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CHAPTER 2.

2.1.2 Higgs Bosons in SM Extensions

THE TESLA TDR

® Several SM extensions introduce additional Higgs doublets:

1.
2.
3.

2HDM
MSSM
non minimal SUSY

® Supersymmetry relationships among the model parameters, hierar-
chical structure for the Higgs boson masses (M), < Mz, M, < My
and My < Mpy:+) partly broken by radiative corrections.

¢ lightest MSSM A" mass < 130 GeV/e2,

e couplings to fermions and gauge bosons
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¢ complementarity of cross sections Higgsstrahlung and Hipggs pair
production:

oappmie’e” = Z+ h/H) = sin’ [ cos*(3 — a)asy

dapmleTe” = A+ h/H) = cos® [sin® (4 — a)Aasy
e Mass limits in general SUSY

e Invisible Higgs decays
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2.1.3 Mass measurement

e Higgs mass My not predicted by the theory, it is of great impor-
tance to obtain its accurate experimental determination. Once My
is fixed, the profile of the Higgs particle is uniquely deter-
mined in SM.

e In theories with extra Higgs doublets, the measurement of the masses
15 still important to predict their production and decay properties
as a function of the remaining model parameters.

o At the linear collider, the Higgs mass can be best measured by ex-
ploiting the kinematical characteristics of the Higgsstrahlung pro-
duction process ete” — Z* - HZY

1. four jet channel ¢gbh: Higgs is reconstructed through its de-
cay in bb and the Z% in a 9§ pair. The Higgs mass determination
relies on a kinematical 5-C fit imposing energy and momentum
conservation and the mass of the jet pair closest to the Z° mass
to correspond to the Mz,
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Mass accuracy =~ 50 MeV /c* at 120 GeV for 500 fb~',
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2. ¢+ bh channel: 7 decays Z" = ete” and Z° = utu— offer
a clean signature in the detector and the lepton momenta are
measured with high accuracy in the large tracking volume of the
TESLA detector. In order to further improve the resolution of
the recoil mass, a vertex constraint is applied in reconstructing
the lepton trajectories.

¢ Data
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Signal selection efficiencies > 50%
Recoil mass resolution = 1.5 GeV/c*
Mass accuracy = 70 MeV /e at 120 GeV for 500 fbh=1,

3. £ WW channel: New results reported:
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Mass fit

My = 150 GeV
s 5C it (4P + Mj) is performed

¢ Events are selected if
Lgs > 0.5 and kij:{ e 2
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Signal is fitted with assymetric gaussian

My = 149.76 £ 0.13 GeV
o1 = 3.0 GeV, g, = 3.3 GeV

A.Raspereza ECFA/DESY  Workshop
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Summary of Higgs Mass Determination Accuracies

My !GeVﬁ:’} Technique dMy (Mev/c*)

120 figq 70
120 qqhb 50
120 Combined 40
150 ggW W 130
150 £f Recoil 90
150 Combined 7

180 {f Recoil 110
180 gqWW 160
180 Combined 90

e 7 collider may provide Higgs mass determination with 1. X X MeV/c*
accuracy by resonance scan with sharp edge of the luminosity spec-

trum.



Efficiency u*u— Dyeca ()

The efficiency is (almost) independent
of the Higgs decay mode
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2.1.4 Couplings to Massive Gauge Bosons (1" and 7)

¢ Production cross-sections provide information on the Higgs
couplings to gauge boson gyz; and gyuww. are needed to ex-
tract the Higgs decay branching fractions from observed
decay rates and provide a determination of Higgs boson total
width when matched with the BR(H = WW™")

1. Higgsstrahlung process measured by analysis of the mass of
the system recoiling against the Z

— Provides a cross section determination independent on the
Higgs decay modes.

— Statistical accuracy of £ 2.8%, combining the ¢*¢~ and
ptp~ channels.

~ Systematics are estimated to be + 2.5%. mostly due to the
uncertainties on the selection efficiencies and on the lumi-
nosity spectrum.

