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• Why b1?

• The HERMES experiment

• Tensor asymmetries and smearing unfolding

• Systematic uncertainties

• Result and comparison with theory (status: 2005).hermes
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Inclusive Deep-Inelastic Scattering
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Wµν of the target hadron parameterized 
by independent structure functions:
4 for the proton, spin ½
8 for the deuteron, spin 1

- Only for spin-1 target. 
- Implicitly dependent on target spin 
through momentum terms.

- Not sensitive to lepton spin. 

L{µ⌫}W
{µ⌫}(F1, F2; b1, b2,�, b3) + iL[µ⌫]W

[µ⌫](g1, g2)

spin-dependent, anti-symmetric partspin-averaged, symmetric part +

- F1, F2, g1, b1, b2, Δ of leading twist
- F1 ↔ F2 and b1 ↔ b2: Callan-Gross relation
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Structure Functions in the Quark Parton Model
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2.1Hermes:setup

2.1.2ThepolarizedHermesatomic-gastarget

Vectorandtensorpolarization.Foraspin-1
2target(liketheproton),thez-

componentofthenuclearspin,sz,hastwoprojectionsmontothez-axis7,namely
+1

2and−1
2(Fig.2.2,leftside).Spin-1particleshaveonefurtherpossibilitytoset

theirspininthem=0state(Fig.2.2,rightside).Foraspin-1
2target,thevector

polarizationPzisdefinedforanensembleofparticlesn(seeFig.2.2)as

Pz=
n+−n−

n++n−,|P|z!1(2.1)

andforaspin-1target

Pz=
n+−n−

n++n−+n0
,|P|z!1.(2.2)

Onlyforaspin-1target,thetensorpolarizationPzzisdefinedas:

Pzz=
(n++n−)−2n0

n++n−+n0
,−2!Pzz<1.(2.3)

ThenotationsforthevectorandtensorpolarizationsPzandPzz,respectively,follow
theMadisonconvention[60].
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Figure2.2:Projectionsmofthespinz-componentontothez-axisforaspin-1
2

(left)andspin-1particle(right).nsign(m)denotesthenumberofparticleswithspin

quantumnumbersign(m)·|m|intheensemble.

Ifonlythem=+1orm=−1stateispopulated,thevectorpolarizationreachesits
largest(absolute)valueof1.Foraspin-1target,thetensorpolarization’sabsolutevalue

isthenalso1.TheextremevalueofPzz=−2isachievedforvanishingpopulations
ofm=±1.Ifinthespin-1casethetargetispurelyvectorpolarized(Pzz=0and

n0=1
2(n++n−)),thestatem=0ispopulatedwith1

3oftheparticles,likeforan
unpolarizedensemble.ThatmeansthatPzisrestrictedtovalues|Pz|≤2

3.Ifhigher
Pzisdesired,thestatem=0hastobedepopulatedresultinginanon-vanishing

tensorpolarization,exceptfortheveryspecialcasethatn+/(n++n−+n0)=0.66(or

7Formally,szisaquantummechanicaloperatorwitheigenvaluesm.
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m=+½ 
m=-½ 

z

-

spin structure function
m=+½ m=-½ 

here and following: 
configuration 
skipped for simplicity
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Structure Functions in the Quark Parton Model
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• The deuteron:
Binding energy of proton and neutron = 2.2 MeV

• b1=0 if spin-1 hadron made up of spin-½ constituents at rest or a relative S-wave

• Turn on D-state admixture + non-relativistic Fermi-motion +  
binding energy: b1 still only order(10-4)
☞ b1(ρ-meson) = relativistic system: b1 can be large, up to order(F1)

• b1 as measure of the deviation from “deuteron = proton + neutron”:
study non-nucleonic degrees of freedom in the nucleus, 
e.g. meson exchange currents
☞ large b1 as measure for extra degrees of freedom possessed by partons 
in a nucleus relative to the nucleon 

Early b1 Models (late 1980s, early 1990s)

5

Early models predict b1(deuteron) = negligible. 

| di = 0.98|3S1i+ 0.20|3D1i
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Double-Scattering Interpretation of b1 
(late 1990s)

6

1.5 The tensor structure function of the deuteron
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Figure 1.5: Double-scattering diagram for the deuteron d. The virtual photon

γ! interacts with one nucleon N1 and produces an intermediate hadronic (vector
meson) state X which subsequently re-scatters from the second nucleon N2. The

double scattering amplitude contains the sum over all diffractively excited hadronic
states X which carry the quantum numbers of the virtual photon.

the neutron. The cross section receives contributions from both single and double scat-
tering processes20.

The consequence of double scattering is nuclear shadowing for x < 0.03, the region
where λ > d is fulfilled according to Eq. 1.26 (M2

X ∼ Q2). The momentum transfer
Q2 selects the diffractive states which dominate the shadowing effect, either low-mass

vector mesons or heavy hadronic states [42]. As mentioned above, nuclear shadow-
ing is well-known from unpolarized scattering [2], where destructive interference of the

single- and double-scattering amplitudes leads to the observed effect [43]. The nucleus
cross section is attenuated (“shadowed”) and thus smaller than the simple sum of its
constituents cross sections since the nucleons on the surface of the nucleus screen the

ones deeper in the core: σ(Nγ∗) <
∑

p,n [σ(pγ∗) + σ(nγ∗)].
Diffractive nuclear shadowing consequently depends on the alignment of the nucleons,

and for the deuteron in particular, the shadowing attenuation is expected to be larger
for the |m | = 1 state when proton and neutron are “in front of each other” (dumbbell)

than for the m = 0 state when the two nucleons are “side by side” (torus). This qual-
itative explanation gives a first glimpse how b1 ∼ σ(m = 0) − σ(|m | = 1) can act as
measure for nuclear shadowing caused by double scattering. In this sense, b1 is absent

for single scattering, a process in which the two nucleons are seen as individual spin-1
2

particles without sensitivity for the tensor structure which can be regarded as coherent

feature of the deuteron.
In particular, coherent double scattering at x < 0.1 and Q2 ! 3 GeV2 was treated

in Ref. [17] by an extension of Glauber-Gribov multiple scattering theory to in-
clude spin degrees of freedom. The single scattering contributions recover Eqs. 1.23
and 1.24, the latter reflecting the D-state admixture in the deuteron ground state, and

20Because in the convolution model the constituents of the nucleus are assumed to scatter incoher-
ently, this model breaks down for double scattering.

18

Diffractive double scattering

Probe deuteron as spin-1 object 
and not as compound of two 

spin-1/2 objects

Double scattering expected to be enhanced for x<0.03, 
where the γ* coherence length is large enough to allow for 

successive scattering off both nucleons (d≈4fm)

1 Spin physics in polarized DIS

zero, however small bd
1(x) ∼ O(10−4) can at moderate and large x > 0.2 be generated

through Fermi motion and nuclear binding effects. The exception to this class of mod-
els constitute meson exchange currents described in Ref. [36] which lead to a sizable

(bd
1/F

d
1 ! 0.01) effect.

Double spin-flip structure function ∆(x, Q2). Besides b1(x, Q2) and b2(x, Q2),

there is a third leading twist hadronic structure function ∆(x, Q2) for spin-1 targets
[38]. ∆(x, Q2) corresponds to the Compton amplitude that flips both the photon and

target helicity by two units each. In parton models, ∆(x, Q2) falls off like 1/Q2. In
QCD, there is a (often neglected) tower of gluon operators with contributing matrix
elements for scattering off targets with spin ≥ 1 with transverse polarization. The

complete cross section for DIS off a spin-1 target of arbitrary polarization is given in
Ref. [39]. Because neither nucleons nor pions bound in nuclei can transfer two units

of helicity in the target, ∆(x, Q2) does not receive contributions from these sources. It
rather probes gluon contributions which are not assigned to individual nucleons within
the nucleus.

∆(x, Q2) is hitherto unmeasured. It can experimentally be determined with an unpo-
larized lepton beam by measuring the azimuthal asymmetry of the scattered lepton

with respect to the direction of the transversely polarized target. The double spin-flip
structure function is kinematically supressed for a longitudinally polarized target [39].

It was therefore not taken into account in the extraction of bd
1 from Hermes data.

Double-scattering models on b1. In the late 1990s, a significant contribution to
b1(x, Q2) at low x (x < 0.1) induced by double-scattering mechanisms in the deuteron,

along with the presence of the non-vanishing electromagnetic quadrupole moment of
the deuteron, was suggested [17], [40], [41]. Low x is the regime in which the coherence

length of the virtual photon

λ # 1

xM

(
Q2

M2
X + Q2

)
(1.26)

is larger than the diameter of the deuteron, λ > d ∼ 4 fm, a distance long enough
to allow the virtual photon to scatter subsequently off the two nucleons19. In this
process, the virtual photon diffractively produces a hadronic intermediate state with

invariant squared mass M2
X which subsequently re-scatters from the second nucleon

(see Fig. 1.5). The interaction of these excited hadronic states with the nucleons is

coherent in the sense that both nucleons take part in the scattering process, in contrast
to single-scattering where the photon interacts incoherently either with the proton or

19The argument arises from the uncertainty principle.

