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SIDIS: Partonic Cross 
Section and Kinematics

SIDIS: partonic cross sections 

kT 

PT = pT +z kT  

pT 

Azimuthal moments in hadron production  
in SIDIS provide access to different 
structure functions and underlying 
transverse momentum dependent 
distribution and fragmentation functions. 
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Azimuthal Moments in SIDIS

Higher Twist PDFs 

DPWG, JLab,  Oct 22 5 5 

Azimuthal moments in SIDIS  

quark polarization 

Experiment for a given target 
polarization measures all 
moments simultaneously 
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The (long gone)  
Scene of Action
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Recipe for a successful experiment: 
azimuthal asymmetries in  SIDIS

Polarised 
electron beam

Precise 
measurement 
of scattered e-

High virtuality 
Q2 = -q2 >1GeV2

(transversely) 
polarised target

Precise measurement 
produced hadron



The HERMES Experiment 
(ideal for SIDIS)
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Collins Effect

• transverse polarization of quarks leads to 
large effects!  

• opposite in sign for charged pions  
• disfavoured Collins FF large and opposite 

in sign to favoured one 
• Non-zero transversity 
• Non-zero Collins function
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transverse polarization of 
quarks leads to large effects!

opposite in sign for charged 
pions
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[Airapetian et al., PLB 693 (2010) 11]
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Collins Effect - part II

• positive Collins SSA amplitude for positive kaons  
• consistent with zero for negative kaons and (anti)protons  

➡vanishing sea-quark transversity and baryon Collins effect?
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Collins effect for kaons 
and (anti) protons
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Pretzelosity

Consistent with zero; but suppressed by two powers of 
Ph⊥ with respect to transversity and Collins
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consistent with zero; but suppressed 
by two powers of Ph⊥ (compared to, e.g., transversity⊗Collins)

Pretzelosity?

-0.02

0

0.02

0.04

2 
〈s

in
(3
φ-
φ S

)〉 U
⊥

π+ HERMES
7.3% scale  uncertainty

PRELIMINARY

-0.1

-0.05

0

0.05 π0

-0.04

-0.02

0

0.02

0.04

10
-1

x

π-

0.4 0.6
z

0.5 1
Ph⊥ [GeV]

The transversity distribution appears together with the Collins fragmentation function196

in the SSA moment7197
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where x
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⌘ Q2/(2P · q), 8 y ⌘ (P · q)/(P · k), z ⌘ (P · P
h

)/(P · q), M
h

is the mass of the200

produced hadron, with q, P , k, k0 and P
h

representing the four-momenta of the exchanged201

virtual photon, initial-state target proton, incident and outgoing lepton, and produced202

hadron, respectively, and ĥ = P
h?/|Ph?|. The notation C specifies the convolution [7]203
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where e
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are the quark electric charges in units of the elementary charge. Furthermore, the204

“photon polarization parameter” ✏ ⌘ 1�y� 1
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is the ratio of longitudinal to transverse205

photon flux, where � ⌘ 2Mx
B

/Q with M the mass of the target nucleon.206

ToDo:

Decision item: do we list all publications about previous measurements.

In any case, discussion needs a careful update.

207

ToDo:

Decision item: how much in detail should we go about phenomenology,

e.g. fits, etc. - again, an update of discussion is needed. Andreas is in

favor of keeping it short (skipping it) as a rather temporary snapshot.

Likely depends on how many comparisons we will show at the end.
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Corresponding measurements of the 2 hsin (�+ �
S

)ih
U? moment in the Diehl–Sapeta209

representation (cf. Section 2.2) as a function of single kinematic variables have been pub-210

lished by the HERMES Collaboration for charged pions [10] and for pions and charged211

kaons [11], all from a transversely polarized hydrogen target. The COMPASS Collabo-212

ration published measurements for unidentified hadrons from a deuterium target [12, 13]213

and a hydrogen target [14, 15], and results for identified pions and kaons from hydrogen214

and deuterium targets [16, 17]. The first experimentally based values for the transversity215

