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This book describes the story of how a collaboration of several hundred 
physicists from Europe and North America formed in 1988 to design, 
construct, install, commission and operate, for the years 1995-2007 the 
technically innovative HERMES experiment at the DESY laboratory in 
Hamburg, Germany to study the spin structure of the fundamental 
structure of matter. 

The book describes the HERMES scientific results, their considerable 
impact, how HERMES shaped an entire generation of young people into 
scientific leaders, and ends with a description of the twenty-first century 
picture of the proton that has subsequently been developed. 



The first Electron-Ion Collider: HERA (1992 – 2007)
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self-polarized (Sokolov-Ternov)

circumference 6.3km (3.9 miles)  
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3.2. The polarised hydrogen gas target

sample tube

feed tube

suppressors
wakefield
downstream

gas pumping
vents for

Figure 3.4.: Schematic view of the storage cell: The open-ended storage cell was made of two pure
aluminium sheets and was constructed as thin as possible (0.075mm) to minimise multi-
ple scattering and bremsstrahlung for particles. It was 400mm long and had an elliptical
cross-sectioned shape of 21.0⇥8.9mm2 determined by a HERA electron beam clearance
of about 20s . Polarised atoms were injected through a feed tube installed perpendicular
to the beam axis and central in the centre of the cell. Wake-field suppressors up- and
downstream of the storage cell provided a smooth transition between the storage cell
and the beam pipe to avoid heating of the target cell by beam wake fields.

was reached. Recombination to hydrogen molecules and depolarisation of the target atoms caused
by wall collisions could be minimised by coating the storage cell with Drifilm and by an additional
thin layer of ice which was produced on the cell’s wall during operation.
The storage cell was surrounded by a magnet generating a holding field transverse to the beam

direction. The holding field in vertical direction provided the quantisation axis for the spin of the
polarised hydrogen atoms in the storage cell and decoupled the spins of electrons and protons. The
magnetic field was limited by the amount of synchrotron radiation generated by the Lorentz force
induced deflection of the beam by the transverse target magnet. For the nominal magnetic field of
297mT a homogeneity of ∆B 6 0.15mT would be required to avoid possible beam-induced nuclear
depolarisation resonances. Due to geometrical constraints a magnet field uniformity in horizontal di-
rection was limited to ∆Bx 6 0.60mT, while in vertical direction and in beam direction an uniformity
of ∆By 6 0.15mT and ∆Bz 6 0.05mT respectively could be achieved. In figure 3.5 a measurement of
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Figure 3.5.: The transverse target magnet: A picture of the magnet is shown in the left panel. In the
right panel the transverse magnet field uniformity measured along the beam axis (z) is
given for the nominal magnet field of B= 297mT.
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3. The HERMES experiment

BRP
ABS

TGA

1st sexp. magn. syst.

collimator

discharge tube

SFT

MFT

2nd sexp. magn. syst.

SFT / WFT
QMS

chopper

storage cell

HERA beam

sample tube

extension tube

beam shutter

SFT
MFT

QMS

chopper
sexp. magn. syst.

beam blocker

nozzle

injection tube

Figure 3.3.: Schematic representation of the HERMES polarised hydrogen target consisting of an
atomic beam source (ABS), the storage cell, a Breit-Rabi polarimeter (BRP) and a target
gas analyser (TGA): Molecular hydrogen was dissociated by the discharge tube and was
formed into an intense atomic beam by adiabatic expansion through a cold nozzle and
a set of collimators. The hyperfine states with magnetic electron spin quantum number
m = +1

2 were focused by a system of sextupole magnets while those with m = �1
2

were deflected (Stern-Gerlach separation). High-frequency transitions allowed to attain
nuclear polarisation by exchanging occupation numbers of hyperfine states. The nuclear
spin orientation could be reversed rapidly. A small sample of target atoms was extracted
from the sampling tube for target diagnostics by the BRP and the TGA.