17
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Figure 1.1: The deuteron can align its spin only to the top (left picture) or to the
front/back (right picture) with respect to the magnetic holding field; the scatter-
ing electron finds the constituents in different spatial arrangements, respectively.

is tilted to the back or to the front (then the proton covers part of the neutron, or vice versa),
and in another shape, when its spin is aligned to the top (then the two partners reside beside
each other in the deuteron). This is manifested in a different reflection pattern, respectively.
To make all deuterons tilt their spin in the same direction (then one obtains what is called
polarization), one builds a strong magnetic field around them.

The HERMES group was the first in the
world to determine this difference in the re-
flection pattern between “spin to the front
or to the back” and “spin to the top” at en-
ergies at which the quark pattern is probed.
For this purpose, a well-contrived division
of labor between the hard- and software
subgroups as well as post-processing of the
measured data has been necessary in order
to guarantee the result to be free from any
disturbing effects. This result, the so-called
tensor structure function of the deuteron, is
displayed in the figure on the right hand
side in dependence on the momentum frac-
tion of the deuteron (x) which is carried by
the struck quark. Theorists explain the steep
rise of this structure function for small val-
ues of x with the picture that the scatter-
ing particle can then take the chance to first
scatter off the proton and afterwards off the
neutron, being then sensitive to the spatial
alignment of the two.
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S-D interference different for m=0 and |m|=1 states

m=0 |m|=1versus• Nuclear shadowing 
depends on alignment of 
nucleons in the hadron

• Single scattering: 
nucleons seen as 
individual spin-½ particles. 
b1 absent.

• Double scattering: 
sensitivity for the tensor 
structure = “coherent 
feature of the deuteron”.

S-D Interference of the Polarized Deuteron
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• Close-Kumano sum rule for b1: 
Phenomenological expectation about tensor polarization of sea quarks 
in the naïve QPM

(@ fixed Q2)

Diffractive nuclear shadowing can be a source of tensor polarization of sea quarks and 
lead to a violation of the phenomenological sum rule.

• b1 as “border crosser” between nuclear and quark physics:
- Accessible only in DIS - however does not probe quark spin, 
but spin of embedding hadron
- Access to information on nuclear binding effects at parton level.

Tensor Structure Function b1

8
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The Experiment

9
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The Lepton Beam: HERA at DESY

10

Beam
Direction

Polarimeter

Transverse
Polarimeter

pe

Spin RotatorSpin Rotator

Longitudinal

- HERA retired June 30, 2007
- Self-polarized e+ and e- beams of 27.6 GeV (proton beam not employed by HERMES)

- At HERMES: longitudinal beam polarization 

- Lepton helicity switched every few months
- For the b1 measurement:

negative beam polarization PB = -54.7% (62% statistics)
positive beam polarization PB = +52.9% (38% statistics) 
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e+ / e- beam

27.6 GeV

Gas target internal to lepton ring

No dilution from unpolarizable material

H, D H

H, D, He, 
N, Ne, 
Kr, Xe

11

rapid spin 
reversal ~1min

Target
Spectrometer

1995-2007

HERMES 

Longitudinally polarized deuterium 
1998-2000 with dedicated 6 weeks 
of data with high tensor polarization 

in July / August 2000
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for deuterium
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Vector and Tensor Polarizations

changed every 90s, randomly

13

Polarized atomic gas target

Proton: m = ±1
2

Deuteron (Spin-1):

.

PSfrag replacements

m =−1 0 +1

n+n− z

n0

Polarizations:

vector Pz = n+−n−
n++n−+n0

tensor Pzz = (n++n−)−2n0

n++n−+n0

|Pz| ! 1, −2 ≤ Pzz < 1

Hermes target: ABS + gas analyzing system

Special:
• Hyperfine states can be selected separately

• Negative Pzz reachable!

target state injected Pz Pzz

vector + n+ +0.85 +0.80
vector – n− −0.84 +0.85

tensor + n+ + n− −0.01 +0.89
tensor – n0 −0.01 −1.66

⇒ High
Pzz

(at Pz=0)

reachable

Caroline Riedl, Frascati – June 2005

(numbers for b1 measurement)

2.1 Hermes: setup

inj. hyper- injected m of single vector pol. tensor pol. ABS
target state fine states particles nucleus Pz Pzz trans.

vector plus |1 > +|6 > n+ m = +1 P+
z = +1 P+

zz = +1 3-5, 2-6
vector minus |3 > +|4 > n− m = −1 P−

z = −1 P−
zz = +1 2-5, 1-4

tensor plus |3 > +|6 > n+ + n− |m | = 1 P⇔
z = 0 P⇔

zz = +1 1-4, 2-6

tensor minus |2 > +|5 > n0 m = 0 P 0
z = 0 P 0

zz = −2 1-4, 3-5

Table 2.2: The injection modes of the Hermes target running with deuterium
gas. Each two hyperfine states of the atomic deuterium gas are injected into the

target cell at the same time. The resulting vector and tensor polarizations are the
ideal values reachable for 100% efficiency in the sextupole and transition units,

with no depolarization inside the target cell and infinitely high guide field. The
very right column quotes the required RF transitions in the ABS to obtain the two
desired hyperfine states.

measurements gives the complete population of the sample. By applying the knowledge
about the target magetic field strength, the absolute vector and tensor polarizations and

the residual polarizations of the shell electrons in the sample beam can be calculated.
Monte Carlo simulations are employed to extrapolate to the conditions in the storage
cell (sampling corrections).

Real target polarization values. The nuclear target polarization seen by the

HERA positron beam is not identical to the atomic polarization Pa
10 of the sample

beam measured by the BRP. Corrections have to be applied due to spin relaxation11

and recombination12 processes:

P = α0 · ((1 − αr) · β + αr)Pa = αeff · Pa, (2.4)

where α0 is the inital fraction of nucleons in atoms and αr the fraction that survived

recombination. The polarization of the molecules Pm arising from recombination rela-
tive to the atomic polarization is estimated to be β = Pm/Pa ≈ 0.5 [67]. The effective
atomic fraction αeff summarizes all dilution processes. In the considered data taking

period (year 2000), spin relaxation processes turned out to be negligible. The target
showed such a stable performance that the measured polarizations did not fluctuate

significantly. For the presented analysis, therefore the corrected mean polarization
values of this year were used [68], as they are compiled in Tab. D.2.

An overview over polarized gas targets can be found in Ref. [69].

10P stands here both for vector and tensor polarization.
11By wall collisions; by spin exchange collisions; by resonant interactions of beam and target gas.
12The moluecules can thereby keep part of the nuclear polarization.

28

D Tables of results

D Tables of results

Table D.1: The average Hera positron beam polarizations for the tensor data period,
total and splitted for different beam helicities (top) and additionally for different target
states (bottom). Statistical uncertainties are negligible. No systematic uncertainties

are quoted as they are not relevant for the presented analysis.

Beam polarization

Total average: |PB | = 54.0%

negative helicity: |P−
B | = 54.7% positive helicity: |P+

B | = 52.9%

(statistics: ≈ 62%) (statistics: ≈ 38%)

Relative difference between |P−
B | and |P+

B |: 3%

vector plus: |P−
B | = 54.7% vector plus: |P +

B | = 52.9%
vector minus: |P−

B | = 54.7% vector minus: |P+
B | = 52.9%

tensor plus: |P−
B | = 54.7% tensor plus: |P +

B | = 52.9%
tensor minus: |P−

B | = 54.6% tensor minus: |P+
B | = 53.0%

Table D.2: The average target polarization values P = αeff · Pa for the data taking
year 2000 [62] with the dilution factor αeff = 0.918±0.026 (sys). See Tab. 2.2 on Pg. 28

for the notation. The quoted errors are systematic only: δP =
√

α2
effδP

2
a + P 2

a δα
2
eff ;

the statistical uncertainty is negligible. The vector polarization of both tensor states
has actually a slight negative value, the residual vector polarization.

Target polarization

P+
z = +0.851 ± 0.029 P+

zz = +0.800 ± 0.025
P−

z = −0.840 ± 0.026 P−
zz = +0.853 ± 0.027

P⇔
z = −0.010 ± 0.003 P⇔

zz = +0.891 ± 0.027

P 0
z = −0.010 ± 0.005 P 0

zz = −1.656 ± 0.049
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2.1 Hermes: setup

inj. hyper- injected m of single vector pol. tensor pol. ABS
target state fine states particles nucleus Pz Pzz trans.

vector plus |1 > +|6 > n+ m = +1 P+
z = +1 P+

zz = +1 3-5, 2-6
vector minus |3 > +|4 > n− m = −1 P−
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zz = +1 2-5, 1-4
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zz = +1 1-4, 2-6

tensor minus |2 > +|5 > n0 m = 0 P 0
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target cell at the same time. The resulting vector and tensor polarizations are the
ideal values reachable for 100% efficiency in the sextupole and transition units,

with no depolarization inside the target cell and infinitely high guide field. The
very right column quotes the required RF transitions in the ABS to obtain the two
desired hyperfine states.

measurements gives the complete population of the sample. By applying the knowledge
about the target magetic field strength, the absolute vector and tensor polarizations and

the residual polarizations of the shell electrons in the sample beam can be calculated.
Monte Carlo simulations are employed to extrapolate to the conditions in the storage
cell (sampling corrections).

