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June 30th, 2007 (around midnight)
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Data taking is over, 
but data analysis by far not!
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Inclusive DIS

4

INTRODUCTION
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0.1 < y < 0.85

03c0 + 04c1 + 05c1: 6.9 mln DIS events

A.Ivanilov HERMES Collaboration Meeting, 05. 03. 2008 – p. 2
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where ∆CMS
NS (αs(Q2)) and ∆CMS

S (αs(Q2)) are the first
moments of the non-singlet and singlet Wilson coefficient
functions, respectively.

The difference of the g1 moments for proton and neu-
tron leads to the Bjorken Sum Rule [15, 16], which in
leading twist reads:

Γp
1(Q

2) − Γn
1 (Q2) =

1
6
a3∆CMS

NS (αs(Q2)), (12)

while their sum is given by:

Γp
1(Q

2) + Γn
1 (Q2) =

1
18

[
a8∆CMS

NS (αs(Q2))

+4a0∆CMS
S (αs(Q2))

]
. (13)

This sum equals twice the deuteron moment apart from
a small correction due to the D-wave admixture to the
deuteron wave function (see Eq. (23)). The measurement
of Γd

1 hence allows for a straightforward determination of
a0 using only a8 as additional input.

In the MS scheme, the non-singlet (singlet) coefficient
has been calculated up to third (second) order in the
strong coupling constant [17]:

∆CMS
NS (αs(Q2)) = 1 −αs

π
−3.583

(αs

π

)2
−20.215

(αs

π

)3

(14)

∆CMS
S (αs(Q2)) = 1 −

(αs

π

)
− 1.096

(αs

π

)2
, (15)

for Nq = 3 [18]. Estimates exist for the fourth (third)
order non-singlet (singlet) term [19].

The first determination of ∆Σ was a moment anal-
ysis of the EMC proton data [20], using Eq. (11) and
the moments of the Wilson coefficients in O(α1

s). It re-
sulted in ∆Σ = 0.120 ± 0.094(stat) ± 0.138(sys), much
smaller than the expectation (∆Σ ≈ 0.6) [21, 22] from the
relativistic constituent quark model. This result caused
enormous activity in both experiment and theory. A se-
ries of high-precision scattering experiments with polar-
ized beams and targets were completed at CERN [23–25],
SLAC [26–28], DESY [29] and continue at CERN [30] and
JLAB [31]. Such measurements are always restricted to
certain x and Q2 ranges due to the experimental con-
ditions. However, any determination of ∆Σ requires an
‘evolution’ to a fixed value of Q2 and an extrapolation of
g1 data to the full x range and substantial uncertainties
might arise from the necessary extrapolations x → 0 and
x → 1. This limitation applies also to recent determina-
tions of ∆Σ based on NLO fits [32–36] of the x and Q2

dependence of g1 for proton, deuteron, and neutron, us-
ing Eq. (10) and the corresponding evolution equations.

This paper reports final results obtained by the HER-
MES experiment on the structure function g1 for the pro-
ton, deuteron, and neutron. The results include an anal-
ysis of the proton data collected in 1996, a re-analysis of
1997 proton data previously published [37], as well as the
analysis of the deuteron data collected in the year 2000.

While the accuracy of the HERMES proton data is com-
parable to that of earlier measurements, the HERMES
deuteron data are more precise than all published data.
By combining HERMES proton and deuteron data, pre-
cise results on the neutron spin structure function gn

1 are
obtained.

For this analysis, the kinematic range has been ex-
tended with respect to the previous proton analysis, to
include the region at low x (0.0041 ≤ x ≤ 0.0212) with
low Q2. In this region the information available on g1

was sparse. As will be discussed in Sect. VI, the first
moment Γd

1 determined from HERMES data appears to
saturate for x < 0.04. This observation allows for a de-
termination of a0 with small uncertainties and for a test
of the Bjorken Sum Rule, as well as scheme-dependent
estimates of ∆Σ and the first moments of the flavor sep-
arated quark helicity distributions, ∆u + ∆ū, ∆d + ∆d̄
and ∆s + ∆s̄.

The paper is organized as follows: the formalism lead-
ing to the extraction of the structure function g1 will
be briefly reviewed in Sect. II, Sect. III deals with the
HERMES experimental arrangement and the data anal-
ysis is described in Sect. IV. Final results are presented
in Sect. V and discussed in Sect. VI.