3.2. The polarised hydrogen gas target

For the design of the HERMES experiment the use of polarised solid state targets was excluded.
The areal density of solid state targets would have significantly reduced the lifetime of the HERA
electron beam and thus interfered with the in parallel running of the H1, ZEUS and HERMES
experiments. Instead a polarised gas target [HERMES05a] was installed internal to the HERA
storage ring. Contrary to solid state targets pure gas targets permit highly polarised target samples
without dilution from unpolarised target material and without any background arising from unwanted
scattering at the target material container. Furthermore this technique allowed rapid reversals of the
target spin and therefore provided a substantial reduction of time-dependent systematic uncertainties.
A schematic representation of the HERMES target region is given in figure 3.3: A beam of

nuclear-polarised hydrogen atoms, formed in an atomic beam source, was injected into an open-
ended storage cell, through which the circulating HERA electron beam was passed. Through the
open ends of the storage cell, described in figure 3.4, the target atoms diffused into the storage
ring and were removed by a high-speed differential pumping system. A small sample of the target
atoms was extracted from the cell’s sampling tube for the determination of the target polarisations.
Synchrotron radiation emitted by the electron beam bunches could have heated the storage cell. Thus,
the cell was shielded from synchrotron radiation by a systems of collimators in front of the target
cell.
By injecting polarised atoms into a storage cell the target areal density could be enhanced by about

two orders of magnitude compared to the free atomic beam of a typical polarised jet target. Due to
many wall collisions the interaction probability with the electron beam was enhanced. In addition
the storage cell was cooled to 100K to decrease the thermal velocity of the target atoms. Thus an
target areal density of 1014H-atoms/cm2 and a corresponding luminosity of about 1031H-atoms/cm2
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3.3. The HERMES spectrometer
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Figure 3.6.: Schematic side view of the HERMES spectrometer: Its acceptance spanned the ranges
40< |qvertical| < 140mrad and |qhorizontal| < 170mrad in the scattering angle.

3.3.2. The particle identification system
A very clean separation of the scattered lepton tracks from the hadron tracks is essential for semi-
inclusive measurements of the deep-inelastic scattering process. The particle identification (PID) sys-
tem of the HERMES experiment consisted of a dual-radiator ring imaging Čerenkov detector, a tran-
sition radiation detector (TRD), a preshower scintillation counter and an electromagnetic calorimeter.
The responses of the four different PID detectors (figure 3.7) were combined to suppress the large
background of hadrons arising mainly from photo-production processes:

❑ In the TRD, the electromagnetic radiation emitted by charged particles that cross a boundary
between two dielectric media was detected. The radiated energy is proportional to the Lorentz
factor g of the radiating particles. This allows for the separation of lepton and hadron tracks
due to the much higher Lorentz factors of electrons compared to hadrons of the same energy.
As only a small number of photons is radiated when a particle crosses a boundary, six modules
were combined in order to be able to measure the transition radiation. Each module consisted
of a proportional wire chamber and a preceding radiator with polyethylene fibres. Using solely
the response of the six TRD modules and the truncated mean method, hadrons were rejected
by a factor of more than 100 at an efficiency of about 90%.

❑ A preshower scintillation counter halve consisted of two radiation lengths of lead and a scin-
tillator hodoscope. As leptons in the preshower scintillation counter induce electromagnetic
showers with much higher probability than hadrons, hadrons were suppressed by a factor of
10 at an efficiency of about 95%.

❑ In the calorimeter, the energy of electromagnetic showers developing in the 42⇥10 lead-glass
block array of a calorimeter halve was measured. Unlike hadrons, leptons deposited their
whole energy in the lead-glass blocks of about 18 radiation lengths. A hadron-rejection factor
of 100 was obtained.
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3.3. The HERMES spectrometer
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Fig. 5. A cutaway schematic view of the (top) RICH counter.