The fitted Higgsstrahlung cross sections for different My with
500 fb~! at /5 = 350 GeV. The first error is statistical and
the second due to systematics.

my (GeV/c')  apz (ib) Lppe) onz (fb) (ee)
120 226 £ 0.18 £0.13 535 £ 021 £ 0.13
150 xox + 0,18 £ 0.11 e £ 0.17 £ 0.10

180 axxx £ 0.17 £ 0.09 xoox £+ 0.15 + 0.08
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2. WW fusion accurately determined in the bbyi final state where
signal can be be well separated from the corresponding Hig-
gsstrahlung final state exploiting the different spectrum for the
v invariant mass

~ Accuracy from 3% to 16% for Higgs boson masses from
120 GeV/c to 160 GeV/c2.

= - 0
| sqri(s) = 350 GeV = WW-Fusion
‘mH=  120GeV : -+--+-- Higgsstrahlung

number of events/S00 M
g

missing mass (GeV)

— %% —+ hadrons background overlapped to the Hyi event,
that may affect the reconstruction and tagging efficiency,
can be reduced to a negligible level by a topological tag
that profits of long bunch length at TESLA compared to
the track extrapolation accuracy.

— Using beam polarization, the relative contribution of the
Higgsstrahlung and WW fusion can be varied and system-
atics arising from the contributions from the two processes
and their interference to the fitted spectrum can be conse-
quently reduced.

E:-;_c:mpliﬁcatimi of gain from polarization: oy,; for:
. No polarization | B0V e~ | B0W e~ + 45%% 7
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e Accurate determination of the branching fraction for the decay
H/h" = WW* can be obtained in the Higgsstrahlung process by
analysing semi-leptonic W decays e¥e™ = HZ — (iqiqq

~ Large WTW ™ and #f backgrounds significantly reduced by im-
posing the compatibility of the two hadronic jets with Z" mass
and their recoil system with the Higgs mass,

— Further background suppression ensured by anti-b tag require-
ment

— Residual WW™* background with one off-shell W suppressed
by exploiting the possibility to collide right-handed polarized
electrons.

Relative accuracy in the determination of a SM Higgs
production cross-sections and decay rates into gauge bosons

for 500 fb~! at /5 = 350 GeV

Channel My =120 GeV/c® 140 GeV/c*
alete” = HZ) + 0.025 + 0.025
alete” = WW = Hui) + 0.025 + 0.025
olete” =+ ZZ = Hete) 3 0.xxx + (.xxx
BR(H/K" = WW?*) + 0.051 + 0.025

BR(H/K® — 2929 + f).30xx
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2.1.5 Coupling to Photon

e Higgs production/decay to ~+ proceed through loops domi-
nated, in SM, by contribution of W boson but sensitive to any

particles coupling directly to Higgs,

e vy = H accessible at ~+ collider:

~ v = H = bb accessible but severe vy — ¢ background to
be rejected by efficient b-tagging (requirements on interaction
region and Vertex Tracker).

— Expected cross section accuracy & { o(+y = H)) = 1.5% - 5%

e H — ~vy: analysed in both ~ye# and the 4+ + jets final states:
S(BR(H — )} = 19% for My = 120 GeV/c? and 500 fb~! at /5
= 350 - 500 GeV

¢ Uncertainty, statistically limited, reduced to 13.5% for 1000 fb!
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2.1.6 Higgs Total Width

o The SM Higgs total width is extremely narrow for light mass val-
ues and increases rapidly once the WW* and ZZ* decay channels
become accessible to reach a value of 1 GeV at the ZZ threshold.

e At the linear collider, Higgs width for masses below 200 GeV is to
be obtained indirectly from the combination of measurements
of a Higgs coupling constant with the corresponding decay
branching fraction.

1. guzz through the Higgsstrahlung cross section
2. guww through the WW fusion cross section
3. gits through o(yy — H)
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¢ Show down to which mass the direct Higpes total width determina-
tion becomes feasible / competitive:
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2.1.7 Couplings to Fermions and Gluons

e Accurate determination of the Higgs couplings to fermions im-
portant as proof of Higgs mechanism and to establish the na-
ture of the Higgs boson.