II. FORMALISM

In the one-photon-exchange approximation, the differ-
ential cross section for inclusive deep-inelastic scattering
of polarized charged leptons off polarized nuclear targets
can be written [38] as:

d2σ(s, S)
dx dQ2

=
2πα2y2

Q6
Lµν(s)Wµν(S) , (16)

where α is the fine-structure constant. As depicted in
Fig. 1 the leptonic tensor Lµν describes the emission of
a virtual photon at the lepton vertex, and the hadronic
tensor Wµν describes the hadron vertex. The main kine-
matic variables used for the description of deep-inelastic
scattering are defined in Tab. I. The tensor Lµν can
be calculated precisely in Quantum Electro-Dynamics
(QED) [15]:

Lµν(s) = 2(kµk′
ν + kνk′

µ − gµν(k · k′ − m2
l ))

+ 2iεµναβ(k − k′)αsβ . (17)

Here the spinor normalization s2 = −m2
l is used. In the

following the lepton mass ml is neglected. For a spin-1/2
target the representation of Wµν requires four structure
functions to describe the nucleon’s internal structure. It

Lepton Tensor Hadron Tensor
parametrized in terms of 

Structure Functions
d3σ

dxdydφ
∝ y

2
F1(x,Q2) +

1− y − γ2y2/4
2xy

F2(x, Q2)

−PlPT cos α

[(
1− y

2
− γ2y2

4

)
g1(x,Q2)− γ2y

2
g2(x,Q2)

]

+PlPT sinα cos φγ

√
1− y − γ2y2

4

(y

2
g1(x,Q2) + g2(x, Q2)

)
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Parton-Model Interpretation of 
Structure Functions

5

F1(x) =
1
2

∑

q

e2
qf

q
1 (x)

F2(x) = x
∑

q

e2
qf

q
1 (x)

g1(x) =
1
2

∑

q

e2
qg

q
1(x)

g2(x) = 0

quark-spin constribution to nucleon helicity 
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Closer Look at g2

higher-twist, thus

no probabilistic interpretation

probes parton correlations

at LO: 
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and S⊥ is the transverse polarization vector and γ⊥ is the component along the
same direction. Although it allows a simple estimate of g2 in the models [180],
the above expression is deceptive in its physical content. It has led to incorrect
identifications of twist-three operators [26, 258] and incorrect next-to-leading
order coefficient functions [204]. When the leading-logarithmic corrections were
studied, it was found that ∆qT (x, Q2) mixes with other distributions under scale
evolution [261]. In fact, ∆qT (x, Q2) is a special moment of more general parton
distributions involving two light-cone variables

∆qT (x) =
2

x

∫ 1

−1
dy (K1(x, y) + K2(x, y)) , (94)

where the Ki(x, y) are defined as
∫

dλ

2π

dµ

2π
eixλ+iµ(y−x)〈PS|ψ̄(0)iDα(µn)ψ(λn)|PS〉

= Sαγ5 #pK1(x, y) + iT α #pK2(x, y) + ... (95)

where T α = εαβγδS⊥pγnδ. Under a scale transformation, the general distribu-
tions Ki(x, y) evolve autonomously while the ∆qiT (x) do not [90, 131]. The
first result for the leading logarithmic evolution of the twist-three distributions
(and operators) [90] has now been confirmed by many studies [252, 60].

Thus an all-order g2 factorization formula is much more subtle than is in-
dicated by the leading-order result. It involves the generalized two-variable
distributions, Ki(x, y),

gT (xB , Q2) =
∑

ia

∫ 1

−1

dxdy

xy

(

Ca

(

xB

x
,
xB

y
, αs

)

Ki(x, y) + (xB → −xB)

)

,

(96)
where Ca are the coefficient functions with a summing over different quark
flavors and over gluons. Accordingly, a perturbative calculation of g2 in terms
of quark and gluon external states must be interpreted carefully [228]. Recently,
the complete one-loop radiative corrections to the singlet and non-singlet g2 have
been published [192]. The result is represented as the order-αs term in Ci and
is one of the necessary ingredients for a NLO analysis of g2 data. Note that
the Burkhardt-Cottingham sum rule,

∫ 1
0 g2(x, Q2)dx = 0, survives the radiative

corrections provided the order of integrations can be exchanged [96].
As an example of the interesting physics associated with g2, we consider its

second moment in x
∫ 1

0
dxxg2(x, Q2) =

1

3

(

−a2(Q
2) + d2(Q

2)
)