A gas control system recirculates the radi-
ator gas through the main volume, keep-
ing the gas at a slight overpressure with
respect to atmosphere. The aerogel radia-
tor is an assembly of tiles configured to fill
the entrance of the detector with an aero-
gel thickness of 5.5 cm. The unoccupied
volume of the detector behind the aerogel
is filled with the gas radiator, C4F10. A
spherical mirror array located at the rear
of the radiator box images the Čerenkov
light cones onto a focal surface located
above (below) the active volume.

The radius of curvature of the mirror ar-
ray is 2.20 m. It was chosen to give a fo-
cal surface location in the accessible re-
gion above (below) the forward region of
the radiator boxes and to provide a de-
tector plane of tractable dimensions. The
optical axis of the array, the perpendicu-
lar to the mirror surface at the center of
the array, is inclined at an angle of 26 de-
grees to the horizon. The photon detector
is located outside of the mirror optical axis
with its axis inclined at an angle of 40 de-
grees to the horizon so as to intercept the
mirror surface at a distance of 90 cm. The

focal length of the mirror is 110 cm. The
boxes are fitted with gas connections and
pressure regulators which provide a con-
tinuous controlled flow of recirculating gas.
An open section of one of the RICH coun-
ters is shown in figure 5.

The size of a useful detector surface was
evaluated by an MC simulation which in-
cluded an early version of the RICH ge-
ometry described above. The simulation
showed that 95% of the centers of the rings
and 90% of all the photons are contained
in a planar surface 60 cm high and 120 cm
wide (0.72 m2 surface area). These dimen-
sions were used as lower limits in the final
design of the photon detector.

The inner walls of the box are blackened to
reduce wall reflections. An array of green
light-emitting diodes (LED) is installed to
provide test and calibration pulses for the
photon detector. They are located on the
face of the mirror, so as to provide an ap-
proximately uniform illumination of the
photon detector surface.

As explained below, most of the useful pho-

6

where kf = tan θ · σθ/
√

N is the RICH de-
tector constant, N is the number of sepa-
rately detected photons, θ is the Čerenkov
angle and σθ the standard deviation of the
reconstructed photon angle distribution. In
the design, nσ = 4.652 was chosen, as it
corresponds to a misidentification of the
particle in 1% of the cases, assuming equal
fluxes for the two particle types, an average
detector response (in yield and resolution)
and no background.

Assuming σθ to be 7 mrad (see tables 3
and 4) it follows from (1) that pmax(π, K)
= 15 GeV requires N for the gas to be
12. This requirement leads to the design
values for pmax given in table 2. In this es-
timate it was assumed that the number of
separately detected photons from the aero-
gel is 10. Figure 3 illustrates the overlap
between the momentum regions for both
radiators. The lightly shaded region indi-
cates where the particle can be identified
based on whether or not a ring is present

aerogel C4F10

kf 5.46 · 10−4 1.07 · 10−4

pmax(π/K) 6.7 GeV 15.0 GeV

pmax(K/p) 11.2 GeV 25.3 GeV

Table 2
Maximum separation momenta pmax.

!/K  aerogel

K/p   aerogel

/K  gas!

K/p   gas

effective threshold average angle

GeV10 155

Fig. 3. Momentum ranges for hadron sep-
aration in aerogel and C4F10. Between the
dashed lines the hadrons can be separated.

at all. In this region the detector acts like a
threshold Čerenkov. In the darkly shaded
region the identification is based on the av-
erage reconstructed angles. The plot con-
siders each radiator separately, but the PID
algorithms will combine the information
from the two. The momentum region for
which the identification of pions, kaons and
protons is possible is limited by the kaon
threshold momentum for aerogel at 2.0 GeV
and by the maximum separation momen-
tum for π/K separation in C4F10 at 15.0
GeV.

