange of emails (Gbytes!), and numerous
conference calls (sometimes several per week). In
addition, four pivotal meetings were held at SLAC
(February 2002), CERN (April 2002), Paris (June 2002)
and finally DESY (September 2002).

THEN AND NOW
Before discussing the findings of the current (and
second) ILC-TRC, it is interesting to look back at the first
report, published at the end of 1995 [6]. At that time,
there were no less than 8 proposed machines, of which 3
have since disappeared. Of the remaining five, the X-band
machines proposed by SLAC (NLC) and KEK (JLC*)
have become virtually identical in design; as a result, the
ILC-TRC treated them as one design, resulting in four
separate machines to be compared. Tables 1 and 2 show
some key parameters for the 500 GeV c.m. machines
from the first and second (current) ILC-TRC reports
respectively.
Since 1994, the four remaining designs have matured
significantly, reflecting both the advances in hardware
R&D and in simulation. Comparing the example
parameters listed in tables 1 and 2, we immediately see
that the proposed peak luminosity for these machines has
increased by almost a factor of 6! This factor alone has
significantly strengthened the physics case for an e+e−
linear collider, ultimately leading to the unprecedented
situation today of a world-wide consensus on the need for
such a machine. But the factor of 6 does not come for
free, and the machine designers have pushed ever closer
to the edge of the envelope to achieve it. I believe the
increase has been primarily driven by the
*

as of writing, KEK have renamed their X-band accelerator proposal
from JLC to GLC for ‘Global Linear Accelerator’.
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fRF
L
Pbeam
PAC

γεy
σ y*

GHz
×1033 cm−2s−1
MW
MW
×10−8 m
nm

TESLA

SBLC

JLC-S

JLC-C

JLC-X

NLC

VLEPP

CLIC

1.3
6
16.5
164
100
64

3.0
4
7.3
139
50
28

2.8
4
1.3
118
4.8
3

5.7
9
4.3
209
4.8
3

11.4
5
3.2
114
4.8
3

11.4
7
4.2
103
5
3.2

14.0
9
2.4
57
7.5
4

30.0
1-5
~1-4
100
15
7.4

Table 1: Example parameters for the 500 GeV c.m. linear collider designs reviewed as part of the first ILC-TRC in
1994 [2].

fRF
L
Pbeam
PAC

γεy
σ y*

GHz
×1033 cm−2s−1
MW
MW
×10−8 m
nm

TESLA
1.3
34
11.3
140
3
5

JLC-C
5.7
14
5.8
233
4
4

JLC-X/NLC
11.4
20
6.9
195
4
3

CLIC
30.0
21
4.9
175
1
1.2

Table 2: Example parameters for the remaining 500 GeV c.m. linear colliders for
the current (second) ILC-TRC [1].
competition between the warm and cold designs (good for
the consumer?). If that is true we might ask if the push
towards this very ambitious high luminosity is technically
justified? That questions is one of the reasons why the
second ILC-TRC was convened. As we will see, the
outcome looks good, although it should be stressed that
the experts within the ILC-TRC all agreed that this was as
far as it goes: there is almost certainly no more factors to
be had between now and building the machine.

•

•

ORGANISATION AND METHODOLOGY
Figure 1 shows that overall organisation of the ILCTRC. The three working groups were made up of a total
of 28 accelerator experts; of these many were taken
directly from the centres of linear collider R&D, but
several neutrals form accelerator fields outside the
immediate LC community were also included. The
Reliability, Availability and Operability working group
was not originally foreseen at the beginning of the
committee’s work, the subject being considered
separately for each of the original two working groups. It
soon became clear, however, that the subject could not be
dealt with separately within the contexts of the two
groups, and a third amalgamated working group was
formed.
The approach taken by the three groups was to divide
the scope into smaller sub-groups:
•

Tech., RF Power and Energy Performance
o Injectors, Damping Rings and Beam Delivery
o Klystrons, Power Supplies, Modulators and
Low Level RF
o Power Distribution (RF pulse compression,
waveguides, two-beam acceleration)

o Accelerator Structures
Luminosity Performance
o Electron and Positron Sources
o Damping Rings
o Low Emittance Transport (DR to IP)
o Machine Detector Interface
Reliability, Availability and Operability
o Compilation of data from existing machines
o Component reliability issues
o Machine protection system (MPS)
o Commissioning, tuning, and maintenance

For all three working groups, the overall philosophy
(methodology) was the same:
•
•
•
•
•

review current designs and status (achievements)
of R&D, particularly the test facilities;
identify the positive aspects of the designs;
identify those areas of concern and
identify R&D that needs to be done to address
these issues;
categorise (rank) the R&D items.