, (97)

where a2(Q2) is the second moment of the g1(x) structure function. Here d2(Q2)
is the matrix element of a twist-three operator,

〈PS|
1

4
ψ̄gF̃ σ(µγν)ψ|PS〉 = 2d2S

[σP (µ]P ν) , (98)

50

sensitive to a quark and a gluon amplitude

g2 =
1
2

∑
e2
q gT (x)

second moment of g1
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unfortunately, HERA II with no or only low beam 
polarization (as compared to HERA I)
➠ low figure of merit
➠ expected precision not comparable to E155 

What HERMES can do for g2

7
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unfortunately, HERA II with no or only low beam 
polarization (as compared to HERA I)
➠ low figure of merit
➠ expected precision not comparable to E155 

What HERMES can do for g2
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... back to parton distributions ...

9
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Quark Structure of the Nucleon

10

.

hermes Quark Distribution Functions

1
f =
q

g =
1L

-q

1
h = -
q

⇓ ⇓ ⇓
Unpolarized quarks
and nucleons

f
q
1
(x): spin averaged
(well known)

⇒ Vector Charge

〈PS|Ψ̄γµΨ|PS〉=
∫

dx(fq
1 (x) − f q̄

1 (x))

Longitudinally
polarized quarks
and nucleons

g
q
1
(x): helicity

difference (known)

⇒ Axial Charge

〈PS|Ψ̄γµγ5Ψ|PS〉=
∫

dx(gq
1(x) + gq̄

1(x))

Transversely
polarized quarks
and nucleons

h
q
1
(x): transversity
(hardly known!)

⇒ Tensor Charge

〈PS|Ψ̄σµνγ5Ψ|PS〉=
∫

dx(hq
1(x) − hq̄

1(x))

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 3/50

Alexei & Co., THANKS!!
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SSAs in One-Hadron Production

11
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hermes Azimuthal Single-Spin Asymmetries

AUT (φ,φS) =
1

〈|S⊥|〉

N↑
h(φ,φS) − N↓

h(φ,φS)

N↑
h(φ,φS) + N↓

h(φ,φS)

∼ sin(φ + φS)
∑

q

e2
q I

[

kT P̂h⊥

Mh

h
q
1
(x, p2

T )H⊥,q
1

(z, k2
T )

]

+ sin(φ − φS)
∑

q

e2
q I

[

pT P̂h⊥

M
f⊥,q
1T (x, p2

T )Dq
1
(z, k2

T )

]

+ . . . I[. . .]: convolution integral over initial (pT )

and final (kT ) quark transverse momenta

⇒ 2D Max.Likelihd. fit to get Collins and Sivers amplitudes:

PDF (2〈sin(φ ± φS)〉UT , . . . , φ, φS) = 1
2{1 + PT (2〈sin(φ ± φS)〉UT sin(φ ± φs) + . . .)}

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 1/2

cf. L
. Pappalardo’s ta

lk for re
sults
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Resolving the Convolution Integral

12

.

hermes

Side Remark:
Resolving the Convolution Integral

Weight with transverse hadron momentum Ph⊥ to resolve
convolution:

ÃUT (φ, φS) =
1

〈S⊥〉

∑N+

i=1 Ph⊥,i −
∑N−

i=1 Ph⊥,i

N+ + N−

∼ sin(φ + φS) ·
∑

q

e2
q hq

1(x) z H
⊥(1),q
1 (z)

− sin(φ − φS) ·
∑

q

e2
q f

⊥(1),q
1T (x) z Dq

1(z)

+ . . .

(1): p2

T
-/k2

T
-moment of

distribution / fragmentation

function

A. M. Kotzinian and P. J. Mulders, Phys. Rev. D 54 (1996) 1229

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 2/2

idea goes back to Kotzinian & Mulders [Phys. Rev. D 54 (1996) 1229]
factorized expressions
Q2 evolution under control
model-independent analysis of DFs and FFs possible
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What about Integration over 
Transverse Momentum?
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104 5.2 The Monte Carlo Generator gmc_trans
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Figure 5.2.6: The implemented and extracted Ph⊥–weighted asymmetry am-

plitudes (upper half) and the differences between implemented

and extracted amplitudes (lower half) for generated and recon-

structed positive pion events. The generated events cover the

whole range of the solid angle.
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Figure 5.2.7: The implemented and extracted Ph⊥–weighted asymmetry am-

plitudes (upper half) and the differences between implemented

and extracted amplitudes (lower half) for generated and recon-

structed negative pion events. The generated events cover the

whole range of the solid angle.