2.2 General Design Parameters

The geometry which was adopted for the
Čerenkov radiators and ring imaging sys-
tems is shown in figure 4 [10]. The body
of the counter is constructed of aluminum,
with entrance and exit windows made of 1
mm thick aluminum. The volume of each
half is approximately 4000 l. The size of
the entrance window is 187.7 cm by 46.4 cm
and the exit window 257.0 cm by 59.0 cm.
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Fig. 4. Basic geometry and radiator con-
figuration for the HERMES dual radiator
RICH (not to scale).
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Figure 3.8.: The RICH detector: A cutaway schematic view of the upper RICH detector is shown in
the left panel, whereas the basic configuration is presented in the right panel. A particle
traversed first a wall of silica aerogel SiO2 and then the detector interior filled with
C4F10. The lightweight focusing mirror was made of resin-coated carbon-fibre surfaces
of optical quality. The photon detector consisted of 1934 photo-multiplier tubes for each
detector half, held in a soft-steel matrix to provide shielding against the residual field of
the spectrometer magnet.
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Fig. 1. Monte Carlo hadron momentum spec-
tra within the HERMES acceptance.

menta is due to the field of the spectrom-
eter magnet, which severely limits the ac-
ceptance at lower momenta. About 95% of
all hadrons in the acceptance are found in
the range of 2.0 to 15.0 GeV. This defines
the momentum range over which clear par-
ticle identification should be provided.

The low end of this range determines the
index of refraction necessary for the aero-
gel. A value of n(λ=633 nm)=1.03 was cho-
sen since it leads to a kaon threshold of
2 GeV. The Čerenkov angles produced by
the combination of this aerogel and the
heavy gas (C4F10) for pions, kaons and pro-
tons are plotted in figure 2 as a function
of particle momentum. The corresponding
threshold momenta are listed in table 1.
All pion momenta within the spectrometer
acceptance are above the pion threshold
momentum for aerogel of 0.6 GeV, 90% of
the kaon and 78% of the proton momenta
are above the kaon threshold of 2.0 GeV.

The high end of the momentum range fixes
the number of photons that must be de-
tected for full hadron separation. The pa-
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Fig. 2. The Čerenkov angle θ versus hadron
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aerogel C4F10

n 1.0304 1.00137

βtγt 4.03 19.10

π 0.6 GeV 2.7 GeV

K 2.0 GeV 9.4 GeV

p 3.8 GeV 17.9 GeV

Table 1
Čerenkov light thresholds for pions, kaons and
protons. The index of refraction n is given at
633 nm, βt = 1/n is the threshold velocity
and γt = 1/

√

1 − β2
t .

rameter to be considered is pmax, the max-
imum separation momentum [9]. This is
defined as the maximum momentum for
which the average photon emission angle
of two particle types (with masses m1 and
m2) is separated by a number of standard
deviations nσ :

pmax =

√

√

√

√

m2
2 − m2

1

2kfnσ

(1)

4

Figure 3.9.: Hadron identification using the RICH detector: For charged pions, charged kaons and
protons the momentum dependence p of the Čerenkov cone angle q is given. All pion
momenta within the momentum acceptance of the spectrometer were above the pion
threshold for SiO2 of 0.6GeV, 90% of the kaon and 78% of the proton momenta were
above the kaon threshold of 2.0GeV.
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4.1. The semi-inclusive measurement of the DIS process
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Figure 4.1.: Lepton-hadron separation: The information on the HERMES PID system is combined
into the quantities PID3 and PID5 and the corresponding particle fluxes (log10Φ). Lep-
ton tracks are clearly separated from the large hadronic background according to the
PID3 and PID5 quantities as shown in the left panel using the 2003 data as example.
In the right panel the distribution of particle counts as a function of the total value of
PID3+PID5� log10Φ is given. The dashed vertical lines indicate the chosen limits for
the separation of lepton and hadron tracks.