By the nature if its charge, the technology working group
was a traditional review of the hardware designs of the
machines, and the current R&D and test facilities.
Although mandated with looking at all aspects of the
machine, the focus was clearly on the main linac,
specifically the power generation and distribution, and the
structure and cavity status. By contrast, the luminosity
group set about repeating many beam dynamics
simulations related to the machine performance.
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the various machine designs, the particularly failure
modes and their impact on luminosity first need to be
accessed. Ultimately numbers such as mean time between
failure (MTBF) are required, and in many instances these
numbers are non-existent or based on such low statistics
as to make their extrapolation to the quantities of
components used in a linear collider questionable.
Nevertheless, all agreed that such issues are of paramount
importance when designing a new facility as complex as a
linear collider.

chair
G. Loew (SLAC)

Steering Committee
R. Brinkmann (DESY)
G. Guignard (CERN)
T. Raubenheimer (SLAC)
K. Yokoya (KEK)

Technology WG
D. Boussard (CERN, chair)
C. Adolphsen (SLAC)
H. Braun (CERN)
Y. Chin (KEK)
H. Edwards (FNAL)
K. Hübner (CERN)
L. Lilje (DESY)
P. Logatchov (BINP)
R. Pasquinelli (FNAL)
M. Ross (SLAC)
T. Schintake (KEK)
N. Toge (KEK)
H. Weise (DESY)
P. Wilson (SLAC)
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G. Dugan (Cornell, chair)
R. Assmann (CERN)
W. Decking (DESY)
J. Gareyte (CERN)
W. Kozanecki (Saclay)
K. Kubo (KEK)
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J. Rogers (Cornell)
D. Schulte (CERN)
A. Seryi (SLAC)
R. Settles (MPI)
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N. Walker (DESY)
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THE FINDINGS:
OVERALL CONCLUSIONS
After what is almost certainly over a total of a thousand
man-years of linear collider R&D spread over a decade
and a half, the first overall conclusion of the ILC-TRC
was extremely positive: the report states that the ILCTRC
“did not find any insurmountable obstacles to
building TESLA, JLC-X/NLC, or JLC-C
within the next few years and CLIC in a more
distant future.”

Reliability WG
N. Phinney (SLAC, co-chair)
R. Pasquinelli (FNAL, co-chair)
C. Adolphsen (SLAC)
R, Assmann (CERN)
Y. Chin (KEK)
H. Edwards (FNAL)
K. Hübner (CERN)
W. Kozanecki (Saclay)
M. Ross (SLAC)
T. Schintake (KEK)
D. Schulte (CERN)
P. Tenenbaum (SLAC)
N. Toge (KEK)
N. Walker (DESY)
H. Weise (DESY)

Figure 1: Structure of the second ILC-TRC.
The goals was to (where possible) produce results using
the same software simulations across all the designs, and
in doing so established benchmarked tools. In this respect,
the ILC-TRC was much more than just a review, and
many new never before attempted simulations were made.
Particularly for the damping rings and the so-called low
emittance transport (LET) systems (bunch compressor,
main linac and beam delivery systems), the available
software tools became more sophisticated, and new
results were obtained as a direct result of the ILC-TRC
process.
Of all the working groups, perhaps the reliability group
had the hardest job. The first step was to attempt to
tabulate reliability and availability numbers for existing
machine designs. This in itself proved problematic, since
different labs have different accounting procedures. The
bottom line with respect to reliability is the total
integrated luminosity at a specified centre-of mass energy
within a given run period. To attempt to quantify this for

In addition, the committee noted that for a 500 GeV c.m.
machine, the TESLA design is the most mature. I believe
this comment to be based purely on the linac technology,
as it is hard to see how the TESLA damping ring design
can be more mature than the NLC, for example.
Taken on its own, the above conclusion is enough for
us to start lobbying the funding agencies. The opinion of
the experts within the TRC was that we are ready to build
a linear collider, and should move towards that
realisation. However, by its nature, the ILC-TRC was a
critical review, and true to its charge, it identified a total
of 120 R&D items that should be addressed before the
final construction phase of the machine. Of these items,
40 were common to all machines; the rest were
distributed amongst the details of the individual designs.
These items were ranked into four categories that will be
dealt with in the next section.
Finally, the ILC-TRC took the opportunity in its overall
assessment to point out that
•
•

there is a severe lack of resources – both in terms
of man-power and capital funds – to maintain
parallel development of the four designs; and
that several of the existing test facilities are
effectively under used, either because of lack or
resources, or because of the demands of other
users.