Large acceptance effects observed when comparing 
reconstructed weighted amplitudes in 4π vs. acceptance
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Extracting full kinematic dependence

14
24

3. Acceptance effects: difference between asymmetry amplitudes folded in 4ππππ
and those folded within the acceptance.

!

! ⊥
⊥ =±

)(

);()()(
)()sin(

4,

,
4,4,

x

cxAxzMP
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iSiversCollins

acc

UUh
acc

UT

S
h

π

ππ

σ

σ
φφ

2. The extracted azimuthal moments and                     are folded

with the spin-independent cross section (known!) in 4π and within the 

HERMES acceptance :  

)( 4πσUU
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)( .acc
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set of SIDIS events based on a Taylor expansion on     :

1.  The full kinematic dependence of the Collins and Sivers moments on

),,,( 2
⊥≡ hPzQxx

x

is evaluated from the real data through a fit of the full

)]sin();()sin();([1);,( SiSiversSiCollinstt cxAcxAPcPxf φφφφ −⋅++⋅⋅+=
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22

2
54

2
3210 ...),(e.g.:

L. Pappalardo’s talk at Transversity’08
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From SSA amplitudes to TMDs
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Leading-Twist TMDs

16
9

!"#$!%&$&'()*'+,)'-.$/,.0)'-.(

Incredible amount of information on the nucleon structure!!!

Exciting time for the new generation experiments!
Sivers function
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Using Purities to extract PDFs

when using weighted asymmetries, model-independent 
extraction of PDFs (e.g., Sivers) possible
used successfully in HERMES helicity-DF analysis
purities are completely unpolarized objects ➥ present MC can 
be used
Sivers case: easy as the only FF that appears is D1

17
.

hermes

Extracting Quark Distributions
Purity Formalism

purities are completely unpolarized objects → present
Monte Carlo-tunes can be used

probabilistic interpretation of purities possible

“easy”: Sivers ← fragmentation function (D1) known

Collins: these purities still depend on parametrization of
Collins FF function

Asin(φ−φS),h
UT (x) = C ·

∑

q e2
q f⊥(1),q

1T (x)
∫

dz Dq,h
1 (z)A(x, z)

∑

q′ e2
q′ fq′

1 (x)
∫

dz Dq′,h
1 (z)A(x, z)

= C ·
∑

q

e2
q fq

1 (x) Dq,h
1 (x)

∑

q′ e2
q′ fq′

1 (x) Dq′,h
1 (x)

·
f⊥(1),q
1T

fq
1

(x)

= C ·
∑

q

Ph
q (x) ·

f⊥(1),q
1T

fq
1

(x)

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 50/50

.

hermes

Side Remark:
Resolving the Convolution Integral

Weight with transverse hadron momentum Ph⊥ to resolve
convolution:

ÃUT (φ, φS) =
1

〈S⊥〉

∑N+

i=1 Ph⊥,i −
∑N−

i=1 Ph⊥,i

N+ + N−

∼ sin(φ + φS) ·
∑

q

e2
q hq

1(x) z H
⊥(1),q
1 (z)

− sin(φ − φS) ·
∑

q

e2
q f

⊥(1),q
1T (x) z Dq

1(z)

+ . . .

(1): p2

T
-/k2

T
-moment of

distribution / fragmentation

function

A. M. Kotzinian and P. J. Mulders, Phys. Rev. D 54 (1996) 1229

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 2/2
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Purities at HERMES

18
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Using Purities to extract PDFs

when using weighted asymmetries, model-independent 
extraction of PDFs (e.g., Sivers) possible
used successfully in HERMES helicity-DF analysis
purities are completely unpolarized objects ➥ present MC can 
be used
Collins case: need to consider Collins FF

19.

hermes

Extracting Quark Distributions
Purity Formalism

purities are completely unpolarized objects → present
Monte Carlo-tunes can be used

probabilistic interpretation of purities possible

“easy”: Sivers ← fragmentation function (D1) known

Collins: these purities still depend on parametrization of
Collins FF function

Asin(φ+φS),h
UT (x) = C ·

∑

q e2
q hq

1(x)
∫

dz H⊥(1),q,h
1 (z)A(x, z)