4.1.5. The hadron identification
Based on the combined PID detector responses hadrons in coincidence with scattered leptons are
identified with an efficiency of 99% and lepton contaminations smaller than 1%. Hadron tracks of
pions, kaons and protons are separated using the RICH PID information (section 3.3.2). For each
track within the momentum range 2–15GeV the most probable hadron type and a corresponding
quality parameter Q defined as

Q= log10
P(most probable hadron type)

P(second most probable hadron type)
(4.4)

was determined based on the direct ray tracing (DRT), the event level (EVT) and the inverse ray
tracing (IRT) reconstruction method. By requiring a positive quality parameter Q semi-inclusive
deep-inelastic scattering events from periods with a bad performance of the RICH detector or incor-
rect reconstructions of the Čerenkov angle were omitted.
The efficiency of the RICH detector and the contamination of the pion, kaon and proton identifica-

tion were evaluated by Monte Carlo simulations of the RICH PID. Thereby the performance of the
RICH detector was parameterised in terms ofP-matrices which related the identified hadron types
to the true hadron types. The elements Ph(htrue) of the P-matrix denote the conditional probability
that a hadron of true type htrue is identified as a particle of type h (or even unidentified as X):

P =

0

BB@

Pp(p) Pp(K) Pp(p)
PK(p) PK(K) PK(p)
Pp(p) Pp(K) Pp(p)
PX(p) PX(K) PX(p)

1

CCA . (4.5)

The momentum dependence of these conditional probabilities for the different reconstruction
methods is presented in figure 4.2. Whereas the charged pion identification has a large efficiency and
the probability to misidentify a kaon or proton as a pion is small over almost the entire momentum
range, for both kaons and protons a strong momentum dependence of the identification efficiencies
is visible in figure 4.2.
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rect reconstructions of the Čerenkov angle were omitted.
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The momentum dependence of these conditional probabilities for the different reconstruction
methods is presented in figure 4.2. Whereas the charged pion identification has a large efficiency and
the probability to misidentify a kaon or proton as a pion is small over almost the entire momentum
range, for both kaons and protons a strong momentum dependence of the identification efficiencies
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Polarized DIS measurements

5

Polarization Novel QCD phenomena

3D imaging in space and momentum 

longitudinal structure (PDF)
+ transverse  position Information (GPDs)
+ transverse momentum information (TMDs)

order of a few hundred MeV
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Nucleon structure and transverse-momentum dependent PDFs
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Dirac decomposition of the quark-quark correlator
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2.2. The interpretation of TMD

TMD probabilistic interpretation chiral properties naive-T properties

f ?,q
1T

�
x,p2T

�
chiral-even naive-T -odd

h?,q
1

�
x,p2T

�
chiral-odd naive-T -odd

h?,q
1T

�
x,p2T

�
chiral-odd naive-T -even

h?,q
1L

�
x,p2T

�
chiral-odd naive-T -even

g?,q
1T

�
x,p2T

�
chiral-even naive-T -even

legend
transverse and longitudinal nucleon polarisation

transverse and longitudinal quark polarisation

Table 2.2.: Probabilistic interpretation and selected properties of leading-twist TMD: The notation
of the PDF is used (see figure’s 2.1 caption) and supplemented by a subscript referring to
the longitudinal (L) or transverse (T ) nucleon polarisation and a superscript ? to indicate
the important role of transverse quark momenta (represented by blue arrows).

final states, i.e. reversal of spins and momenta only. Known examples are the Sivers and Boer–
Mulders functions.

The chiral-even Sivers function f ?,q
1T

�
x,p2T

�
[Siv90] entails the correlation, SiT e i j p jT

1
M , between

the transverse polarisation of the nucleon and the transverse momentum of the quarks and describes
the probability to find an unpolarised quark in a transversely polarised nucleon. The probability to
find a transversely polarised quark in an unpolarised nucleon is given by the chiral-odd Boer–Mulders
function h?,q

1
�
x,p2T

�
[BM98], related to the correlation, siT e i j p jT

1
M , between the transverse spin of

the quarks and their own transverse momentum.

In semi-inclusive measurements of deep-inelastic scattering, these spin-orbit correlations can be
interpreted as a final-state interaction of the struck quark in the colour field of target nucleon’s rem-
nant (section 2.3). Initial state interactions arise in the complementary Drell–Yan process, pp! ll̄X ,
where an incoming anti-quark (quark) annihilates with a target quark (anti-quark).