7Here and in the corresponding expressions in this Section the kinematic dependences of both distribution

and fragmentations have been omitted for brevity.
8
ToDo: in the introduction we already used x, for the momentum fraction

– 8 –

In various models, such as bag or spectator models, pretzelosity appears as the di↵erence320

between helicity and transversity distributions, and hence can be interpreted to represent321

relativistic e↵ects on the nucleon structure. As the name pretzelosity suggests, nonzero322

values could indicate that the shape of a transversely polarized nucleon is nonspherical [52,323

53].324

Being chiral-odd, pretzelosity appears in semi-inclusive DIS convoluted with the Collins325

fragmentation function in the SSA amplitude326
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The only existing measurements of this asymmetry comes from the Je↵erson Lab Hall327

A Collaboration [54], using a transversely polarized 3He target, e↵ectively a target of328

transversely polarized neutrons. The resulting asymmetry amplitudes are consistent with329

zero, both for ⇡+ and ⇡�. The COMPASS Collaboration published measurements for330

unidentified hadrons of the longitudinal single-spin asymmetries 2 hsin (3�)ih
Uk, measured331

as usual with the target polarization parallel to the direction of the incident lepton beam.332

This observable is sensitive to 2 hsin (3�� �
S

)ih
UT

via the component of target polarization333

perpendicular to the direction of the virtual photon. The results of those measurements334

are consistent with zero [55].335

2.3.4 The worm-gear distributions336
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g?,q

1T

�
x,p2

T

�
[56] (h?,q

1L

�
x,p2

T

�
[49]) describes the dependence of the number density of

longitudinally (transversely) polarized quarks on the orientation of p
T

with respect to

the orientation of the transverse polarization involved. Both distributions are naive-T -

even. In Ref. [57], Wandzura–Wilczek-type relations between the worm-gear distributions

g?,q

1T

�
x,p2

T

�
) and h?,q

1L

�
x,p2

T

�
and the helicity and transversity distributions, respectively,

were proposed:

Z
dp2

T

g?,q

1T

�
x,p2

T

�
⇡ x

1Z

x

d⇠

⇠

Z
dp2

T

g q

1

�
⇠,p2

T

�
, (2.10)

Z
dp2

T

h?,q

1L

�
x,p2

T

�
⇡ �x2

1Z

x

d⇠

⇠2

Z
dp2

T

h q

1

�
⇠,p2

T

�
. (2.11)

– 12 –

INT 17-3 week 4G. Schnell 

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h�1

L g1L h�1L

T f�1T g1T h1, h�1T

Twist-2 TMDs

24

consistent with zero; but suppressed 
by two powers of Ph⊥ (compared to, e.g., transversity⊗Collins)

Pretzelosity?

-0.02

0

0.02

0.04

2 
〈s

in
(3
φ-
φ S

)〉 U
⊥

π+ HERMES
7.3% scale  uncertainty

PRELIMINARY

-0.1

-0.05

0

0.05 π0

-0.04

-0.02

0

0.02

0.04

10
-1

x

π-

0.4 0.6
z

0.5 1
Ph⊥ [GeV]

The transversity distribution appears together with the Collins fragmentation function196

in the SSA moment7197

2 hsin (�+ �
S

)ih
UT

(x
B

, y, z, |P
h?|) = ✏

C
⇥
� ĥ·kT
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� ĥ·kT

Mh
hq
1

H?q!h

1

⇤

C
⇥
f q

1

Dq!h

1

⇤ , (2.3)

199

F
sin(�h+�S)

UT

�
x
B

, z, |P
h?| , Q2

�
= C

⇥
� ĥ · k

T

M
h

h q

1

H ?,q!h

1

⇤
(2.4)

where x
B

⌘ Q2/(2P · q), 8 y ⌘ (P · q)/(P · k), z ⌘ (P · P
h

)/(P · q), M
h

is the mass of the200

produced hadron, with q, P , k, k0 and P
h

representing the four-momenta of the exchanged201

virtual photon, initial-state target proton, incident and outgoing lepton, and produced202

hadron, respectively, and ĥ = P
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T (ĥ·kT )�4(ĥ·pT )
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Boer-Mulders Effect
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intriguing behavior for kaons

available in multidimensional binning, e.g., before projecting: 
http://www-hermes.desy.de/cosnphi/