∑

q′ e2
q′ fq′

1 (x)
∫

dz Dq′,h
1 (z)A(x, z)

= C ·
∑

q

e2
q fq

1 (x) H⊥(1),q,h
1 (x)

∑

q′ e2
q′ fq′

1 (x) Dq′,h
1 (x)

·
hq

1

fq
1

(x)

= C ·
∑

q

Ph
q (x) ·

hq
1

fq
1

(x)

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 50/50
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hermes

Side Remark:
Resolving the Convolution Integral

Weight with transverse hadron momentum Ph⊥ to resolve
convolution:

ÃUT (φ, φS) =
1

〈S⊥〉

∑N+

i=1 Ph⊥,i −
∑N−

i=1 Ph⊥,i

N+ + N−

∼ sin(φ + φS) ·
∑

q

e2
q hq

1(x) z H
⊥(1),q
1 (z)

− sin(φ − φS) ·
∑

q

e2
q f

⊥(1),q
1T (x) z Dq

1(z)

+ . . .

(1): p2

T
-/k2

T
-moment of

distribution / fragmentation

function

A. M. Kotzinian and P. J. Mulders, Phys. Rev. D 54 (1996) 1229

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 2/2
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Valence-Quark Sivers DF

look at difference in charged-pion yields: ΔN=Nπ+ - Nπ- :

simple interpretation in terms of valence distributions:

20

Aπ+−π−

UT (φ, φS) ≡
1

ST

∆N↑ (φ, φS) − ∆N↓(φ, φS)
∆N↑ (φ, φS) + ∆N↓(φ, φS)

〈sin(φ − φS)〉π+−π−

UT (φ, φS) = −
4f⊥,uv

1T − f⊥,dv

1T

4fuv
1 − fdv

1

at least for weighted asymmetries, but also for 
unweighted case convolutions simplify
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Leading-Twist TMDs

21
9
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Incredible amount of information on the nucleon structure!!!

Exciting time for the new generation experiments!

“Pretzelosity”
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Leading-Twist TMDs

22
9
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Incredible amount of information on the nucleon structure!!!

Exciting time for the new generation experiments!

the “weird/boost” distributions
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1-Hadron Production (ep➙ehX)

23

.

hermes

SIDIS Cross Section
(up to subleading order in 1/Q)

dσ = dσ0
UU + cos 2φ dσ1
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1

Q

(

cos φS dσ14
LT + cos(2φ − φS) dσ15

LT

)

]}

σXY

↙ ↘
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uli

Mulders and Tangermann, Nucl. Phys. B 461 (1996) 197

Boer and Mulders, Phys. Rev. D 57 (1998) 5780

Bacchetta et al., Phys. Lett. B 595 (2004) 309

Bacchetta et al., JHEP 0702 (2007) 093

“Trento Conventions”, Phys. Rev. D 70 (2004) 117504

Collins Effect:
sensitive to quark transverse spin
in “Pretzelocity” distribution or
“Boostisity” h⊥

1L
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1-Hadron Production (ep➙ehX)

24
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hermes

SIDIS Cross Section
(up to subleading order in 1/Q)

dσ = dσ0
UU + cos 2φ dσ1
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UT + sinφS dσ12

UT

)

+λe

[

cos(φ − φS) dσ13
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Mulders and Tangermann, Nucl. Phys. B 461 (1996) 197

Boer and Mulders, Phys. Rev. D 57 (1998) 5780

Bacchetta et al., Phys. Lett. B 595 (2004) 309

Bacchetta et al., JHEP 0702 (2007) 093

“Trento Conventions”, Phys. Rev. D 70 (2004) 117504

DSA involving spin-
independent FF and 
“Boostisity” g⊥

1T
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... more twist-3 ...

25



Transversity’08, Ferrara, May 31st 2008Gunar Schnell

1-Hadron Production (ep➙ehX)

26
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hermes

SIDIS Cross Section
(up to subleading order in 1/Q)

dσ = dσ0
UU + cos 2φ dσ1
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Mulders and Tangermann, Nucl. Phys. B 461 (1996) 197

Boer and Mulders, Phys. Rev. D 57 (1998) 5780

Bacchetta et al., Phys. Lett. B 595 (2004) 309

Bacchetta et al., JHEP 0702 (2007) 093

“Trento Conventions”, Phys. Rev. D 70 (2004) 117504

sensitivity to or needed 
for transversity 
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sin φs - term in AUT

27

1

a2 + b2 = c2 ⊗ H!