¢ Higgs decays to gg and <+ proceed through loops dominated,
in SM., by contributions of top quark and W boson respectively
but sensitive to any particles coupling directly to Higgs, g
and ~

o High resolution Vertex Tracker, advanced jet flavour tagging
techniques and the large statistics available at the TEsSLA col-
lider move these studies in the domain of precision measure-
ments.

— Hadronic Higgs decay channels: fractions of bb, 7 and gg Higgs
final states is extracted by a binned maximum likelihood fit
to the di-jet flavour tagging probabilities for the Higps decay
candidates

~ H/h" = 71~ global 77 likelihood is defined by using the
response of discriminant variables such as charged multiplicity,
jet invariant mass and track impact parameter significance.

Relative accuracy in the determina-
tion of Higgs boson decay branching ratios for 500 fb~"' at /5 = 350 GeV

Channel My =120 GeV/c* My = 140 GeV/e? My = 160 GeV/c?

HY /R — bb + 0.027 + 0.027 + 0.0xx
HY /K" — ¢ + 0.137 + 0.137 + 0.0xx
H"/h" = gq + (.060 + 0.060 4+ 0.0xx

HYRY o e + 0.062 + 0.062 + 0.0xx
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2.1.13 The Complementarity with the LHC
Number of Higgs Bosons Observable at the LHC

7] & Higgs observalile
m 3 Haiggn ohasrvabis
O 2 Higes observsblie

» Beyond its discovery, measurements of the Higgs properties are dif-

ficult at the LHC due to limited signal statistics and/or large back-
grounds and systematic uncertainties

e While the LHC may provide with some ratios of branching ratios,

precision measurements of the absolute branching ratios and cou-
plings remain an experimental program to be addressed at a high
luminosity linear collider such as TESLA.

In summary, the complementarity of TESLA to the LHC in Higgs
physies is threefold:

. The accuracy of the measurements which are possible at

the LHC to be significantly improved.

Accurate absolute measurements of all relevant Higgs boson

couplings (including the Higgs self coupling) only possible at
TESLA.

Extended Higgs boson scenarios {e.g. invisible Higgs boson decays)
can only be seen at TESLA. Therefore the loopholes of a possible
non-discovery at the LHC can be closed at TESLA.
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2.1.14 The Complementarity with the LHC

* Beyond its discovery, measurements of the Higgs properties are dif-
ficult at the LHC due to limited signal statistics and/or large back-
grounds and systematic uncertainties

MSSM Higgs Bosons Observability at the LHC
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e While the LHC may provide with some ratios of branching ratios,
precision measurements of the absolute branching ratios and cou-

plings remain an experimental program to be addressed at a high
luminosity linear collider such as TESLA.

e In summary, the complementarity of TESLA to the LHC in Higgs
physics is threefold:

1. The accuracy of the measurements which are possible at
the LHC to be significantly improved.

2, Accurate absolute measurements of all relevant Higgs boson

couplings {including the Higgs self coupling) only possible at
TESLA.

3. Extended Higgs boson scenarios (e.g. invisible Higgs boson decays)
can only be seen at TESLA. Therefore the loopholes of a possible
non=discovery at the LHC can be closed at TESLA.
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Expected signal and background events /100 fb~! for the
Higgsstrahlung channel with di-lepton final states
i ete” 2 Z'H S X, (=g, p).
My (GeV/c) X /5 =350 GeV 500 GeV 800 GeV

120 bh xxx [ yyy  xxx /yyy xxx/[yyy
140 b xxx [ yyy  xxx/yyy o/ yyy
160 WW xx/yyy xxx/yyy xox/yyy
180 WW  xxx/yyy  ox/yyy  xxx/yyy
Max My xxx GeV/ o

o For Higgs particles in the lower part of the intermediate mass range
Mz < My < 2M3, the main decay modes are fermion decays:

N

N(H — ff) = 5

m}{_-l;fji- My

® Above the £Z threshold, Higes particles decay almost exclusively
into the W/Z channels:

V2Gy

L(H - WW(22)) = 2(1) %~

M

T{H) [GeV]

My V)
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— For a range of moderate tan 3 that increases with increasing
M, the luminesity required for its observation exceeds even
that expected at TESLA.