[Airapetian et al., PRD 87 (2013) 012010]
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Worm Gear
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3

polarized 5.9 GeV electron beam with an average cur-
rent of 12µA. Polarized electrons were excited from a
superlattice GaAs photocathode by a circularly polar-
ized laser [31] at the injector of the CEBAF accelerator.
The laser polarization, and therefore the electron beam
helicity, was flipped at 30 Hz using a Pockels cell. The
average beam polarization was (76.8± 3.5)%, which was
measured periodically by Møller polarimetry. Through
an active feedback system [32], the beam charge asym-
metry between the two helicity states was controlled to
less than 150 ppm over a typical 20 minute period be-
tween target spin-flips and less than 10 ppm for the entire
experiment. In addition to the fast helicity flip, roughly
half of the data were accumulated with a half-wave plate
inserted in the path of the laser at the source, providing
a passive helicity reversal for an independent cross-check
of the systematic uncertainty.

The ground state 3He wavefunction is dominated by
the S-state, in which the two proton spins cancel and the
nuclear spin resides entirely on the single neutron [33].
Therefore, a polarized 3He target is the optimal effective
polarized neutron target. The target used in this mea-
surement is polarized by spin-exchange optical pumping
of a Rb-K mixture [34]. A significant improvement in tar-
get polarization compared to previous experiments was
achieved using spectrally narrowed pumping lasers [35],
which improved the absorption efficiency. The 3He gas of
~10 atm pressure was contained in a 40-cm-long glass ves-
sel, which provided an effective electron-polarized neu-
tron luminosity of 1036 cm−2s−1. The beam charge was
divided equally among two target spin orientations trans-
verse to the beamline, parallel and perpendicular to the
central l⃗-⃗l′ scattering plane. Within each orientation, the
spin direction of the 3He was flipped every 20 minutes
through adiabatic fast passage [36]. The average in-beam
polarization was (55.4± 2.8)% and was measured during
each spin flip using nuclear magnetic resonance, which
in turn was calibrated regularly using electron paramag-
netic resonance [37].

The scattered electron was detected in the BigBite
spectrometer, which consists of a single dipole magnet
for momentum analysis, three multi-wire drift cham-
bers for tracking, a scintillator plane for time-of-flight
measurement and a lead-glass calorimeter divided into
pre-shower/shower sections for electron identification
(ID) and triggering. Its angular acceptance was about
64 msr for a momentum range from 0.6 GeV to 2.5 GeV.
The left High Resolution Spectrometer (HRS) [38] was
used to detect hadrons in coincidence with the Big-
Bite Spectrometer. Its detector package included two
drift chambers for tracking, two scintillator planes for
timing and triggering, a gas Cerenkov detector and a
lead-glass calorimeter for electron ID. In addition, an
aerogel Čerenkov detector and a ring imaging Čerenkov
detector were used for hadron ID. The HRS central mo-
mentum was fixed at 2.35 GeV with a momentum accep-
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Figure 1. 3He A
cos(φh−φS)
LT azimuthal asymmetry plotted

against x for positive (top left) and negative (top right)
charged pions. The ALL correction (see text) that was ap-
plied and its uncertainty are shown in the bottom panels.

tance of ±4.5% and an angular acceptance of ∼6 msr.
The SIDIS event sample was selected with particle

identification and kinematic cuts, including the four mo-
mentum transfer squared Q2 > 1 GeV2, the virtual pho-
ton-nucleon invariant mass W > 2.3 GeV, and the mass
of undetected final-state particles W ′ > 1.6 GeV. The
kinematic coverage was in the valence quark region for
values of the Bjorken scaling variable in 0.16 < x < 0.35
at a scale of 1.4 < Q2 < 2.7GeV2. The range of measured
hadron transverse momentum Ph⊥ was 0.24-0.44 GeV.
The fraction z of the energy transfer carried by the ob-
served hadron was confined by the HRS momentum ac-
ceptance to a small range about z ∼ 0.5-0.6. Events
were divided into four x-bins with equivalent statistics.
At high x, the azimuthal acceptance in φh−φS was close
to 2π, while at lower x, roughly half of the 2π range
was covered, including the regions of maximal and mini-
mal sensitivity to Acos(φh−φS)

LT at cos (φh − φS) ∼ ±1 and
zero, respectively. The central kinematics were presented
in Ref. [30].