As of writing, it is expected that a technology choice
will be sometime in 2004; this decision will certainly help
address the question of limited resources, but in my
opinion, a rapid increase in the R&D money must appear
soon after, if we are to realise construction of the machine
within a few years. From this perspective, the
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communities surrounding the machine designs will need
to collaborate politically as well as technically.

THE FINDINGS:
R&D RANKINGS

TESLA R1

As I mentioned in the previous section, the ILC-TRC
identified some 120 outstanding R&D items during the
course of its studies. There are no doubt many more, but
given the limited time and resources of the committee,
identification of this many is already a significant
contribution.
However, all R&D items are not born equal, and so
during the DESY meeting in September 2002, it was
decided that some sort of ranking or prioritisation was
required. After much discussion, four rankings were
agreed upon:
1.
2.
3.
4.

its implications, especially with respect to any future
decision on linac technology.
For the remainder of this section, I will briefly focus
some of the more critical R1 and R2 issues.

R&D needed for feasibility demonstration of the
machine;
R&D needed to finalise design choices and ensure
reliability of the machine;
R&D needed before starting production of systems
and components;
R&D desirable for technical or cost optimisation.

Clearly the significance reduces down the list (although
all of the items and many hundreds more must be dealt
with before a machine can be built and operated
successfully). The R1-4 (as they were to become known)
were further divided into those pertaining to a 500 GeV
c.m. machine, and those pertaining to an energy upgrade;
this division reflected the charge given to the ILC-TRC
by ICFA, although it might be argued† that the distinction
is far from clear, particularly on the central issue of the
linac structures and achievable gradient.

For TESLA, there is a single R1 item that refers to the
800 GeV upgrade capability:
•

construction and test of a single cryomodule
operating at a gradient of 35 MV/m, including
measurements of quench rates, break-downs and
dark current.

The report goes on to say that tests with electropolished
cavities assembled in a cryomodule are foreseen in 2003.
Unfortunately, due to lack of resources and budget
problems at DESY, it is now very unlikely that such a
complete test will be performed before 2005.
There is no equivalent TESLA R1 for 500 GeV c.m.,
since the committee felt that the demonstrations in the
TESLA Test Facility (TTF) of gradients of the order of
23.4 MV/m where sufficient ‘feasibility demonstration’.
This finding provides the basic support leading to the
statement concerning the ‘maturity’ of the TESLA
technology for a 500 GeV c.m. machine. However 90500 GeV c.m. is only the first phase of the project, and a
clear (and cost effective) upgrade path to 800-1000 GeV
c.m. is now mandatory. Therefore, it is the 35 MV/m goal
that is important in showing that the TESLA technology
can provide a viable solution for a future linear collider.
Fortunately, despite the lack of a full cryomodule test in
the near future as requested by the ILC-TRC, the highgradient program continues to yield extremely promising
results, some of which we will discuss in section below.

JLC-C R1
TESLA
Ecm
R1
R2
R3
R4

500
0
6
13
4

800
1
1
5
1

JLC-C
500
1
2
2
1

JLC-X/NLC
500
2
2
13
5

1000
0
0
2
0

CLIC
500
3
4
5
0

3000
0
2
2
0

com.

The ILC-TRC technology working group identified one
500 GeV c.m. R1 item for the JLC-C machine related to
linac technology:

0
9
26
7

•

Table 3: Distribution of ranked R&D items. The c.m.
energy is in GeV. com. refers to common items across all
designs.
Table 3 shows the distribution of the ranked items across
the machine designs and c.m. energies. Although it is
almost inevitable, care should be taken in interpreting the
‘score count’, since I believe the numbers in the table
hide much of subtle relevance behind each item. As an
example, the absence of numbers for the upgraded c.m.
energy generally reflect that the issues are faced ‘up front’
at the lower energy, and that there is no significant impact
in going to higher energies. In that respect, it is beneficial
to deal with each issue in its own right, and to understand
†

High power tests of the proposed C-band chokemode accelerating structures and pulse
compression scheme.

The report also mentions that these tests are foreseen at
the SPring-8 facility with the next few years.