Real target polarization values. The nuclear target polarization seen by the

HERA positron beam is not identical to the atomic polarization Pa
10 of the sample

beam measured by the BRP. Corrections have to be applied due to spin relaxation11

and recombination12 processes:

P = α0 · ((1 − αr) · β + αr)Pa = αeff · Pa, (2.4)

where α0 is the inital fraction of nucleons in atoms and αr the fraction that survived

recombination. The polarization of the molecules Pm arising from recombination rela-
tive to the atomic polarization is estimated to be β = Pm/Pa ≈ 0.5 [67]. The effective
atomic fraction αeff summarizes all dilution processes. In the considered data taking

period (year 2000), spin relaxation processes turned out to be negligible. The target
showed such a stable performance that the measured polarizations did not fluctuate

significantly. For the presented analysis, therefore the corrected mean polarization
values of this year were used [68], as they are compiled in Tab. D.2.

An overview over polarized gas targets can be found in Ref. [69].

10P stands here both for vector and tensor polarization.
11By wall collisions; by spin exchange collisions; by resonant interactions of beam and target gas.
12The moluecules can thereby keep part of the nuclear polarization.
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2.1 Hermes: setup

inj. hyper- injected m of single vector pol. tensor pol. ABS
target state fine states particles nucleus Pz Pzz trans.

vector plus |1 > +|6 > n+ m = +1 P+
z = +1 P+

zz = +1 3-5, 2-6
vector minus |3 > +|4 > n− m = −1 P−

z = −1 P−
zz = +1 2-5, 1-4

tensor plus |3 > +|6 > n+ + n− |m | = 1 P⇔
z = 0 P⇔

zz = +1 1-4, 2-6

tensor minus |2 > +|5 > n0 m = 0 P 0
z = 0 P 0

zz = −2 1-4, 3-5

Table 2.2: The injection modes of the Hermes target running with deuterium
gas. Each two hyperfine states of the atomic deuterium gas are injected into the

target cell at the same time. The resulting vector and tensor polarizations are the
ideal values reachable for 100% efficiency in the sextupole and transition units,

with no depolarization inside the target cell and infinitely high guide field. The
very right column quotes the required RF transitions in the ABS to obtain the two
desired hyperfine states.

measurements gives the complete population of the sample. By applying the knowledge
about the target magetic field strength, the absolute vector and tensor polarizations and

the residual polarizations of the shell electrons in the sample beam can be calculated.
Monte Carlo simulations are employed to extrapolate to the conditions in the storage
cell (sampling corrections).

Real target polarization values. The nuclear target polarization seen by the

HERA positron beam is not identical to the atomic polarization Pa
10 of the sample

beam measured by the BRP. Corrections have to be applied due to spin relaxation11

and recombination12 processes:

P = α0 · ((1 − αr) · β + αr)Pa = αeff · Pa, (2.4)

where α0 is the inital fraction of nucleons in atoms and αr the fraction that survived

recombination. The polarization of the molecules Pm arising from recombination rela-
tive to the atomic polarization is estimated to be β = Pm/Pa ≈ 0.5 [67]. The effective
atomic fraction αeff summarizes all dilution processes. In the considered data taking

period (year 2000), spin relaxation processes turned out to be negligible. The target
showed such a stable performance that the measured polarizations did not fluctuate

significantly. For the presented analysis, therefore the corrected mean polarization
values of this year were used [68], as they are compiled in Tab. D.2.

An overview over polarized gas targets can be found in Ref. [69].

10P stands here both for vector and tensor polarization.
11By wall collisions; by spin exchange collisions; by resonant interactions of beam and target gas.
12The moluecules can thereby keep part of the nuclear polarization.
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D Tables of results

D Tables of results

Table D.1: The average Hera positron beam polarizations for the tensor data period,
total and splitted for different beam helicities (top) and additionally for different target
states (bottom). Statistical uncertainties are negligible. No systematic uncertainties

are quoted as they are not relevant for the presented analysis.

Beam polarization

Total average: |PB | = 54.0%

negative helicity: |P−
B | = 54.7% positive helicity: |P+

B | = 52.9%

(statistics: ≈ 62%) (statistics: ≈ 38%)

Relative difference between |P−
B | and |P+

B |: 3%

vector plus: |P−
B | = 54.7% vector plus: |P +

B | = 52.9%
vector minus: |P−

B | = 54.7% vector minus: |P+
B | = 52.9%

tensor plus: |P−
B | = 54.7% tensor plus: |P +

B | = 52.9%
tensor minus: |P−

B | = 54.6% tensor minus: |P+
B | = 53.0%

Table D.2: The average target polarization values P = αeff · Pa for the data taking
year 2000 [62] with the dilution factor αeff = 0.918±0.026 (sys). See Tab. 2.2 on Pg. 28

for the notation. The quoted errors are systematic only: δP =
√

α2
effδP

2
a + P 2

a δα
2
eff ;

the statistical uncertainty is negligible. The vector polarization of both tensor states
has actually a slight negative value, the residual vector polarization.

Target polarization

P+
z = +0.851 ± 0.029 P+

zz = +0.800 ± 0.025
P−

z = −0.840 ± 0.026 P−
zz = +0.853 ± 0.027

P⇔
z = −0.010 ± 0.003 P⇔

zz = +0.891 ± 0.027

P 0
z = −0.010 ± 0.005 P 0

zz = −1.656 ± 0.049
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2.3 Hermes: extraction of tensor asymmetries
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Figure 2.9: Top: the number of collected DIS and charge symmetric (cs) events
for each x-bin, separatley for each detector half; bottom: the ratio of the two.

over all bursts i:

L =
∑

i

∆τiεiLi, (2.12)

where Li is the luminosity and εi the dead-time correction factor measured for burst
i and ∆τi its duration. Due to the separate data quality and detector efficiency for

the top and bottom detector, luminosity is counted separately for each detector half,
even if the measurement of luminosity by the lumi monitor is not sensitive to such a

distinction.

2.3 Hermes: extraction of tensor asymmetries

2.3.1 Measured cross section

The measured inclusive cross section σmeas for a polarized lepton beam with polarization
PB scattering on a spin-1 target with vector polarization Pz and tensor polarization

38

● Cross section for polarized leptons off vector- and tensor-polarized spin-1 target:

2 How can Hermes measure bd
1?

Pzz is25

σmeas = σU

[
1 − PBPzA‖ +

1

2
PzzAzz

]
. (2.13)

σmeas can solely be expressed in terms of the spin-independent cross section σU and the
spin-dependent cross section σP:

σmeas = σU + σP. (2.14)

σP is the sum of the terms in Eq. 2.13 which depend on beam and target polarizations
P and which introduce the inclusive vector and tensor asymmetries A‖ and Azz. The
contribution of the tensor asymmetry to the measured cross section does not depend

on the beam polarization.
Such an asymmetry A compares cross sections σ measured under different polarization

conditions of the target (and possibly the beam). Here, two data modes from scat-
tering off a deuteron target are distinguished: For the vector modes (data with high

vector target polarization Pz), data are discriminated with respect to the particular
relative beam and vector target polarization (denoted by

→⇐ for antiparallel and
→⇒

for parallel spin orientation), and for the tensor modes (data with close-to-zero vector

target polarization), with respect to the sign of the tensor polarization Pzz (positive
for ⇔, negative for 0), compare to Tab. 2.2.

In these terms, the vector asymmetry A‖ compares only subsamples of vector mode
data with each other, taking into account the beam helicity:

A‖ :=
σ

→⇐ − σ
→⇒

2σU
≈ σ

→⇐ − σ
→⇒

σ
→⇐ + σ

→⇒
, (2.15)

where the “≈” in Eq. 2.15 refers to the small tensor dilution term for a spin-1 target in

Eq. 2.32. Azz is a cross section asymmetry discriminating between target states with
the nuclei being in the |m | = 1, or m = 0 state:

Azz :=
2σ1 − 2σ0

3σU
=

2σ1 − 2σ0

2σ1 + σ0
. (2.16)

The cross section σ1 has to be weighted double in the denominator because σ0 is
P 0

zz = 2 (ideal case) times as large as σ1. As can be seen from Tab. 2.2, there are

several compositions possible for the data set with |m | = 1; they are compiled in
Fig 2.10. If n subsets mi with |m | = 1, mi = +1,−1, or ±1, are used, then

σ1 =
1

n

n∑

i

σmi . (2.17)

25The symbol σ denotes here a double differential cross section, double with respect to any two
independent kinematic DIS variables.
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vector target polarization Pz), data are discriminated with respect to the particular
relative beam and vector target polarization (denoted by

→⇐ for antiparallel and
→⇒

for parallel spin orientation), and for the tensor modes (data with close-to-zero vector
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for ⇔, negative for 0), compare to Tab. 2.2.
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A‖ :=
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→⇐ − σ
→⇒