The beam-helicity DSA was formed from the mea-
sured yields as in Eq. (1). The azimuthal asymme-
try in each x-bin was extracted directly using an az-
imuthally unbinned maximum likelihood estimator with
corrections for the accumulated beam charge, the data
acquisition livetime, and the beam and target polariza-
tions. The result was confirmed by an independent bin-
ning-and-fitting procedure [30]. The sign of the asymme-
try was cross-checked with that of the known asymmetry
of 3H⃗e(e⃗, e′) elastic and quasi-elastic scattering on lon-
gitudinally and transversely polarized targets [39]. The
small amount of unpolarized N2 used in the target cell to
reduce depolarization diluted the measured 3He asymme-
try, which was corrected for the nitrogen dilution defined
as

fN2
≡

NN2
σN2

N3Heσ3He +NN2
σN2

, (2)

[PRL 108 (2012) 052001]
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Sivers effect

similar amplitudes for positive pions and 
protons 
 ☛ u-quark dominance (and not a FF effect)?  
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☛ larger amplitudes for 
positive kaons vs. pions

[Airapetian et al., PLB 693 (2010) 11]
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FIG. 2. The longitudinal double-spin asymmetries A

h

k,N as a function of x with N = p, d denoting the target nucleus and

h = ⇡

±
,K

± the final-state hadron detected. The inner error bars represent statistical uncertainties while the outer ones
statistical and systematic uncertainties added in quadrature (hardly visible in this figure).