1

−I

[
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2MMh
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T
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1 − Mh

M
g1T

G̃
⊥

z
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M
f⊥
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D̃
⊥

z

)]

−h1 + h̃T −
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T

2M2x
h⊥1T h1− h̃⊥T −
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T
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h⊥1T

−2h1 + (h̃T + h̃⊥T )
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AUL & Mixing of Azimuthal Moments

28

.

hermes Mixing of Azimuthal Moments

x

y

z

θγ∗

φPh

Ph⊥
l

l′

q

S
S⊥

Experiment: Target Polariza-
tion w.r.t. Beam Direction (l)!
Theory: Polarization along virtual photon di-

rection (q)

⇒ mixing of “experimental” and “theory”

asymmetries via:

[Diehl and Sapeta, Eur. Phys. J. C41 (2005)]









〈 sinφ〉
l

UL

〈 sin(φ−φS)〉
l

UT

〈 sin(φ+φS)〉
l

UT










=








cos θγ∗ − sin θγ∗ − sin θγ∗

1
2 sin θγ∗ cos θγ∗ 0

1
2 sin θγ∗ 0 cos θγ∗
















〈 sinφ〉
q

UL

〈 sin(φ−φS)〉
UT

〈 sin(φ+φS)〉
UT









(cos θγ∗ % 1 , sin θγ∗ up to 15% at HERMES energies)

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 31/50
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Twist-3 at HERMES

29

.

hermes

What About
Longitudinally Polarized Targets?

〈 sinφ〉
q

UL
=〈 sinφ〉

l

UL
+ sin θγ∗

(

〈 sin(φ+φS)〉
l

UT
+〈 sin(φ−φS)〉

l

UT

)

-0.05

0

0.05

2
!s

in
"
#

$+ -2sin%& *(!sin("+"S)#     +
!sin("-"S)#     )

UT
l

UT
l

-0.05

0
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0 0.1 0.2 0.3
x

2
!s

in
"
#

$-

0.2 0.3 0.4 0.5 0.6 0.7
z

2!sin"#UL

q

2!sin"#UL

l

twist-3 dominates
measured asymmetries
on longitudinally polarized
targets!

significantly positive for
π+

consistent with zero for
π−

twist-3 not necessarily
small

Airapetian et al., Phys. Lett. B 622 (2005) 14

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 33/50
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Another Longitudinal SSA: ALU

30

.

hermes The Other Longitudinal SSA

longitudinally pol. beam & unpol. target ⇒ subleading-twist

Bacchetta et al., Phys. Lett. B 595 (2004) 309

〈 sin φ〉
LU

∝ λe
M

Q
I
[

xe(x)H⊥
1 (z) −

Mh

zM
h⊥

1 (x)E(z)

]

+
Mh

zM
f1(x)G⊥(z) − xg⊥(x)D1(z)

]

+
mq

M
h⊥

1 (x)D1(z) −
mq

M
f1(x)H⊥

1 (z)
]

⇒ for long time candidate to access e(x)
(h⊥

1 (x) contribution either assumed to be zero (T-odd!) or small(??))

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 34/50
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Another Longitudinal SSA: ALU

31
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hermes The Other Longitudinal SSA

longitudinally pol. beam & unpol. target ⇒ subleading-twist

Bacchetta et al., Phys. Lett. B 595 (2004) 309

〈 sin φ〉
LU

∝ λe
M

Q
I
[

xe(x)H⊥
1 (z) −

Mh

zM
h⊥

1 (x)E(z)

+
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]

+
mq

M
h⊥

1 (x)D1(z) −
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M
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1 (z)
]

quark-mass suppressed ⇒

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 34/50
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Longit. Beam-Spin Asymmetries

32
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hermes Longitudinal Beam-Spin Asymmetries
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Significantly positive
amplitudes for π+ and π0

Amplitudes for π− consistent
with zero

Three different z-regions
studied

Airapetian et al., Phys. Lett. B 648 (2007) 164

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 35/50

Significantly positive 
amplitudes for neutral and 
positive pions

much more data on tape: 

in total factor 7 for H

factor 3 for D

mostly with RICH 
detector, thus kaon 
amplitudes possible
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What can we learn from AUL?