JLC-X/NLC R1
For JLC-X/NLC there were two R1 items identified for
500 GeV c.m., both concerning the linac technology:

and correctly so in my opinion.
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•

•

Demonstration of the required unloaded gradient
(65 MV/m) in a structure with the current baseline
design
parameters
(including
wakefield
performance). Verification of RF breakdown rates.
High-powered tests of the dual-moded SLED-II
pulse compression system.

•

Both these R1 issues are currently being aggressively
addressed by the JLC-X/NLC collaboration, with tests
scheduled for the end of 2003.
The JLC-X/NLC upgrade scenario is simply to build
the linac longer (the tunnel will be constructed for 1 TeV
c.m. but at the beginning will only be half full of linac).
Consequently there are no additional R1 items for the
energy upgrade.

•

CLIC R1
For CLIC, 3 items were identified:
•
•
•

Tests of CLIC structures with full wakefield
performance and the required unloaded gradient
(172 MV/m) and pulse length (130 ns).
Validation of the drive beam generation using a
fully loaded linac.
During an RF fault, a way must be found to turn
off only a few structures within a drive beam unit
(currently it is foreseen to turn the entire section
off).

The first two issues are due to be tested in the CTF-3
experiment currently in preparation at CERN.

R2 items
As defined above, the 26 R2 items identified by the
committee are not considered necessary for ‘proof of
principle’, but are still a very high priority; in general they
refer to topics which need to be resolved before the
design of the machine can be finalised. Perhaps another
way of looking at this is that these particular items raised
some serious concerns over the current baseline designs
amongst the working group members.
For TESLA, the R2 items can be briefly summarised as
follows:
•

•
•

•

The requirement of a linac unit test is a common theme
that runs across all the machines. The first R2
requirement for the JLC-X/NLC – although worded
slightly differently, and with more emphasis on the power
source and distribution – is effectively the same
requirement§.
Perhaps most interesting from the point of view of
potential collaboration is the list of common R2 items –
all of which were identified by the luminosity and
reliability working groups. The luminosity group
identified several common items relating to damping
rings and the low emittance transport beam dynamics:
damping rings
•
•

•

A test of a complete linac unit (i.e. several
cryomodules installed in an environment close to
that foreseen for the final machine); such a facility
would be used as a test bed for components. All
foreseen components must be shown to be within
their desired specifications, and that the linac
performs at the required gradient and within
tolerable breakdown and quench rates.
Development of a fast (20 ns) damping ring
kicker.
For the damping rings, more systematic studies of
the effects of multipoles (particularly from the
wiggler fringe fields and errors) are required. The
dynamic aperture of the positron ring must be
improved over the current (TDR) lattice design.
For the 800 GeV upgrade as proposed in the TDR
calls for better damping ring performance‡, which
puts greater constraints on alignment tolerances
and on the suppression of instabilities; these topics
require further study.

•

due to the proposed increase in luminosity at 800 GeV c.m.

Electron cloud effects: further work on theory,
simulations and experiments in existing rings.
Possible cures need to be experimentally tested.
Fast
ion
instability:
again
more
simulation/theoretical work, with tests in existing
facilities such as the Accelerator Test Facility
(ATF) at KEK.
Extraction kicker stability (<10-3) was identified as
an important issue, and continued experiments
were called for.
More simulations of emittance correction
algorithms, with enhanced (more complete)
models of errors and ‘environmental’ effects (such
as ground motion) are required.

low emittance transport
•

•
§

‡

For the proposed head-on collision scheme at the
interaction region, the beamstrahlung and
disrupted beam stay-clear in the associated
extraction line has been shown to be inadequate.
The design must be re-evaluated, and in the event
of no suitable solution, a crossing angle should be
adopted (as proposed by the warm high-frequency
machines).
In terms of reliability, the single-tunnel solution
for TESLA should be re-evaluated. The impact of
frequent accesses to the linac housing for
component repair – and particularly the damping
rings – required further evaluation and detailed
analysis.

As with the damping rings, more in depth studies
(simulations) of static tuning and emittance control
for the bunch compressor, main linac and beam
delivery system is required. These simulations
should be extended to include more ‘real world ‘
effects; particular the effects of so-called dynamic
errors (ground motion, vibration etc.).
A rigorous R&D program to develop the most
critical beam instrumentation (BPM development,

this apparently single requirement was divided into two separate items
in the TRC, hence the 2 in table 3 for the JLC-X/NLC R2.
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•

laser-based profile monitors, fast luminosity
monitors) is mandatory.
A sufficiently detailed prototype of a main linac
girder/cryomodule (including a quadrupole) should
be constructed to allow assessment of its vibration
characteristics.