bin to another due to QED radiation or detector smear-477

ing. The resulting x dependence of the asymmetries is478

presented for hydrogen and deuterium targets in Fig. 2.479

The asymmetries extracted were found to be essentially480

identical to those in prior HERMES analyses [5].481

The z dependence of fragmentation functions is in prin-482

ciple quark-flavor dependent. This can result in an ad-483

ditional dependence of A

h
k on z. Nevertheless, the z-484

dependence of longitudinal double-spin asymmetries is a485

largely unexplored degree of freedom. This is addressed486

in a two-dimensional analysis, in which the unfolding was487

performed with a fine z but coarse x binning (see Ta-488

ble III). The low-z bin spans the range 0.1 < z < 0.2,489

which is excluded from asymmetries that are integrated490

over z. The resulting A

h
k(z) is shown for the three x491

slices in Fig. 3. No strong dependence on z is visible,492

in agreement with results by the COMPASS collabora-493

tion for charged-hadron production from longitudinally494

polarized deuterons [11, 42].495

To better evaluate any potential z dependence, and in496

order to avoid, e.g., possible influence of the y depen-497

dence of A

h
k through its kinematic prefactors, A

h
1

was498

determined from A

h
k according to Eq. (6). A set of poly-499

nomial functions—one linear in x only, one linear in both500

x and z, and one fully quadratic in both variables—was501

then fit to all 18 data points with correlated uncertain-502

ties for each of the resulting A

h
1

asymmetries. It was503

found that within the precision of the asymmetries, the504

goodness-of-fit was not significantly improved by includ-505

ing a z dependence. The �2 values are given in Table IV.506

The x-Ph? dependence of Ah
k is obtained by binning507

and unfolding in both of these variables simultaneously508

(see Table III), as done for the x-z projection of A

h
k .509

A dependence on the transverse hadron momentum may510

arise from di↵erent average transverse momenta of quarks511

with their spin aligned to the nucleon spin compared to512

the case of the spins being anti-aligned. The asymmetries513

are presented in Fig. 4 as a function of Ph? for three dis-514

joint x ranges. No strong dependence on Ph? is visible,515

consistent with the weak dependences reported by the516

CLAS [10] and COMPASS [11, 42] collaborations.517

In order to evaluate in more detail any potential Ph?518

dependence, each of the asymmetries was transformed519

into a corresponding A

h
1

asymmetry and then fit with520

a set of polynomial functions as was done for the x–z521

dependence—one linear in x only, one linear in both x522

and Ph?, and one quadratic in both variables. Once523

again, the goodness-of-fit of these polynomial fit func-524

tions, given in Table V, shows no clear preference for525

any of the functional forms used. Figure 5 shows as an526

example A

⇡+

1

(Ph?) from deuterons in three x ranges as527

given in the di↵erent panels. Uncertainty bands are over-528

laid for two fits. They are presented to provide a realistic529

indication of the model-constraining power of these data.530
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FIG. 3. As Fig. 2 but as a function of z in three di↵erent x ranges as labelled. Data points for the first x slice are plotted
at their average kinematics, while the ones for the other two x slices are slightly shifted horizontally for better legibility. Inner
error bars represent statistical uncertainties while the outer ones statistical and systematic uncertainties added in quadrature.

TABLE IV. The �

2 values for polynomial fits to the A

h

1,N

(x, z) data points for each combination of target (N = p, d) and
final-state hadron h, and number of degrees of freedom (NDF ) as indicated. The 0.1 < z < 0.2 bin has been excluded from
fits in order to test for z-dependence in the region commonly used in global analyses. Except where clearly over-parameterized,
the fit function linear in z yields little improvement over the fit constant in that variable suggesting little or no z dependence
of the asymmetry.

A

⇡

+

1,p

A

⇡

�
1,p

A

⇡

+

1,d

A

⇡

�
1,d

A

K

+

1,d

A

K

�
1,d

�

2 (NDF=16)

C

h
1 +C

h
2 x

12.6 10.0 13.4 9.1 10.7 26.0

�

2 (NDF=15)

C

h
1 +C

h
2 x+C

h
3 z

12.2 6.3 7.2 7.2 10.1 24.8

�

2 (NDF=12)

C

h
1 +C

h
2 x+C

h
3 z+C

h
4 x

2
+C

h
5 z

2
+C

h
6 xz

10.3 4.5 5.5 4.8 5.8 16.1

B. The semi-inclusive asymmetry binned in three531

dimensions532

The hadron-tagged longitudinal double-spin asymme-533

try binned simultaneously in x, z, and Ph? as measured534

by HERMES for hydrogen and deuterium targets are pre-535

sented in Figs. 6 and 7. The asymmetry is binned in a536

grid with nine bins in x, three bins in Ph?, and three bins537

in z (see Table III), and are plotted as a function of x for538

those ranges in z and Ph?. The binning was selected to539

populate the bins with statistics as uniformly as reason-540

able while maintaining a degree of kinematic uniformity541

across each bin. Within the precision of the measure-542

ments, the asymmetries display no obvious dependence543

on the hadron variables. There is possibly an indication544

that the non-vanishing asymmetry for ⇡

� from protons545

observed in the one-dimensional binning in x (cf. Fig. 2)546

is caused to a large extent by low-z pions. This is in line547

with expectation considering that disfavored fragmenta-548

tion, e.g., fragmentation of quark flavors that are not part549

of the valence structure of the hadron produced, is sizable550

in that region. As such, ⇡� production from up quarks—551

which carry a large positive asymmetry—may still play552

a dominant role in that kinematic region compared to553

larger values of z, where disfavored fragmentation will554

be more and more suppressed.555

These data as well as those of the other asymmetry556

results discussed are available as Supplemental Material557

[43]. A statistical covariance matrix is also provided,558

which describes the uncertainties of the asymmetry in559

every kinematic bin as well as the degree of correla-560

tion between them, which comes about as a result of561

8

dc85 – v2.0 — March 28, 2018

A ,p
π+

- 0.1

0

0.1

0.2

0.3
0.023 < x < 0.055
0.055 < x < 0.100
0.100 < x < 0.600

A ,d
π+ A ,d

K+

A ,p
π -

0.2 0.4 0.6 0.8

- 0.1

0

0.1

0.2

0.3 A ,d
π -

0.2 0.4 0.6 0.8

A ,d
K-

0.2 0.4 0.6 0.8

Ph⊥ [GeV]
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TABLE V. The �

2 values for polynomial fits to the A

h

1,N

(x, P
h?) data points for each combination of target (N = p, d) and

final-state hadron h, and number of degrees of freedom as indicated. The fit function linear in P