2σU
≈ σ
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→⇐ + σ

→⇒
, (2.15)

where the “≈” in Eq. 2.15 refers to the small tensor dilution term for a spin-1 target in

Eq. 2.32. Azz is a cross section asymmetry discriminating between target states with
the nuclei being in the |m | = 1, or m = 0 state:

Azz :=
2σ1 − 2σ0

3σU
=

2σ1 − 2σ0

2σ1 + σ0
. (2.16)

The cross section σ1 has to be weighted double in the denominator because σ0 is
P 0

zz = 2 (ideal case) times as large as σ1. As can be seen from Tab. 2.2, there are

several compositions possible for the data set with |m | = 1; they are compiled in
Fig 2.10. If n subsets mi with |m | = 1, mi = +1,−1, or ±1, are used, then

σ1 =
1

n

n∑

i

σmi . (2.17)

25The symbol σ denotes here a double differential cross section, double with respect to any two
independent kinematic DIS variables.
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2.3 Hermes: extraction of tensor asymmetries

Experimentally, an inclusive cross section σmeas is determined by the ratio of the num-
ber of collected inclusive particles N (here: positrons) and the dead-time corrected
integrated luminosity L:26

σmeas =
N

L
. (2.18)

The actually measured inclusive vector asymmetry

Ameas
‖ =

(
N
L

)→⇐ −
(

N
L

)→⇒
(

N
L

)→⇐
+
(

N
L

)→⇒ (2.19)

and the inclusive tensor asymmetry

Ameas
zz =

2
(

N
L

)1 − 2
(

N
L

)0

2
(

N
L

)1
+
(

N
L

)0 (2.20)

need, unless beam and target are ideally polarized at 100%, a dilution correction by
the real values of the polarizations:

A‖ =
Ameas

‖

〈PBPz〉
(2.21)

Azz =
Ameas

zz

〈Pzz〉
, (2.22)

the brackets around the polarizations indicating average values.
As Hermes uses a gaseous target which is not diluted by unpolarizable material like

at facilities which use solid targets (see Tab. 2.1), the dilution factor f usually coming
along with the polarization product has been ignored in Eqs. 2.21 and 2.22 as well as

in Eq. 2.13.

In the following, the upper index k ∈ {→⇐,
→⇒,⇔, 0} (as defined on Pg. 39) of the num-

ber of collected inclusive DIS particles N (Eq. 2.10) and dead-time corrected integrated

luminosity L (Eq. 2.11) labels the data type. The notations for vector polarization Pz

and tensor polarization Pzz are taken from Tab. 2.2. P+
B denotes the value of the beam

polarization for positive beam helicity, P−
B the one for negative.

Combining Eqs. 2.13 and 2.18 with the expression for the collected luminosity L cor-
rected for the dead-time factor ε in Eq. 2.11, the number of inclusive DIS events

collected during the data taking time ∆T can be written as:

N =

∫

∆T

dt ε(t) L(t) σ = σU ·
∫

∆T

dt ε(t) L(t) ·
[
1 − PBPzA‖ +

1

2
PzzAzz

]
, (2.23)

26Note that this ratio has the unit of a (double differential) cross section d2σ
dEdΩ ≡ σ, but as Hermes

can not detect scattered particles in the full 4π-steradian Ω, the quantity σ is not equivalent to a total
cross section.
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2 How can Hermes measure bd
1?

of the spectrometer in θ and the applied kinematic cuts. The geometrical range of
accepted positrons with respect to zv, θx, θy and φ is illustrated in Fig. 2.8. The
collected data were divided into six bins in x-Bjørken. The bin borders were arranged

in a logarithmically equidistant scheme except for the lowest and the highest border,
see Tab. D.4, right side. Every tensor asymmetry presented here was extracted in this

binning. Average kinematics for each bin were calculated according to Eq. A.3.
It is not possible to decide wether an inclusive DIS candidate really is the scattered
beam positron, or if it is the positron from a electron-positron pair production. Because

the latter is a secondary reaction of the DIS process, these charge symmetric events are
concentrated at low momenta (high y). To eliminate a possible false asymmetry from

these background processes, in every x-bin and for every target state k separately, the
number of previously collected charge symmetric events Ncs(k) was therefore subtracted

from the number of the candidates Ncand(k) in order to obtain the real DIS counts N(k):

N(k) = Ncand(k) − Ncs(k). (2.10)

In Tab. D.5, the total number of collected inclusive DIS events and in Tab. D.6, the
total number of collected charge symmetric events are compiled separately for each

target state, x-bin and detector half. These numbers, for all target states summed
together, are displayed in Fig. 2.9, together with the ratio of charge symmetric over

DIS events, which rises to values larger than 15% for low-x.

Luminosity. The coincidence rate (in Hz) of the lumi monitor (see Sec. 2.1.3) cor-

rected for the effect of the gain drop due to radiation damage to the crystals in the
detector, can serve as luminosity estimator in the extraction of cross section asymme-

tries and is denoted as lumirate in the following. In order to cancel out a possible
Bhabha asymmetry arising from the interaction of the beam positrons with the tar-
get shell electrons (see Sec. 3.4.1), the lumirate is subject to a fit23. The so obtained

lumifit is employed for the normalization of the collected DIS count rates, unless
otherwise noted. Generally, also the lepton beam current can be used as luminosity

estimator; as it does not account for fluctuations in the target density, however, it is
only applied for systematic checks. Over ∆T integrated luminosity L is obtained by

L :=

∫

∆T

dt ε(t) L(t), (2.11)

where L can be one of the three lumirate, lumifit, or beam current. The efficiency
factor ε accounts for dead-time effects of the detector24. In the experiment, the coin-

cidence rate is read out once per burst. The integral in Eq. 2.11 is replaced by a sum

23Provided by the lumi experts separately for each positron fill.
24ε =(accepted/generated) trigger rate; typically, ε was less than 10%.
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2.3 Hermes: extraction of tensor asymmetries
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Figure 2.9: Top: the number of collected DIS and charge symmetric (cs) events
for each x-bin, separatley for each detector half; bottom: the ratio of the two.

over all bursts i:

L =
∑

i

∆τiεiLi, (2.12)

where Li is the luminosity and εi the dead-time correction factor measured for burst
i and ∆τi its duration. Due to the separate data quality and detector efficiency for

the top and bottom detector, luminosity is counted separately for each detector half,
even if the measurement of luminosity by the lumi monitor is not sensitive to such a

distinction.

2.3 Hermes: extraction of tensor asymmetries

2.3.1 Measured cross section

The measured inclusive cross section σmeas for a polarized lepton beam with polarization
PB scattering on a spin-1 target with vector polarization Pz and tensor polarization
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● Integrated, dead-time corrected luminosity:

coincidence rate [Hz] in 
luminosity monitor

2.3 Hermes: extraction of tensor asymmetries

Experimentally, an inclusive cross section σmeas is determined by the ratio of the num-
ber of collected inclusive particles N (here: positrons) and the dead-time corrected
integrated luminosity L:26

σmeas =
N

L
. (2.18)

The actually measured inclusive vector asymmetry

Ameas
‖ =

(
N
L

)→⇐ −
(

N
L

)→⇒
(

N
L

)→⇐
+
(

N
L

)→⇒ (2.19)

and the inclusive tensor asymmetry

Ameas
zz =

2
(

N
L

)1 − 2
(

N
L

)0

2
(

N
L

)1
+
(

N
L

)0 (2.20)

need, unless beam and target are ideally polarized at 100%, a dilution correction by
the real values of the polarizations:

A‖ =
Ameas

‖

〈PBPz〉
(2.21)

Azz =
Ameas

zz

〈Pzz〉
, (2.22)

the brackets around the polarizations indicating average values.
As Hermes uses a gaseous target which is not diluted by unpolarizable material like

at facilities which use solid targets (see Tab. 2.1), the dilution factor f usually coming
along with the polarization product has been ignored in Eqs. 2.21 and 2.22 as well as

in Eq. 2.13.

In the following, the upper index k ∈ {→⇐,
→⇒,⇔, 0} (as defined on Pg. 39) of the num-

ber of collected inclusive DIS particles N (Eq. 2.10) and dead-time corrected integrated

luminosity L (Eq. 2.11) labels the data type. The notations for vector polarization Pz

and tensor polarization Pzz are taken from Tab. 2.2. P+
B denotes the value of the beam

polarization for positive beam helicity, P−
B the one for negative.