The reliability working group’s common R2 items
effectively summarised the working groups findings:
•

•

A detailed evaluation of critical sub-system
reliability is needed to demonstrate that adequate
redundancy is provided and that the assumed
failure rates (MTBF) for individual components
has been achieved.
The performance of beam-based alignment
algorithms (for both magnets and structures) must
be fully simulated including realistic errors (both
static and dynamic).

The first point relates to long-term hardware tests of
critical components to establish their failure rates
(MTBF), and the need to perform a comprehensive
Failure Mode and Error Analysis (FMEA) on what will be
a complex system. The second point relates to the impact
on the integrated luminosity of the various tuning
algorithms foreseen, and clearly goes hand in hand with
the emittance tuning simulation items for both the
damping ring and the LET.

ADDED VALUE
During the course of the review, it was often said that
the ‘process was more important that the product’; by that
we meant that the process of getting together as a single
community to perform a single collaborative effort was
probably more important than producing the report itself.
As it stands, the ILC-TRC is an excellent example of
what can be achieved by the various linear collider
experts when they come together with a common goal: a
proof of principle that we can all work together on a
single design once the technology decision has been
made.
Apart from the collaboration effort, there were other
significant benefits. All the designs – and perhaps the
TESLA design most of all – benefited from the intense
critical review that they received. The report lists a
number of ‘design changes’ or modifications that came
about as a direct result of this process. In addition, we
have already mentioned the significant advances made in
the simulation software tools used during the luminosity
performance working group’s work (particularly for the
LET and damping ring sub-groups). A considerable
amount of new work was also performed on collimation
system performance as part of the machine-detector
interface sub-group. All of these cross-machine studies
enabled the working group members to define
benchmarks for making like comparisons of the different
designs.

AFTER THE ILC-TRC:
RECENT PROGRESS
As of writing it has been some six months since the
publication of the committee’s findings and
recommendations. Since then there has been some
significant progress, both on the R&D front, and on the
world-wide political scene, with the formation of the
International Linear Collider Steering Group (ILCSG),
and its counterparts in the three global regions.
In this section, I will briefly mention the current status
of the TESLA and JLC-X/NLC linac technology R&D.

TESLA
I have already mentioned that the 35 MV/m
cryomodule test required for TESLA’s R1 will certainly
not be made before 2005 due to budget and resource
problems. The test requires not only a full cryomodule
with eight electropolished 35 MV/m cavities, but also a
separate module test stand; this test stand has long been
foreseen but has been delayed several times due to budget
constraints. Despite this setback, there is still significant
progress being made. The decision in January 2003 by the
German government to finance the X-FEL part of the
TESLA project is also positively significant for the linear
collider. DESY – together with its European partners –
will need to be in a position to start construction of a
~20 GeV linac based on this technology by 2006. Many
of the R2-4 items pertaining to the linac technology and
(in particular) operability and reliability will need to be
aggressively addressed over the next two years. There is a
naturally synergy between this effort and that needed for
the construction of a linac for a linear collider.
But it is the high gradients needed for a linear collider
which are the focus of attention. Despite a shift in
emphasis to the X-FEL, the high-gradient program
continues. Installation and commissioning of a new
electropolishing facility at DESY is well underway. First
results on single-cell cavities have all shown gradients in
excess of 35 MV/m; the first full nine-cell DESY
electropolished cavities are expected at the end of this
year. While the TESLA R1 of a full 35 MV/m
cryomodule test will now not happen before the
technology decision, there is a current R&D program for
long-term testing of a single 35 MV/m cavity in the
horizontal test stand at DESY (CHECHIA**). As of
writing, this cavity has run stably at a gradient of
35 MV/m for over 1000 hours at a pulse rate of 5 Hz,
with no cavity our coupler events.
Another important milestone achieved is the test of the
piezo-tuners, which are required at the high-gradient to
compensate the so-called Lorentz detuning of the cavity.
The system has recently been successfully operated at
~35 MV/m during the current CHECHIA tests.
Finally, the so-called TTF Phase II VUV-FEL is being
installed at DESY. Three cryomodules with average
**

this test cryostat can be thought of as 1/12th of a full TESLA
cryomodule.
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gradients of the order of ~25 MV/m are currently being
tested with RF. Two more will be installed in September
of this year, with beam commissioning in 2004. Operation
of this linac will be an important (if not mandatory) step
towards both the X-FEL and any future TESLA-based
linear collider.