h? yields little improvement
over the fit constant in that variable suggesting little or no P

h? dependence of the asymmetry within the statistical precision
of the data.

A

⇡

+

1,p

A

⇡

�
1,p

A

⇡

+

1,d

A

⇡

�
1,d

A

K

+

1,d

A

K

�
1,d

�

2 (NDF=16)

C

h
1 +C

h
2 x

12.7 14.0 33.7 22.9 16.0 24.4

�

2 (NDF=15)

C

h
1 +C

h
2 x+C

h
3 Ph?

12.7 13.9 31.9 20.6 16.0 23.6

�

2 (NDF=12)

C

h
1 +C

h
2 x+C

h
3 Ph?+C

h
4 x

2
+C

h
5 P

2
h?+C

h
6 xPh?

8.5 5.1 29.7 12.0 12.2 18.7

the unfolding process. This complete covariance infor-562

mation should be included in any derivative calculation563

as omitting it—that is using the single-bin uncertainties564

alone—underestimates the statistical significance of these565

data. These three-dimensionally binned asymmetries are566

the most complete, unintegrated, longitudinally polar-567

ized double-spin dataset to date.568

C. Azimuthal asymmetries569

As described in the introduction, azimuthal moments570

of asymmetries are potentially sensitive to unique com-571

binations of distribution and fragmentation functions,572

a number of which vanish when integrated over semi-573

inclusive kinematic parameters.574

For each hadron and target combination, the asymme-575

try is divided into 10 � bins and fit with an azimuthally576

periodic function in each of either 2 x ⇥ 5 z-bins, 2 x ⇥ 5577

Ph?-bins, or 2 z ⇥ 5 x-bins as detailed in Table VI. The578

functional form used included constant, cos�, and cos 2�579

terms. The Ph? projections of the cos� moments for580

charged pions for each target, as well as for charged kaons581

in case of a deuterium target are presented in Fig. 8.582

TABLE VI. Bin boundaries used for the various projections
of Ah,cos�

LL

x binning z binning
0.023 – 0.1 – 0.6 0.2 – 0.32 – 0.44 – 0.56 –0.68 – 0.8

x binning P

h?[ GeV] binning
0.023 – 0.1 – 0.6 0 – 0.3 – 0.4 – 0.5 –0.6 – 2

z binning x binning
0.2 – 0.4 – 0.6 0.023 – 0.04 – 0.055 – 0.075 – 0.14 – 0.6

9
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points for the first x slice are plotted at their average kinematics, while the ones for the second x slice are slightly shifted
horizontally for better legibility.
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FIG. 9. Hadron charge-di↵erence asymmetries for pions from
the hydrogen target and pions, kaons, and all hadrons from
the deuterium target. Data from COMPASS [6] for undi↵er-
entiated hadrons using a 6LiD target are also shown.
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puted using pion charge-di↵erence asymmetries and Eqs. (14)
and (16) compared with valence-quark densities (as indicated)
computed from the HERMES purity extraction [5].