Combining Eqs. 2.13 and 2.18 with the expression for the collected luminosity L cor-
rected for the dead-time factor ε in Eq. 2.11, the number of inclusive DIS events

collected during the data taking time ∆T can be written as:

N =

∫

∆T

dt ε(t) L(t) σ = σU ·
∫

∆T

dt ε(t) L(t) ·
[
1 − PBPzA‖ +

1

2
PzzAzz

]
, (2.23)

26Note that this ratio has the unit of a (double differential) cross section d2σ
dEdΩ ≡ σ, but as Hermes

can not detect scattered particles in the full 4π-steradian Ω, the quantity σ is not equivalent to a total
cross section.
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● Correction for charge-symmetric background: 
subtract # of events with wrong lepton charge 

2 How can Hermes measure bd
1?

Pzz is25

σmeas = σU

[
1 − PBPzA‖ +

1

2
PzzAzz

]
. (2.13)

σmeas can solely be expressed in terms of the spin-independent cross section σU and the
spin-dependent cross section σP:

σmeas = σU + σP. (2.14)

σP is the sum of the terms in Eq. 2.13 which depend on beam and target polarizations
P and which introduce the inclusive vector and tensor asymmetries A‖ and Azz. The
contribution of the tensor asymmetry to the measured cross section does not depend

on the beam polarization.
Such an asymmetry A compares cross sections σ measured under different polarization

conditions of the target (and possibly the beam). Here, two data modes from scat-
tering off a deuteron target are distinguished: For the vector modes (data with high

vector target polarization Pz), data are discriminated with respect to the particular
relative beam and vector target polarization (denoted by

→⇐ for antiparallel and
→⇒

for parallel spin orientation), and for the tensor modes (data with close-to-zero vector

target polarization), with respect to the sign of the tensor polarization Pzz (positive
for ⇔, negative for 0), compare to Tab. 2.2.

In these terms, the vector asymmetry A‖ compares only subsamples of vector mode
data with each other, taking into account the beam helicity:

A‖ :=
σ

→⇐ − σ
→⇒

2σU
≈ σ

→⇐ − σ
→⇒

σ
→⇐ + σ

→⇒
, (2.15)

where the “≈” in Eq. 2.15 refers to the small tensor dilution term for a spin-1 target in

Eq. 2.32. Azz is a cross section asymmetry discriminating between target states with
the nuclei being in the |m | = 1, or m = 0 state:

Azz :=
2σ1 − 2σ0

3σU
=

2σ1 − 2σ0

2σ1 + σ0
. (2.16)

The cross section σ1 has to be weighted double in the denominator because σ0 is
P 0

zz = 2 (ideal case) times as large as σ1. As can be seen from Tab. 2.2, there are

several compositions possible for the data set with |m | = 1; they are compiled in
Fig 2.10. If n subsets mi with |m | = 1, mi = +1,−1, or ±1, are used, then

σ1 =
1

n

n∑

i

σmi . (2.17)

25The symbol σ denotes here a double differential cross section, double with respect to any two
independent kinematic DIS variables.
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25The symbol σ denotes here a double differential cross section, double with respect to any two
independent kinematic DIS variables.

39

vector asymmetry tensor asymmetry

mailto:Caroline.Riedl@desy.de
mailto:Caroline.Riedl@desy.de


criedl@illinois.edu - HERMES b1                                                                             Tensor 2014, Newport News, March 10, 2014hermes

Tensor and Vector Asymmetry

16

Inclusive spin physics at Hermes
Measure (E, θ) of pol. DIS electron off pol. target:

PSfrag replacements

Pz = +1 Pz = −1 Pz = 0

Pz = 0 Pzz = −2

.

PSfrag replacements

m =

z

−1 +10

Deuteron spin states

A‖ =
1

〈PBPz〉
·

(
N

→⇐

L
→⇐

)
−
(

N
→⇒

L
→⇒

)

(
N

→⇐

L
→⇐

)
+

(
N

→⇒

L
→⇒

) ∼ D
g1

F1

Azz =
1

〈Pzz〉
·

2
3

(
N

→⇐

L
→⇐

+ N
→⇒

L
→⇒

+ N⇔
L⇔

)
− 2

(
N0

L0

)

2
3

(
N

→⇐

L
→⇐

+ N
→⇒

L
→⇒

+ N⇔
L⇔

)
+
(

N0

L0

) = −
2

3
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Inclusive spin physics at Hermes
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minus

Half of “tensor mismatch”: 0.0021±0.0010
assigned as systematic uncertainty
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Monte Carlo productions

ABorn = AX ·
(

1 +
∆σU

σU
Born

)
−

∆σP

σU
Born

• Two MC samples with same input parameterizations
F2(ALLM), R ≡ σL/σT (1990), ABorn

1. eXperimental MC: ∆σP(U)

! Observed cross section√
Radiative corrections (RADGEN)√
Tracking through detector (GEANT)

⇒ contains info about bin migrations:√
Migration matrix M(i, j)√
Background from outside acceptance ∆

!
σ

2. Born MC: σU
Born

! Born cross section within Hermes acceptance

• MC data 9 times higher statistical accuracy as real data

• MC data subject to same cuts as real data

Caroline Riedl, Frascati – June 2005

Unfolding of measured asymmetry AX
- bin-wise, not event-wise

- no iteration needed
- close to model-independent
Δσ = background not belonging to Born bin 
U = spin-independent contribution
P = spin-dependent contribution

Unfolding of kinematic migrations

• Unfolding: Removes systematic correlations at the cost of
introducing statistical correlations

• Unfolding algorithm:√
No iteration needed√
Use eXp and Born MC to correct asymmetry

• Smearing matrix S(i, j):

S(i, j) ≡
M(i, j)

σBorn(j)

! invert→ “un-smearing” matrix!

• AX corrected in every bin for unpolarized and polarized back-
ground (not re-sorting event by event)
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2
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σ

P
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k=1

S−(i, k)σU
Born(k)

]
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eXperimental MC: 
- Observed cross section

- Radiative corrections (RADGEN)
- Tracking through detector (GEANT)
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Born MC: 
- Born cross section within acceptance
- No radiative corrections, no tracking

Monte Carlo productions
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Unfolding of kinematic migrations
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Smearing matrix from MC

eXperimental MC corrected for 
tracking inefficiencies caused 
by electromagnetic showers
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Consistency check with Monte Carlo
✔ Unfolded asymmetry lies on input fit
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- Systematic correlations between bins 
removed
- Statistical correlations introduced
- Covariance matrix of statistical errors 
must be employed for integrals or fits

Experimental data

“PEPSI challenge”
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Uncertainties from experimental 
data analysis
- Tensor mismatch 10-3
- Target polarization 10-6 … 10-4
- Target density 3·10-4
- Residual electron polarization 2·10-4
- Hadron contamination 0...10-6...10-5

Tensor asymmetry is small, of order (1±0.3[stat])·10-2, need to control systematics well!

Uncertainties from MC studies
- Radiative corrections 10-5...10-3
- Detector misalignment 10-4...10-3

Separate error 
inflation by 

unfolding procedure Add δ(exp)’s 
in quadrature

Add δ(MC)’s 
in quadrature

Add in quadrature for 
total sys. uncertainty

Propagate total 
systematic 

uncertainty of 
Azz to b1

-0.02
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0.02

10
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1

all contributions
no mismatch

x     
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zz

MC

exp
tot

Assumed to be 100% 
correlated between bins 
(except for had. cont.)
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3 Tensor asymmetry and structure function as measured by Hermes

Fig. 3.35 shows Azz (before unfolding) with its total systematic error arising from the
experiment (left panel). The by far largest contribution stems from the tensor mismatch
(Fig. 3.9). The right panel displays the two contributions to the systematic error of

the unfolded asymmetry: the inflated experimental uncertainties and the uncertainties
stemming from Monte Carlo studies.

3.5 Extraction of bd
1

A daily intake of 1.5 mg vitamin B1 is recom-
mended. (WHO)

3.5.1 From Azz to bd
1 and bd

2

The tensor asymmetry Azz (its statistical error δAzz) is connected to the tensor struc-
ture functions b1 and b2 (their statistical errors δb1,2) via:

bd
1(x, Q2) = −3

2
Azz(x)F d

1 (x, Q2), (3.19)

δbd
1(x, Q2) = −3

2
δAzz(x)F d

1 (x, Q2), (3.20)

bd
2(x, Q2) = −3

2
Azz(x)F d

2 (x, Q2), (3.21)

δbd
2(x, Q2) = −3

2
δAzz(x)F d

2 (x, Q2), (3.22)

such that one has

−3

2
Azz =

bd
1

F d
1

=
bd
2

F d
2

. (3.23)

The spin-averaged structure function F d
1 for the deuteron is obtained from F d

2 (Eq. 3.8)

by means of the modified Callan-Gross relation (Eq. 1.14):

F d
1 (x, Q2) = F d

2 (x, Q2)

(
1 + γ2

2x(1 + R(x, Q2))

)
. (3.24)

For the calculation of b1 and b2 from Azz, the kinematic quantities x, Q2 and γ entering
F2, F1 and R have to be read as the average values 〈x〉, 〈Q2〉 and 〈γ〉 for the x-bin in

question. F d
2 (〈x〉, 〈Q2〉), F d

1 (〈x〉, 〈Q2〉) and R(〈x〉, 〈Q2〉) were evaluated at this point
of averaged kinematics. The average kinematic variables on Born level were obtained

from Eq. C.30.
Both the statistical and the systematic error on b1 were obtained from Eq. 3.20, treating
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3.3 The Born tensor asymmetry
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Figure 3.16: R(x, Q2) in the R1990 parameterization; left panel: for average
Hermes kinematics (〈x〉, 〈Q2〉) in the binning used to extract the tensor asymme-

try, right panel: for fixed Q2
0.