L=2500 fb~', CP=odd A

- 7 o et
_E +Va=500 GeV ts  ~s=800 GeV
o | t
1a ¥
i |
1 1
| <<y Al
i seaped
| s<ag'<o
M TS e o 5 " PO " RN b |
B T e T BT X0 apo
Mg [Geh) rr, (Gav)

1. Significant improvement in the precision of the electroweak mea-
surements and direet searches at the GigaZ TESLA may clearly
exclude (or prefer) the 2HDM no-discovery-wedge fits.

2. Derive possible constraints from ~~ — H.

3. The problem can be further addressed at a next-to-next gener-
ation e*e” linear collider.



24 CHAPTER 2. THE TESLA TDR

2.1.13 Non Supersymmetric 2HDM

e In general 2HDM, unconstrained by the requirement of perturbative
couplings at a high GUT scale or by the supersymmetric relations
between quartic Higgs couplings and gauge couplings, a no-lose the-
orem cannot be established.

o The A% A" and H* analyses discussed above are also sensitive to
general 2ZHDM Higgs bosons over a large portion of the parameter
Space.

® Radiative corrections to HTH™ pair production can be significant
and their model dependence may help discriminating between the
SUSY and a non-supersymmetric 2HDM Higgs sector.

e However, regions of parameter space exist for which all Higgs bosons
of the model can escape detection while at the same time the fit to
precision electroweak observables is nearly as good as in the SM
and Supersymmetry cases

® While for these scenarios require an ad hoe choice of the masses and
couplings their investigation is interesting to outline the possible
open problems and getting hints on how to address them.

e Specific example:

— Choose Higgs masses so that there is only one A" light enough

to be produced at TESLA.
— Suppress ZZh coupling implying C), << 1:
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3. Indirect estimate of the mass M 4 in the MSSM: accuracy
of 70 GeV/c? to 100 GeV/c? in the mass range 300 GeV /e <
M < 600 GeV/c2.

4. Additional sources of systematical uncertainties:

~ Corrections to the one-loop MSSM predictions found to be
small

— Corrections coming from the one-loop gluino vertex correc-
tions should also be considered at large tan 7 and large u
values.

A T T R o .
= 500 GeV, tanf} = 40
Tull

a | — FDno gluno
= === RE no gluino ! {

I(h -+ tb) [GaV]
] ]

30 40 S50 80 70 80 80 100 110 120 130
M, [GeV]

5. If a light Higgs boson is observed and have MSSM-like prop-
erties, its associated production with bb pairs may be observed
and used to directly determine tan 3.
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2.1.12 Indirect determination of the SM/MSSM nature of a
light Higgs boson and determination of tan 4

e The discovery of a neutral Higgs boson, with mass in the range
115 GeV/e* < My < 140 GeV/c?, will raise the question if the
observed particle is the SM Higgs or the lightest boson of a
SM extension.

e For a large fraction of the tan 3= M4 parameter plane in the MSSM,
this neutral boson will be the only Higgs observed at the LHC.

o If the scale Mgy sy is high enough, also at TESLA. SUSY will not

reveal itself by the production of supersymmetric fermion partners.

e A Higgs generated by a complex multi-doublet model must be in-
directly recognized by a study of its couplings

1. HZZ ecoupling: significantly smaller compared to SM expecta-
tion signals the existence of extra Higgs doublets,
2. Higgs decay branching ratios to tell SM from MSSM Higgs:
MSSM ~SM sin® a
I o Ly cos?h

MSSM SM coe® o
F""' x F""' st 4

TESLA L = 500 fb'

-------------- I S Y SRR R I S S

M, (e
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¢ A most distinctive feature of extended models such as Supersym-

metry, or general 2HDM extensions of the SM. is the existence of
additional Higgs bosons.

1. H*:

4 |
ale*e = HEH) (] wnd=do ]

afe®e” = HA) [
8 = B GV

— ete” — H*H™ — thth process studied for My+ = 300 GeV /¢*
at /s = 800 GeV.
— B jet final state with 4 b-quark jets allows to reduce the back-

grounds to small level using b tagging and the intermediate
t and W mass constraints.