33.

hermes What can we learn from ALU

〈 sinφ〉
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any help from other observables to separate contributions?
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Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 37/50

any help from other observables to separate 
contributions?

jet SIDIS ⇒ only g⊥-term survives

2-hadron production:

.

hermes What can we learn from ALU
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−xg⊥(x)D1(z) +
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zM
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]

any help from other observables to separate contributions?

jet SIDIS ⇒ only g⊥-term survives

2-hadron production:

σLU ∝ sin φR⊥

[

xe(x)H!
1 (z, ζ,M2

h) +
1

z
f1(x)G̃!(z, ζ,M2

h)

]

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 37/50

nonzero! (cf. R. Fabbri’s talk)
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2-Hadron Fragmentation

so far: sp interference 
➠ look at pp interference
πK, KK pair production
spin-1 fragmentation (ρ0)
...
for AUT and ALU (the 
latter also on D target)

34
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now something completely different
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SSA in inclusive DIS

transverse SSA require interference of amplitudes with 
different phases

achievable via loop diagrams, e.g.

Sivers DF includes gauge link (soft gluon exchange)

How about inclusive DIS? 

2-photon exchange could 
provide such mechanism in 
inclusive DIS

36

P

p

k l

k′

Figure 1: Two-photon exchange contribution to inclusive DIS in the parton model. The Hermitian
conjugate diagram, not shown in the figure, has to be considered as well. A diagram where the
ordering of the lower vertices of the two photons is interchanged (crossed box graph) does not
contribute to the transverse SSA.

When performing the calculation we ignore a term proportional to m3 in the lepton tensor Lµνρ

and also the mass in the denominator of the lepton propagator in the loop. Both effects are
suppressed for large Q2. The quark is treated as massless particle. On the other hand, to avoid a
potential IR divergence, a mass λ is assigned to the photon.
It turns out that in the collinear parton model only the imaginary part of the loop-integral in (6)
survives as soon as one adds the contribution coming from the Hermitian conjugate diagram. This
imaginary part can be conveniently evaluated by means of the Cutkosky rules. Here we avoid giving
details of the calculation and just quote our final result for the spin dependent part of the single
polarized cross section,

k′0 dσL,pol

d3#k′

=
4α3

em

Q8
m xy2 εµνρσ SµP νkρk′σ

∑

q

e3
q xf q

1 (x) . (7)

At this point several comments are in order. The result in Eq. (7) is the leading term in the Bjorken
limit (Q2 → ∞, x fixed). Corrections to this formula are suppressed at least by a factor M/Q. The
sign of the spin dependent part of the polarized cross section depends on the charge of the lepton
which enters to the third power. The result in (7) holds for a negatively charged lepton. (It is
interesting to note that in one of the early measurements of the target SSA [6] there is evidence for
the expected sign change when switching from an electron to a positron beam.) We have taken the
convention ε0123 = 1 for the Levi-Civita tensor. The spin dependent part of the single polarized
cross section behaves like αem m/Q relative to the unpolarized cross section given in Eq. (1) (and
relative to the dominant term of the double polarized DIS cross section). In this context note that
the correlation (3) showing up in Eq. (7) is given by

εµνρσ SµP νkρk′σ ∝
Q3

x y

√

1 − y (8)

in the Bjorken limit.
We emphasize that the expression in Eq. (7) is IR finite. Terms proportional to ln(Q2/λ2) ap-
pearing at intermediate steps of the calculation cancel in the final result. In related studies of

4

A. Metz et al., Phys.Lett.B643:319-324,2006
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2γ-exchange sensitivity @ HERMES
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The other inclusive SSA

instead of inclusive DIS, look at inclusive hadron 
production (a la E704 etc., but photo-production)

plenty of data available

can they be related to Sivers effect in any way?

or what is the physics of Left-Right asymmetries in 
photo-production?

38
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Conclusions
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plenty of projects 

inclusive DIS (g2, 2-photon exchange)

inclusive hadron left-right asymmetries

SSA and DSA in semi-inclusive DIS ➠ access to 
various TMDs like Sivers, Pretzelosity and the “weird 
ones”

flavor decomposition of Sivers function via purity 
analysis and pion-yield difference asymmetries

2-hadron fragmentation: sp-&pp-interference etc., in 
ALU and AUT 

“only the sky*) is the limit”

                                        *) sky = manpower
40