3.3.2 MC input parameterizations

The unfolding procedure required the production of Monte Carlo data samples with
certain input parameterizations to both model the unpolarized and polarized Born

cross section. The latter is needed due to the spin dependence of radiative corrections
which are calculated by the RADGEN code. Furthermore, the RADGEN code was

fed with parameterizations of the deuteron dipole and quadrupole form factors from
Refs. [89], [90] in order to estimate the elastic and quasi-elastic radiative tails. The

polarized part of the quasi-elastic radiative tail was neglected, which is justified when
the scattering process is considered to happen on a spin- 1

2 object with no tensor effect
[61].

Unless otherwise noted, as default for R(x, Q2) (Eq. 1.13), the R1990 parameterization
[91] was used. R(x, Q2) in the R1990 parameterization for average Hermes kinematics

and for fixed Q2
0 is displayed in Fig. 3.16. To simulate the unpolarized Born cross

section, for the spin-independent structure function F d
2 (x, Q2) of the deuteron, the

ALLM97 parameterization16 of the precisely measured F p
2 [92] was employed as default,

rescaled17 by the fit to the ratio F n
2 /F p

2 performed by the NMC collaboration [93]:

F d
2 =

1

2
F p

2 (1 +
F n

2

F p
2

) ≡ (F p
2 )ALLM ·

(
F d

2

F p
2

)

NMC

. (3.8)

16Obtained by a fit to F p
2 world data: H1 (95, 96, 97), ZEUS (94, 96), E665 (1996), BCDMS (1989),

NMC (1997) and SLAC (1990) (the numbers in brackets indicate the year of the publication). No
errors are quoted for the fit. The ALLM parameterization is based on a Regge motivated approach.

17Compare to Eq. 1.23.
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3.6 Final results of tensor asymmetry and structure function

b1
d measured

Figure 3.42: Theoretical prediction for bd
1 from Ref. [17] in comparison to the

measured values (statistical error bars only). The plot is taken from the reference.
The dotted and dashed curves correspond to the Bonn OBE and Paris potential,

respectively.

GeV2) is estimated, which is not ruled out by the observed value of bd
2(x = 0.01, Q2 =

0.51GeV2) = 0.0035±0.0017(stat) (Tab. D.15). In Ref. [40], the tensor structure func-
tion bd

2 = −3
2AzzF d

2 was predicted to rise and then fall again in the range 0.01 < x < 0.4.
Fig. 3.44 shows the comparison between the predicted behavior and the measurement

of the tensor structure function and asymmetry. The estimated magnitude of bd
2 at

x = 0.01 does not reach the order of magnitude of the observed value bd
2 = 0.0035 (see

Tab. D.15).
The estimate of Azz ∼ O(1%) for x ≤ 0.03 − 0.02 which was made in Ref. [45] also

in the context of nuclear shadowing induced by double scattering processes, however
without explicit calculation, is in agreement with the measurement.
Fig. 3.45 compares vector and tensor asymmetries (structure functions) as extracted

from Hermes deuteron data [101], [75] to each other. For small values of x < 0.05,
the ratio of the spin structure function and the spin-averaged function gd

1/F
d
1 ≈ A‖/D

drops down to zero, in contrast to the tensor asymmetry bd
1/F

d
1 = −3

2Azz which does
not vanish in that kinematic region. This finding is somewhat surprising as the ten-

sor asymmetry originates from a rather small binding correction in the deuteron wave
function. Nevertheless, the impact on the extraction of g1/F1 from a deuteron tar-
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HERMES 

From double-scattering model [17] 
(Edelmann, Piller, Weise 1998)

3 Tensor asymmetry and structure function as measured by Hermes

b2
d measured

Figure 3.43: Theoretical prediction for bd
2 = −3

2AzzF d
2 from Ref. [41] with the

Bonn potential for the deuteron in comparison to the measured values (statistical
error bars only). The plot is taken from the reference.

get (Eqs. 1.18 and 2.13) is rather small. The tensor asymmetry delivers only a 1%
contribution to the vector asymmetry which was taken into account in its extraction.

The structure function level is even more impressive; gd
1 vanishes for x < 0.05, the

region where bd
1 rises steeply up to 2% of the spin-averaged structure function and is

significantly larger than the spin structure function gd
1 .
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From [41] (Bora, Jaffe 1998)
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First Moment of b1 in Measured Range
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Summary: b1@HERMES

• Pioneering measurement 

• Inclusive tensor asymmetry different from zero for x<0.1
Other spin asymmetries are known to vanish for x→0!

• Tensor structure function shows steep rise for x<0.1, 
2% of F1 magnitude @x=0.01

• Behavior in qualitative agreement with coherent double scattering models

• Diffractive nuclear shadowing as one source of tensor polarization of sea quarks.
HERMES extraction of first b1 moment:

27

Outlook: Tensor-Polarized DVCS ☛

3 Tensor asymmetry and structure function as measured by Hermes
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Figure 3.48: The first moment of bd
1 in dependence on the numbers of bins used for

integration (in the bottom panel, error bars are skipped). Already 50 integration
bins provide an stable result within the statistical error bars (top). For latest 1000

bins, the result has converged in the fourth digit behind the comma.

added: Mexp from Azz+δAsys
Born(exp) (see Eq. 3.16) and MMC from Azz+δAsys

Born(MC) (see

Eq. 3.17). The single systematic errors were calculated by subtracting these moments
from the default one (Eq. 3.32):

δM sys(exp) = M − Mexp (3.34)

δM sys(MC) = M − MMC; (3.35)

these contributions from Eqs. 3.34 and 3.35 were added in quadrature to obtain the

total systematic error δM sys(tot):

δM sys(tot) =
√

δM sys(exp)2 + δM sys(MC)2 = 0.0035. (3.36)

This leads, in summary, to the first moment of bd
1 of

0.85∫

0.0021

bd
1(x, Q2

0 = 5 GeV2)dx = 0.0105 ± 0.0034(stat) ± 0.0035(sys). (3.37)

The discussed contributions to the first moment of bd
1 and its statistical and systematic

error for the x-range 0.0021 < x < 0.85 are compiled in Tab. D.16, moreover, results
for another (smaller) range of integration ( 0.021 < x < 0.85) are presented there.

99

mailto:Caroline.Riedl@desy.de
mailto:Caroline.Riedl@desy.de


criedl@illinois.edu - HERMES b1                                                                             Tensor 2014, Newport News, March 10, 2014hermes 28

H3, H5 associated with the D-wave 
component of deuteron wave function

Spin-1 H1, H2, H3, H4, H5
H1, H2, H3, H4
~ ~ ~ ~

b1(x)
tensor 

structure 
function

4 chiral-even quark GPDs at leading twist 

~

Spin-½ flips nucleon 
helicity

conserves 
nucleon 
helicity

does not 
depend on 

quark helicity

depends on 
quark helicity

E H

E H~
forward limit
ξ→0, t→0

q++q-

 q+-q-

9 chiral-even quark GPDs at leading twist 

Tensor signatures in 
Deeply Virtual Compton Scattering
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HERMES: DVCS off tensor-polarized deuterons

29

VGG Regge p + n eA +  +  dC eA ±  +  d
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   ☐  unpolarized

      Re(H1) 
 ■ tensor-polarized 

      Re(H1-⅓H5)      

-  If deuterons are tensor-polarized: 
ALU becomes, for coherent 
scattering at low-t, sensitive to 
CFF H5 (≡ tensor structure function in 
the forward limit)

DVCS ALZZ (tensor asymmetry) sinϕ amplitude:
(no plot shown)

0.074 ± 0.196 ± 0.022
-t<0.06 GeV2, 40% coherent,

dedicated data set with Pzz=-1.656 && Pz≈0

Search for tensor signature in beam-helicity asymmetry

➳ Vector polarization Pz≈0.85
➳ Tensor polarization Pzz≈0.83

HERMES collaboration, Nucl. Phys. B 842 (2011) 265-298
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• HERMES b1 publication: PRL 95, 242001 (2005). 

• C. Riedl, PhD thesis: DESY-THESIS-2005-027 (2005).
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a = early b1
b = delta spin flip
c = double-scattering models
d = Close-Kumano sum rule

mailto:Caroline.Riedl@desy.de
mailto:Caroline.Riedl@desy.de


criedl@illinois.edu - HERMES b1                                                                             Tensor 2014, Newport News, March 10, 2014hermes

Backup

31

mailto:Caroline.Riedl@desy.de
mailto:Caroline.Riedl@desy.de


criedl@illinois.edu - HERMES b1                                                                             Tensor 2014, Newport News, March 10, 2014hermes

Ak =
1

hPBPzi
beam, target

⇠ g1
F1

Spin Structure Function g1

32

0

0.2

0.4

0.6

0.8

1

-0.6

-0.4

-0.2

0

0.2

0.4

10
-2

10
-1

1

g 1p

HERMES (Q2 < 1 GeV2)
HERMES (Q2 > 1 GeV2)
E143
E155
SMC

x  

g 1d   

COMPASS

A. Airapetian et al. [HERMES], Phys. Rev. D 75 (2007) 012007

proton target

deuteron target

ΔΣ = 0.330 ± 0.011(theo) ± 0.025(exp) ± 0.028(evol)

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

10
-1

1
x  

0 x
 g

1d
x 

 
0.