~ Combinatorial background due to jet-jet pairing in signal
events can be resolved using jet flavour tagging information:
M =1 GeV/c® and §{e x BR) =~ 10%

HH mass

W v L

B an - B00 fbT° at BO0 e
l [ WY mose 300 OeVe®
e 1

i
i
X
|
L —_—
e | i i i b .J
h & L Fran AR R AF0 Shkin i L] R L]

[ i Pl o T

2. H", A% to be added
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2.1.11 Study of SUSY Higgs Bosons

e If Supersymmetry exists in nature, a major goal of TESLA will
be that of measuring its Higgs sector to determine the underlying
SUSY-breaking mechanism

® In order to match the anticipated experimental precision, highly ac-
curate predictions of my, oz, 04, T(h = ...),BR(h = ...) are
required and progresses have recently been made in the theoretical
predictions

e In the most general supersymmetric model, supersymmetry con-
strains the quartic Higgs couplings. The key sum rule is 7, Ci M7 <

m

o A /5 = 500 GeV linear collider with L > 200 fb~! will produce
enough of the light hs that a ZX signal will be seen even if there
are many hs separated by less than the experimental resolution,
each decaying to a variety of decay modes.

e Study of the lightest neutral MSSM Higgs boson i to follow closely
that of the SM-like H”

e sensitivity to b’ — invisible MSSM (w/o gaugino mass unification),
stealth Higgs scenario, Xtra dimensions: to be added
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2.1.10 Higgs self potential

¢ Establish the Higgs mechanism experimentally in an unam-

bigious way through the reconstruction of the Higgs self-energy
potential.

e Determination of the trilinear self-couplings probed in the produc-
tion of pairs of neutral Higgs boson

e Most interesting process: double Higgsstrahlung e*e™ — HHZ

e Four and six fermion background and tiny signal cross section make
this analysis a genuine experimental challenge.

o Profit of characteristics signature with four b jets and a 2, re-
constructed either in its leptonic or hadronic decay modes, and of
the excellent tagging and reconstruction capabilities of the TESLA
detector

The number of reconstructed signal and background events for the
hadronic and leptonic channels and their combination in the
double Higgsstrahlung analysis for 500 fb~' at /5 = 500 GeV.

My 120 130 140
HHZ 29. 24. 18.
e(HHZ) (%) 157 165 14.7
WW- 95, 25. 23
Z~ 12, 14. 10
V4 0. 0. 0O
WWZz 0. 0. 0
ZZ2Z 9 9 8
HZ 0. 0. 0.
Total Bkg  38. 41. 34.
S/VB 47 3.8 31

¢ With 1000 fb~': 60 signal, 80 bkg evts.
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2.1.8 Higgs radiation off top quark

¢ Higgs Yukawa coupling to the top quark, which is the largest cou-
pling in the SM (g, ~ 0.5 to be compared with g§,,; >~ 4 x 1074),
directly accessible in ete™ — tiH

¥ I L ¥

a'{le"'e' S e ) IIfb]

10 VHF ] E
" Hitt ]

HHZ

350 400 450 500 550 600 650 YOO 750 800

e Experimental accuracy on the determination of top Yukawa cou-
pling has been studied for /5 = 800 GeV and L = 1000 fb~! in
both semileptonic and fully hadronic channels.

¢ Efficiency loss from failures of the jet-clustering and of the b-tagging
due to hard gluon radiation and large multiplicities.

o Adopt highly efficient pre-selection criteria and a Neural Network
trained to separate the signal from remaining backgrounds.

o Essential to ensure a very good knowledge of bkg cross section and
response to discriminating variable
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Statistical and systematic uncertainties in the top-Higgs Yukawa
coupling for an integrated luminosity of 1000 fb~1.