JLC-X/NLC
The focus of the X-band R&D is very much in
achieving the two R1 items specified by the ILC-TRC,
and in addition the linac unit test specified by the two R2
points. The aggressive goal of the collaboration is to
demonstrate these hardware tests before the technology
decision due in mid 2004.

with the original 1.8 m structures in 2000). Tests of
J/NLC ready structures (fabricated both at KEK and
FNAL) are currently underway. Gradients at the required
pulse lengths have been achieved, although the
breakdown rates are currently still too high (factor of two
at 65 MV/m).
R&D on the other important components of the 8-pack
test – the solid state modulator, SLED-II system – is also
on track for the proposed full system tests. The
modulator has successfully driven four klystrons,
although as of writing not at the full repetition rate. The
SLED-II systems has generated the necessary high peak
power (485 MW) but at a shorter pulse than required
(150 ns). Although not foreseen for the 8-pack tests, a
SLAC-built PPM klystron (the XP3-3) has been
successfully tested at 75 MW peak power, 1.6 us pulse
width at 120 Hz operation (a major milestone!)
Finally, the Damping Ring test facility at KEK (ATF),
recently achieved a vertical emittance that is a factor of
two smaller than required by the J/NLC.

FINAL REMARKS

Figure 2: Schematic of the J/NLC 8-pack test.
The current R&D effort centres around two related
goals: fabrication of short low group velocity structures
which conform to the J/NLC specification, and the socalled 8-PACK test which is primarily a test of the multimoded SLED-II pulse compression scheme and the fullspec solid state modulator (the 8-pack modulator). The
final goal of the current program is to marry the two, by
having the 8-pack system (shown schematically in figure
2) drive 8 J/NLC-spec structures in the NLC Test
Accelerator (NLCTA); the structures in the NLCTA
would effectively replace the load tree in figure 2. The
current test set-up differs slightly from the baseline design
for the linear collider, where two 75 MW PPM klystrons
are foreseen. Due to availability and lead times, four 50
MW solenoid focus tubes will be used for the 8-pack test.
In the recent year, a structure has been operated at
90 MV/m†† for several hundred hours and has shown
acceptable breakdown rates. This structure is not,
however, suitable for the J/NLC, since wakefield
performance is not within the desired specifications. (The
so-called T structures were only intended to demonstrate
that a short 60 cm structure with a low group velocity
would mitigate the structure damage problems first seen
††

the goal is 65 MV/m with some overhead.

The possibility of realising an e+e− linear collider has
never looked better: on the one hand, we have the world
HEP consensus on the need for such a machine to run
concurrently with LHC; on the other we appear to have
not one but two mature technologies with which to build
it. There are only two remaining questions: how to decide
which technology to adopt, and how to internationally
fund such a project. The latter is beyond the scope of this
report, but I would like to make some personal comments
on the technology choice.
With respect to a technology decision, the ILC-TRC
executive summary states:
Assuming that the above demonstrations of
the TESLA and JLC-X/NLC subsystems are
successful with the above schedule‡‡, by the
beginning of 2004 the two machines will be
on an equal footing from the point of view
their RF systems for the main linacs. If at that
time the HEP community wanted to make a
choice between these two, it would do so by
weighing all the technical differences
between the two machines and the challenges
presented by the remaining R2 tasks.
A decision on the technology to be used for the
international linear collider is scheduled for mid-2004. It
is now clear (and accepted) that the TESLA R1 will not
have been demonstrated by that time. Although the JLCX/NLC collaborations are still attempting to perform the
R1 tests, it remains to be seen whether or not they will be
successful before the decision is made. So it is very likely
that the R1 issues will still be open, and some sort of
‡‡

this refers to the R1 linac technology demonstrations, which were at
that time foreseen for both machines at the end of 2003.
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extrapolation (leap of faith?) will be required by the
decision makers.
I do not entirely agree with the TRC statement above. It
is clear that technical issues (risks) must play a major
role, but not exclusively. Other geo-political factors must
be included: the potential for spin-off technology and
‘synergy’ with other fields is also important when selling
a multi-billion dollar project to national funding agencies;
considerations of potential international partners, host
nations, etc., should also be considered. Only by
considering the broader picture can we propose a
machine that has a chance of being funded as part of a
truly international project. With that said, I believe we are
all looking forward to a decision in 2004! Exciting times
lay ahead.
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