9

p
d
n
NS

Q2=5 GeV2

assume that 
deuteron integral 

saturates for x<0.04

�⌃
MS

mailto:Caroline.Riedl@desy.de
mailto:Caroline.Riedl@desy.de


criedl@illinois.edu - HERMES b1                                                                             Tensor 2014, Newport News, March 10, 2014hermes

Double-spin flip structure function Δ(x,Q2)  

• Arises for spin-1 target. Of leading twist. No interpretation in QPM.

• Corresponds to the Compton amplitude that flips both photon and target helicity by 
2 units each. 
⇒ Cannot  receive contributions from nucleons or pions bound in the hadron
⇒ Probes gluon contributions not assigned to individual nucleons within the hadron

• Kinematically suppressed for a longitudinally polarized target.

• Can be determined by measuring the azimuthal asymmetry of the scattered lepton 
wrt the direction of the transversely polarized spin-1 target.
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The HERMES Spectrometer
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The Hermes spectrometer

1

0

2

-1

-2

m y

LUMINOSITY

CHAMBERS
DRIFT

FC 1/2

TARGET
CELL

DVC

MC 1-3

HODOSCOPE H0

MONITOR

BC 1/2
BC 3/4 TRD

PROP.
CHAMBERS

FIELD CLAMPS

PRESHOWER (H2)

STEEL PLATE CALORIMETER

DRIFT CHAMBERS

TRIGGER HODOSCOPE H1

0 1 2 3 4 5 6 7 8 9 10 Z

RICH
270 mrad

270 mrad

MUON HODOSCOPE
WIDE ANGLE

FRONT
MUON
HODO

MAGNET

m

IRON WALL

e+
27.5 GeV

140 mrad

170 mrad

170 mrad

140 mrad

MUON HODOSCOPES

SILICON

• Acceptance: 40 < θ < 220 mrad

• Momentum resolution: δp
p ≈ 2%;
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E[GeV]

%

• PID: RICH, TRD, preshower, calo

• Efficiency of electron ID: 98-99 %

• Hadron contamination: < 1%
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• The storage cell, inside 
the HERA beam pipe, 
is a windowless 40 cm 
long elliptical tube, 
coaxial to the beam, 
with 75 µm thick Al walls 
coated to inhibit surface 
recombination and 
depolarization. The use 
of the storage cell technique 
results in a typical areal 
density increase of about 
two orders of magnitude 
compared to a free jet target. 

• A sample of gas (ca. 5%) diffuses from the middle of the cell into a Breit-Rabi Polarimeter (BRP), which 
measures the atomic polarization, or into a Target Gas Analyzer (TGA), which measures the atomic and 
the molecular content of the sample. 

• A magnet surrounding the storage cell provides a holding field defining the polarization axis and prevents 
spin relaxation via spin exchange or wall collisions by effectively decoupling the magnetic moments of 
electrons and nucleons. 

• A gaseous helium cooling system keeps the cell temperature at the lowest value for that atomic 
recombination and spin relaxation during wall collisions are minimal.

HERMES Polarized Target

35
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For more details, see: The HERMES Polarized Hydrogen and Deuterium Gas Target in the HERA Electron Storage Ring 
HERMES collaboration, Nucl. Instr. and Meth. A540 (2005) 68.

This text: Precise determination of the spin structure function g1 of the proton, deuteron and neutron 
HERMES collaboration, Phys. Rev. D 75 (2007) 012007.
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• Vector contamination in tensor-asymmetry measurement: 
If beam is polarized, preferably have equal portions of both helicities to avoid 
contamination by g1. Small @ HERMES small because 
- luminosities for different beam helicities are approximately balanced out (ΔL/L = 0.22)
- |Pz+| approx. equal |Pz-|

• Tensor contamination in vector-asymmetry measurement (1%): 
corrected for in HERMES g1 publication 

Cross Contaminations in DIS off Spin-1 Target

36

2 How can Hermes measure bd
1?

Four-in-one Azz(6). For the asymmetry Azz(6), all target modes are taken together
to build up an asymmetry, as indicated by the solid box in Fig. 2.10. Azz(6) follows
the Azz(1)-method, the factor 2/3 re-weighting the sum of the three data sets with

|m | = 1 such that their effective statistics is relatively double to that of the tensor
set. Neglecting the small vector terms, one obtains (for details of the derivation, see

App. B.5):

Azz(6) ! 1

〈Pzz〉6
·

2
3

[(
N

→⇐

L
→⇐

)
+
(

N
→⇒

L
→⇒

)
+
(

N⇔

L⇔

)]
− 2 ·

(
N0

L0

)

2
3

[(
N

→⇐

L
→⇐

)
+
(

N
→⇒

L
→⇒

)
+
(

N⇔

L⇔

)]
+
(

N0

L0

) , (2.29)

with the effective tensor polarization for all target states 〈Pzz〉6 ≈ 83%:

〈Pzz〉6 =
|P+

zz | + |P−
zz | + |P⇔

zz | + 3 · |P 0
zz |

9
. (2.30)

The derivations of the expressions for the statistical error δAzz on the tensor asymme-
tries are compiled in App. B.7.

Vector asymmetry A‖. Using the ansatz

A :=

(
N

→⇐

L
→⇐

)
−
(

N
→⇒

L
→⇒

)

〈|PB · Pz |
→⇒〉 ·
(

N
→⇐

L
→⇐

)
+ 〈|PB · Pz |

→⇐〉 ·
(

N
→⇒

L
→⇒

) , (2.31)

where 〈|PB · Pz |
→⇒(

→⇐)〉 denotes the average product of beam and target polarization

when both have the same (opposite) sign, and following the developed formalism, it
turns out that for a spin-1 target

A‖ = A · (1 +
1

2
PzzAzz). (2.32)

Here Pzz is the average tensor polarization of the vector states, assuming

Pzz ≈ P+
zz ≈ P−

zz. (2.33)

The 1
2 PzzAzz factor in Eq. 2.32 describes the dilution of the vector asymmetry due

to tensor effects, an impact arising from the non-vanishing contribution of the tensor

asymmetry to the measured cross section from Eq. 2.13. The asymmetry Ad
‖ extracted

from Hermes deuteron data was corrected for this small dilution factor arising from

the tensor asymmetry Azz [75].
On the other hand, the impact of the vector asymmetry onto the measurement of
the tensor asymmetry, quantified by small vector correction terms, turns out to be

negligible because the vector polarizations of the vector states cancel each other except
for 1%, because the vector polarizations of the tensor states are closed-to zero (O(1%)),

and because data of opposite beam helicity and approximatively the same statistics
are combined (see App. B for details).
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Relation between Vector and Tensor Polarization
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2.1 Hermes: setup

2.1.2 The polarized Hermes atomic-gas target

Vector and tensor polarization. For a spin-1
2 target (like the proton), the z-

component of the nuclear spin, sz, has two projections m onto the z-axis7, namely
+1

2 and −1
2 (Fig. 2.2, left side). Spin-1 particles have one further possibility to set

their spin in the m = 0 state (Fig. 2.2, right side). For a spin-1
2 target, the vector

polarization Pz is defined for an ensemble of particles n (see Fig. 2.2) as

Pz =
n+ − n−

n+ + n− , |P |z ! 1 (2.1)

and for a spin-1 target

Pz =
n+ − n−

n+ + n− + n0
, |P |z ! 1. (2.2)

Only for a spin-1 target, the tensor polarization Pzz is defined as:

Pzz =
(n+ + n−) − 2n0

n+ + n− + n0
, −2 ! Pzz < 1. (2.3)

The notations for the vector and tensor polarizations Pz and Pzz, respectively, follow
the Madison convention [60].

m = −1
2 +1

2

n+
n−

z

.

m =

n+n− z

−1 0
+1

n0

Figure 2.2: Projections m of the spin z-component onto the z-axis for a spin-1
2

(left) and spin-1 particle (right). nsign(m) denotes the number of particles with spin

quantum number sign(m) · |m | in the ensemble.

If only the m = +1 or m = −1 state is populated, the vector polarization reaches its
largest (absolute) value of 1. For a spin-1 target, the tensor polarization’s absolute value

is then also 1. The extreme value of Pzz = −2 is achieved for vanishing populations
of m = ±1. If in the spin-1 case the target is purely vector polarized (Pzz = 0 and

n0 = 1
2 (n+ + n−)), the state m = 0 is populated with 1

3 of the particles, like for an
unpolarized ensemble. That means that Pz is restricted to values |Pz| ≤ 2

3 . If higher
Pz is desired, the state m = 0 has to be depopulated resulting in a non-vanishing

tensor polarization, except for the very special case that n+/(n+ +n− + n0) = 0.66 (or

7Formally, sz is a quantum mechanical operator with eigenvalues m.
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Average kinematics for the HERMES tensor analysis
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D Tables of results

Table D.10: Azz on Born level (“unfolded”, including electromagnetic shower

background) for each x-bin and its statistical error δAzz(stat) and total systematic
error δAzz(sys), and the average Born kinematics for each bin. δ(MC) is the
statistical error arising from the default Monte Carlo sample (Sec. 3.3.2) used to

unfold Azz (Eq. C.29).