£ (%} SJIIIIB Eat-nl.- {%] 'Eu;.rat {%} '-"-il.u: {%J

Semileptonic

After Preselection 24.1 0.03 11.5 63.1 64.1
Fit to NNSel (50 bins) 54.1 0.03 4.4 9.1 10.1
NNSel>0.9 (optimal cut)  27.1 051 5.1 3.8 6.3
Hadronic Y

After Preselection 7.1 0.03 9.8 83.5 83.5
Fit to NNSel (50 bins) 77.1 0.03 4.2 13.7 14.3
NNSel>0.95 (optimal cut) 8.5 0.90 7.3 3.0 7.9

i I i 1 1
0.2 0.3 0.4 o5 LN ] T .8 o.a 1
NMSel awtput

= L=1000 fb "
Tooo: E W ttH = 8g
BO0g F 1 bokg
8000 L = il
4000 | .___|
o000 | ;
—_—
2000 | | BT
T i
gle e ad o
4] L i I L 1 m
O AL O OUE s Y | A 1
NMNSel output

For 1000 fb~' the uncertainty in the top-Higgs Yukawa coupling is
+ 4.2% (stat), becoming + 5.5% (stat+4syst) by assuming a 5%
uncertainty in the overall background normalization.
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2.1.9 Quantum Numbers of the Higgs Boson

» Spin, parity, and charge-conjugation quantum numbers J©C of Higgs
bosons can be determined at the linear collider in a model-independent
way.

~ Observation of Higgs production at the photon collider
or the H — +y decay rules out J = 1 and sets C' to be positive.

~ Angular dependence of ¢*¢~ = ZH cross-section allows
to determine J and P and to distinguish the SM Higgs boson
from a C'P-odd 077 state A, or a C P-violating mixture of the
two.

ML "'I. T I r L j 1 T r L T T L l T T r I-| ]
\ o+ (1/e) deydeses |

on YOS TR TR (N TS MR T T A CI A i
=10 =08 oo =X} Lo

— The angular distribution of the Z — ff decay products in the
Higgsstrahlung process allows also to distinguish a C P-even
Higgs boson from a C' P-odd one or a spin-one boson.
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~ Anomalous Higgs couplings: high Inminosity, such as that pro-
vided by TESLA, efficient & and r identification, electron and
positron beam polarisation will enable to determine, deviations
from the standard couplings from the angular distribution of

ete” = Z® — (ff) @.

Accuracy on general ZZ® and Z~P

€r
L
| Pe-|
|Pz+|

couplings from optimal observable analysis.

0.5

0.6

0.8

0.8
0.6(4)

0.6
(.8
.6

Re (hz)
Re (cz)
Re (b,)
Re (c,)
Re (bz)
Re 5,
0.01055
0.00206
0.00521
0.00101

0.00055
0.00065
0.01232
0.00542
0.00104
0.00618
0.00570
0.00126
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CHAPTER 2. THE TESLA TDR
e Main production mechanism of the SM Higgs in ¢*e™ colli-

S10118!

1. Higgsstrahlung process, ete™ — (Z2*) = ZH: cross section
scales as 1/s dominates at low energies

i G} M} X4 12M3
alete —+ ZH) = —b- le +ﬂr”;“” 1‘!.!;:.]:
— Mi/;

OGms

2. WW fusion mechanism, e*e” = vo(W*'W*) = viH: cross
section rising oc log{s/Mj;) dominates at high energies.

44/ 278 MT; §

3 agd 3
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3. ZZ fusion mechanism, e¥e~ — eTe” H: cross section competi-
tive at high energy, possibly attractive process for e~ e~ option.
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e With /£ ~ 500 fb~!, ~ 75.000 Higgs bosons produced in one to
two years of running for My ~ 130 GeV,

e The HZ production, with Z — £, offers a very distinctive sig-
nature ensuring the observation of the SM Higgs up to the
production kinematical limit at TESLA.
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Chapter 2

ELECTROWEAK SYMMETRY
BREAKING

2.1 HIGGS MECHANISM

o Higgs mechanism is one of the building blocks of the present picture
of electroweak interactions, addressing the fundamental question on
the origin of mass.

o If a Higgs boson is found at LEP2, Tevatron or the LHC, the
accurate study of its production and decay properties in
order to establish the Higgs mechanism as the mechanism
of electroweak symmetry breaking will represent a central
theme of the TESLA physics programme,

o Otherwise TESLA will probe Higgs sector of exotic models.

2.1.1  The Standard Model

¢ Only unknown parameter in SM Higgs sector is the Higgs mass
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