HERMES purity extraction. A common thread among666

these results is that within the available statistical preci-667

sion the longitudinal sector shows no deviation from the668

leading-order, leading-twist assumption. In addition to669

this interpretation, these data are expected to provide an670

essentially model-independent constraint for theory and671

parameterization as it provides the first ever longitudinal672

double-spin semi-inclusive dataset binned in as many as673

three kinematic variables simultaneously.674
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Fig. 5. The five amplitudes describing the strength of the sine modulations of the cross section for hard exclusive !-meson
production. The full circles show the data in two bins of Q2 or �t

0. The open squares represent the results obtained for the
entire kinematic region. The inner error bars represent the statistical uncertainties, while the outer ones indicate the statistical
and systematic uncertainties added in quadrature. The results receive an additional 8.2% scale uncertainty corresponding to
the target-polarization uncertainty. The solid (dash-dotted) lines show the calculation of the GK model [11,21] for a positive
(negative) ⇡! transition form factor, and the dashed lines are the model results without the pion pole.

Here, R denotes the set of 7 asymmetry amplitudes of
the unseparated fit or 14 asymmetry amplitudes of the
longitudinal-to-transverse separated fit and the sum runs
over the N experimental-data events. The normalization
factor

eN (R) =

NMCX

j=1

W(R;�j , �j

S

) (7)

is determined using N
MC

events from a PYTHIA Monte-
Carlo simulation, which are generated according to an
isotropic angular distribution and processed in the same
way as experimental data. The number of Monte-Carlo
events in the exclusive region amounts to about 40,000.

Each asymmetry amplitude is corrected for the back-
ground asymmetry according to

A
corr

=
A

meas

� f
bg

A
bg

1� f
bg

, (8)

where A
corr

is the corrected asymmetry amplitude, A
meas

is the measured asymmetry amplitude, f
bg

is the frac-
tion of the SIDIS background and A

bg

is its asymmetry
amplitude. While A

meas

is evaluated in the exclusive re-
gion, A

bg

is obtained by extracting the asymmetry from
the experimental SIDIS background in the region 2 GeV
< �E < 20 GeV.

The systematic uncertainty is obtained by adding in
quadrature two components. The first one, �A

corr

=
A

corr

� A
meas

, is due to the correction by background
amplitudes. In the most conservative approach adopted
here, it is estimated as the di↵erence between the asym-
metry amplitudes A

corr

and A
meas

. This approach also

covers the small uncertainty on f
bg

. The second compo-
nent accounts for e↵ects from detector acceptance, e�-
ciency, smearing, and misalignment. It is determined as
described in Ref. [16]. An additional scale uncertainty
arises because of the systematic uncertainty on the tar-
get polarization, which amounts to 8.2%.

Results

The results for the five A
UT

and two A
UU

amplitudes,
as determined in the entire kinematic region, are shown
in Table 1. These results are presented in Table 3 in two
intervals of Q2 and �t0, with the definition of intervals
together with the average values of the respective kine-
matic variables given in Table 2. The results for the five

Table 1. The amplitudes of the five sine and two cosine mod-
ulations as determined in the entire kinematic region. The first
uncertainty is statistical, the second systematic. The results
receive an additional 8.2% scale uncertainty corresponding to
the target-polarization uncertainty.

amplitude

A

sin(�+�S)

UT �0.06 ± 0.20 ± 0.02

A

sin(���S)

UT �0.12 ± 0.19 ± 0.03

A

sin(�S)

UT 0.26 ± 0.27 ± 0.05

A

sin(2���S)

UT 0.03 ± 0.16 ± 0.01

A

sin(3���S)

UT 0.13 ± 0.15 ± 0.03

A

cos(�)
UU �0.01 ± 0.11 ± 0.10

A

cos(2�)
UU �0.17 ± 0.11 ± 0.05

Lines are model predictions from S. Goloskov & P. Kroll Eur. Phys. J. A50 (2014) 146 
Dashed lines without π-pole contribution 
Solid and dash-dotted lines show positive and negative πω transition form factor 



Summary

• HERMES conceived to solve the ‘spin puzzle’ 

• Semi Inclusive Deep Inelastic Scattering with 

hadron identification key to success 

• Versatile experiment design opened avenue to 

access new physics: 

• Transversity and Transverse Momentum 

distributions 

• Evidence for Boer-Mulders, Collins, Sivers, 

Pretzelosity, Worm-Gears … 

• Hard exclusive reactions and Generalised 

Parton Distributions 

• Be prepared to be surprised …
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