Azz on Born level

〈x〉 〈Q2〉 Azz δAzz(stat) δAzz(sys) δ(MC)

0.0122 0.5075 -0.0106 0.0052 0.0026 0.0015

0.0315 1.0641 -0.0107 0.0049 0.0036 0.0013
0.0635 1.6542 -0.0132 0.0038 0.0021 0.0012

0.1277 2.3319 -0.0019 0.0034 0.0029 0.0012
0.2481 3.1066 -0.0039 0.0039 0.0032 0.0014
0.4521 4.6923 0.0157 0.0068 0.0013 0.0016

Table D.11: The covariance matrix of the statistical error of Azz (Born level),

Eq. C.23. It is symmetrical with respect to the main diagonal; the entries of the
latter are the square of δAzz(stat) from in Tab. D.10.

Covariance matrix of δAzz (in 10−4)

x-bin 1 2 3 4 5 6

1 0.272 -0.040 -0.007 -0.005 -0.003 0.002

2 -0.040 0.241 -0.035 -0.005 -0.006 -0.006
3 -0.007 -0.035 0.146 -0.030 -0.002 -0.013

4 -0.005 -0.005 -0.030 0.118 -0.038 -0.002
5 -0.003 -0.006 -0.002 -0.038 0.148 -0.105
6 0.002 -0.006 -0.013 -0.002 -0.105 0.464
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Table D.4: The applied kinematic cuts (left) and the binning in x-Bjørken used
to extract the tensor asymmetry from Hermes data (right).

Kinematic cuts

0.0021 < x < 0.8500
0.1 GeV2 < Q2

W 2 > 3.24 GeV2

ν > 1 GeV
0.10 < y < 0.91

Binning in x-Bjørken

bin xmin xmax

1 0.0021 0.0212

2 0.0212 0.0430
3 0.0430 0.0872

4 0.0872 0.1770
5 0.1770 0.3580
6 0.3580 0.8500

Table D.5: The number of collected DIS events entering the analysis. The number

has been corrected for the charge symmetric background (see Tab. D.6) per x-bin,
spin state and detector half. Altogether, 2.9 M DIS events have been collected.

The ratio of charge symmetric and DIS events versus x-Bjørken is depicted in
Fig. 2.9 on Pg. 38.

Top DIS events: 1398872

bin
→⇐ (antiparallel)

→⇒ (parallel) ⇔ (tensor plus) 0 (tensor minus)

1 80951 79743 80255 79771

2 61747 60869 61031 61290
3 72558 71183 71990 72230

4 74070 71177 72695 72315
5 53042 50829 51755 51376
6 12445 11688 12147 11715

Bottom DIS events: 1531814

bin
→⇐ (antiparallel)

→⇒ (parallel) ⇔ (tensor plus) 0 (tensor minus)

1 87691 87592 86851 87529

2 66535 66435 65946 66702
3 78387 76983 77572 77923

4 80050 78687 79437 79183
5 59295 57202 58294 58114

6 14535 13483 13712 13676
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Tensor Mismatch
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+ - 2×

Inclusive spin physics at Hermes
Measure (E, θ) of pol. DIS electron off pol. target:

PSfrag replacements

Pz = +1 Pz = −1 Pz = 0

Pz = 0 Pzz = −2

.

PSfrag replacements

m =

z
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Deuteron spin states
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• Unfolding tested with modified input 
parameterizations: 
- R(x,Q2): low-Q2 fixed to constant instead of 
linear
- F2(x,Q2): 15-parameter fit of SMC 
collaboration P15, and its lower limit P15l
- alternative Azz fit from HERMES data

• Unfolding expected to be close-to-model 
independent:

R1990 parameterization: 
L.W. Whitlow et al., Phys. Lett. B250 (1990) 193.

ALLM F2p from world data fit (H1, ZEUS, E665, BCMDS, NMC, 
SLAC): H. Abramowicz and A. Levy, hep-ph/9712415, rescaled by NMC 
F2n/F2p: P. Amaudruz et al., Nucl. Phys. B371 (1992) 3.

Model independence of unfolding

S(i, j) ≡
M(i, j)

σBorn(j)

• Both • and • scale with # of generated events in Born bin j

• # of generated events controlled by input parameterizations

⇒ algorithm is independent of MC input parameterization

except for polarized background entering acceptance ∆
!
σ

P

⇒ close-to model independent
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Impact of MC parameterizations

• Compare ∆
!
σ from F2(ALLM) and F2(SMC)
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• Unfolding results compatible within statistics

• No systematic error assigned
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2006/2007: recoil 
proton detected 

Hydrogen target:
400 pb-1

unpolarized Deuterium:
300 pb-1

L-polarized Deuterium:
200 pb-1

`Heavier Nuclear targets:
He, N, Ne, Kr, Xe

300pb-1
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are found to be selected with high efficiency (83%) and background contamination less than 0.2%.302

This performance is clearly superior to that from imposing only individual constraints on, e.g.,303

the difference between the proton-candidate azimuthal angle or transverse momentum measured304

by the recoil detector and the expected value of the corresponding variable calculated from the305

four-momenta of the positron and the real photon detected by the forward spectrometer.306

In the analysis of data collected prior to the installation of the recoil detector, and in the307

analysis of the present data set without using recoil-detector information, the selection of exclusive308

ep → epγ events is performed by requiring the square of the missing mass309

M2
X = (k + p − k′ − q′)2, (4.5)

calculated using the four-momenta of only the lepton and the real photon, to be within an “exclusive310

region” about the squared proton mass, with boundaries defined by the resolution of the forward311

spectrometer: −(1.5GeV)2 < M2
X < (1.7GeV)2. Such an event sample includes not only ep → epγ312

events but also contamination from resonant production such as ep → e∆+γ, also referred to as313

“associated” production. This contamination is regarded as unresolved background that remains314

part of the signal in Hermes DVCS analyses that do not use recoil-detector information. (A315

correction is applied for other background, as described in section 6.) It is estimated using the316

mixture of simulated events to be about 12% on average within the exclusive region, as illustrated317

in figure 6. Such an exclusive event sample selected by imposing constraints only on the lepton and318

photon four-momenta is named “unresolved” in the following.319

In contrast, the analysis of the pure sample, which includes the reconstruction of the recoil pro-320

ton and kinematic event fitting, introduces two entangled modifications – a background-free mea-321

surement and the kinematic restriction imposed by the acceptance of the recoil detector. In order to322

separate these two effects, the results from the pure sample are compared to results from a subset of323

the unresolved sample that is subject to the same kinematic restriction. This “unresolved-reference”324

event sample is selected from the unresolved sample by requiring the missing four-momentum (“hy-325

pothetical proton”) to be within the acceptance of the recoil detector. This requirement results326

in a loss of about 24% of the events. One source of the loss is the effect of the gaps between the327

SSD modules. The other main source is loss of recoil protons with p < 125MeV, i.e., protons that328

have too low a momentum to reach the outer layer of the SSD because they are stopped in either329

the target cell or in the inner layer of the SSD. This lower momentum threshold corresponds to330

loss of events at low values of −t < 0.016GeV2. Requiring the proton to be in the recoil-detector331

acceptance leads to a small modification of the average values 〈−t〉, 〈Q2〉, and 〈xB〉 in each kine-332

matic bin compared to the values without such a requirement, as shown in table 1. As expected by333

construction of the unresolved-reference sample, the table demonstrates that the average kinematic334

values of this sample are very similar to those of the pure sample, ensuring that the observables for335

exclusive photon production are the same for the two samples.336

Table 2 summarizes the number of collected events for each of the three exclusive samples:337

unresolved, unresolved-reference, pure, and the average values of the lepton-beam polarization P!.338

The yield of pure events represents about 65% of the unresolved-reference yield. Of the total339

35% loss, according to the Monte Carlo studies, the event selection based on kinematic event fitting340

eliminates from the unresolved-reference sample about 17% of background events. This also removes341

17% of ep → epγ events. The remaining 1-2% is attributed to recoil-detector inefficiencies [22].342

Figure 5 shows luminosity-normalized distributions in M2
X (eq. (4.5)) for each of the three343

exclusive samples. The figure also presents a comparison of experimental data to a mixture of344

simulated data samples. Bethe–Heitler events are simulated using the Mo–Tsai formalism [33], by345

an event generator based on ref. [32]. This sample of BH events includes events from associated346

production generated using the parameterization of the form factor for the resonance region from347

– 9 –
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☐  Proton: 

Re(H) (incoherent)

■ Deuteron: 

Re(H1) (coherent @low -t)

Re(H) (incoherent @larger -t)

DVCS Target-Spin Asymmetry on p and d

43
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