A detailed QCD analysis [BHS02, Col02, JY02, BJY03] revealed that the two naive-T -odd TMD
are not constrained to zero as the corresponding Wilson lines, appearing in the quark-quark corre-
lation functions, have paths that are not invariant under time reversal. These paths are attributed to
gluon fields and describe the initial- and final-state interactions. It was also realised that the spin-
orbit correlations associated with naive-T -odd functions involve quark orbital angular momenta and
allow for the description of single-spin asymmetries observed in various scattering processes (section
2.3). As a consequence of the relevant Wilson lines, the single-spin asymmetries caused by the Sivers
function in the Drell–Yan process has opposite sign compared to the one in deep-inelastic scattering
[Col02], a fundamental QCD prediction that needs experimental verification.
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2. Spin-orbit correlations in the nucleon

fraction of the quark. When including also the transverse momentum pT of the quarks (defined with
respect to the nucleon direction) in the description of the nucleon structure, i.e. when not integrating
over pT , eight transverse-momentum dependent quark distribution functions2 (TMD) emerge in the
Dirac decomposition of the quark-quark correlation function Φ(x,pT ) [MT96, BM98, DH05]:

1
2
Tr

⇥�
g+ +lg+g5

�
Φ(x,pT )

⇤
=
1
2

h
f q1

�
x,p2T

�
+SiT e i j p jT

1
M

f ?,q
1T

�
x,p2T

�

+lΛ gq1
�
x,p2T

�
+lSiT piT

1
M
g?,q
1T

�
x,p2T

�i
,

1
2
Tr

h⇣
g+� s jT is

+ jg5
⌘
Φ(x,pT )

i
=
1
2

h
f q1

�
x,p2T

�
+SiT e i j p jT

1
M

f ?,q
1T

�
x,p2T

�

+ siT e i j p jT
1
M
h?,q
1

�
x,p2T

�
+ siT S

i
T h

q
1
�
x,p2T

�

+ siT
⇣
2piT p

j
T �p

2
Td i j

⌘
S jT

1
2M 2 h

?,q
1T

�
x,p2T

�

+ΛsiT p
i
T
1
M
h?,q
1L

�
x,p2T

�i
.

(2.18)

Here, leading-twist distributions are projected out for definite helicity, l and Λ, and transverse spin,
sT and ST , of quarks and the nucleon. Only three survive integration over transverse quark momenta:

f q1 (x) =
Z
dp2T f

q
1
�
x,p2T

�
, gq1 (x) =

Z
dp2T g

q
1
�
x,p2T

�
, hq1 (x) =

Z
dp2T h

q
1
�
x,p2T

�
. (2.19)

Thereby, the leading-twist PDF f q1 (x), gq1 (x) and h
q
1 (x) are recovered. The five TMD, f

?,q
1T

�
x,p2T

�
,

g?,q
1T

�
x,p2T

� 3, h?,q
1

�
x,p2T

�
, h?,q

1L
�
x,p2T

�
and h?,q

1T
�
x,p2T

�
, vanish when integrating over transverse

quark momentum. Their probabilistic interpretation is illustrated in table 2.2.

2.2.1. The naive time reversal odd Sivers and Boer–Mulders functions
The scattering amplitudes that define quark distribution functions are constrained by Lorentz invari-
ance, hermiticity, parity invariance and time-reversal invariance. In a time-reversal operation the final
(initial) state is transformed into the initial (final) state and thereby spins and momenta are reversed.
An observation related to a correlation, S ·(p1⇥p2), of some spin vector S and two non-collinear mo-
menta, p1 and p2, implies either a violation of time-reversal invariance or the presence of interactions
in the initial or final state.
From the spin-orbit correlations appearing in the Dirac decomposition of the quark-quark corre-

lation function, the quantities SiT e i j p jT and siT e i j p jT , are of type S · (p1⇥p2). The first spin-orbit
correlation, e.g., corresponds to the mixed product, SN · (q⇥Ph), of the nucleon’s covariant spin
vector SN , the momentum transfer q and the and the momentum Ph of the observed hadron.
The phenomenon of final-state interactions is well understood in decay processes, e.g. Λ0! pp�,

and found in hadronisation, where the produced hadron can interact with the quark(s) involved in the
fragmentation process. When not integrating over pT , also leading-twist quark distribution functions
can be affected by initial- and final-state interactions. Non-vanishing signals for particular functions
even require initial or final state interactions. These distributions are referred to as odd under naive
time reversal4 (naive-T -odd), defined as a time-reversal operation without interchange of initial and
2The transverse-momentum dependent PDF are also denoted as unintegrated PDF or transverse momentum distributions.
3For consistency the notation g?,q

1T is applied even though the chiral-even TMD is mostly denoted as gq1T in the literature.
4Contrary to time reversal, naive time reversal is not a symmetry of the QCD Lagrangian.
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Fig. 6  The transverse-momentum distribution may be di!erent for quarks of 
di!erent "avors. There are some indications that the up-quarks are closer to 
the center than the down-quarks. The above pictures are compatible with 
existing data.

VOL28 / NO1-2 / ANNO2012 > 23

Fig. 7  Polarization-averaged distributions, as in #gs. 4 and 5, are cylindrically 
symmetric. But when the spin of the nucleon is taken into account (indicated 
by the white arrow in the plots), the distribution can be distorted. These 
images are elaborated starting from real data and show that the distortion for 
up- and down-quarks is opposite (see, e.g., [19, 20]). Large uncertainties are 
still a!ecting these pictures.

3D DISTRIBUTIONS EXTRACTED FROM DATA

�30

Figure 8. The down quark TMD PDF in b-space(left) and kT -space(right) presented at different values of

x. The color shows the size of the uncertainty relative the value of distribution.

6 Conclusions

We have extracted the unpolarized transverse momentum dependent parton distribution function
(TMDPDF) and rapidity anomalous dimension (also known as Collins-Soper kernel) from Drell-Yan
data. The analysis has been performed in the ⇣-prescription with NNLO perturbative inputs. We
have also provided an estimation of the errors on the extracted functions with the replica method.
The values of TMDPDF and rapidity anomalous dimension, together with the code that evaluates
the cross-section, are available at [45], as a part of the artemide package. We plan to release grids
for TMDPDFs extracted in this work also through the TMDlib [69].

Theoretical predictions are based on the newly developed concepts of ⇣-prescription and op-
timal TMD proposed in ref. [27]. This combination provides a clear separation between the non-
perturbative effects in the evolution factor and the intrinsic transverse momentum dependence.
Additionally, the ⇣-prescription permits the usage of different perturbative orders in the collinear
matching and TMD evolution. For that reasons, the precise values of the rapidity anomalous di-
mension (±1%(4%, 6%) accuracy at b = 1(3, 5) GeV�1) are relevant for any observable that obeys
TMD evolution.

In our analysis, we have included a large set of data points, which spans a wide range of
energies (4 < Q < 150 GeV) and x (x > 10�4), see fig. 1. The data set can be roughly split into
the low-energy data, which includes experiments E288, E605, E772 and PHENIX at RHIC, and
the high-energy data from Tevatron (CDF and D0) and LHC (ATLAS, CMS, LHCb) in similar
proportion. To exclude the influence of power corrections to TMD factorization we consider only
the low-qT part of the data set, as described in sec. 3. A good portion of data is included in the fit
of TMD distributions for the first time, that is the data from E772, PHENIX, some parts of ATLAS
and D0 data. For the first time, the data from LHC have been included without restrictions (the
only previous attempt to include LHC data in a TMDPDF fit is [13], where systematic uncertainties
and normalization has been treated in a simplified manner). We have shown that the inclusion of
LHC data greatly restricts the non-perturbative models at smaller b (b . 2 GeV�1) and smaller x

(x . 0.05), and therefore they are highly relevant for studies of the intrinsic structure of hadrons.
A detailed comparison of fits with and without LHC data has been discussed in sec. 5.

The extracted TMDPDF shows a non-trivial x-dependence that is not dictated only by the
collinear asymptotic limit of PDFs. In particular, we find that the unpolarized TMDPDF is bigger
(in impact parameter space) at larger x, see fig. 7. This indirectly implies a smaller value of the
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SSA in QCD
• spin-orbit correlations

• Brodsky, Hwang, Schmidt [BHS02] caused by the 
interference of scattering amplitudes with different 
complex phases coupling to the same final state

• Transverse SSA related to the interference of scattering 
amplitudes with different hadron helicities: 

• [KPR78] suppressed in hard scattering processes
• [BHS02] caused by initial- or final-state interactions 

• naive-T-odd function with the property to induce SSA

SSA in SIDIS measurements at HERMES 
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2.3. Probing spin-orbit correlations in the nucleon

�S

�
P h

P h?

ST

l

l0

q

Figure 2.4.: In the semi-inclusive measurement of deep-inelastic scattering off a transversely po-
larised target, two planes are defined with respect to the virtual-photon direction q: the
lepton scattering plane, spanned by the directions of the incoming lepton, l, and q, and
the hadron production plane, spanned by the directions of q and the produced hadron,
Ph. The angle f (fS) is defined as the azimuthal angle of the hadron production plane
(target spin axis ST ) relative to the lepton scattering plane.

2.3. Probing spin-orbit correlations in the nucleon
The TMD discussed in section 2.2 cause distinctive signatures in the azimuthal dependence in the
distribution of unpolarised hadrons produced in deep-inelastic scattering (figure 2.4). This depen-
dence is manifested in single-spin asymmetries (SSA). The analysis of single-spin asymmetries in
deep-inelastic scattering off transversely polarised nucleons gave first evidence for the chiral-odd
transversity distribution and the naive-T -odd Sivers function [HERMES05c]. This measurement
provides also signals for the worm-gear distribution h?,q

1L
�
x,p2T

�
and the pretzelosity function. In

this section, the description of single-spin asymmetries within QCD, the decomposition of the deep-
inelastic scattering cross section in terms of extended structure functions and the interpretation of
these structure functions is presented.

2.3.1. Transverse single-spin asymmetries
Single-spin asymmetries are observed in various scattering processes over a wide range in the centre-
of-mass energy [DM08]. Prominent examples are the E704 effect seen in polarised pp scattering,
p*p! hX , and the evidences found by the HERMES collaboration in deep-inelastic scattering.

❑ The E581/E704 collaborations (Fermilab) studied single-spin asymmetries in the inclusive
measurement of pions produced in the collision of transversely polarised (anti)protons with
an unpolarised hydrogen target. They reported large left-right asymmetries relative to the
direction of the incoming (anti)protons [E581 91, E704 91]. The results obtained at centre-
of-mass energies of about 20GeV are confirmed by the STAR and BRAHMS collaboration
(RHIC) at centre-of-mass energies up to 200GeV [STAR04, BRAHMS08].

❑ In the semi-inclusive measurement of deep-inelastic scattering off longitudinally and trans-
versely polarised targets, the HERMES collaboration observed single-spin asymmetries at a
centre-of-mass energy of about 7GeV [HERMES00, HERMES01, HERMES05c].
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2. Spin-orbit correlations in the nucleon

Single-spin asymmetries are associated with spin-orbit correlations of the type S · (p1⇥p2). In
general, they are caused by the interference of scattering amplitudes with different complex phases
coupling to the same final state [BHS02]. Transverse single-spin asymmetries, i.e. single-spin asym-
metries involving transversely polarised hadrons, are related to the interference of scattering ampli-
tudes with different hadron helicities. This interference is suppressed in hard scattering processes
[KPR78], but can be caused by initial- or final-state interactions [BHS02]. The distribution and
fragmentation function with the property to induce interactions in the initial or final state are known
as naive-T -odd. At leading-twist, transverse single-spin asymmetries can only be related to two
naive-T -odd function: the Sivers quark distribution or the Collins fragmentation function.

❑ Quarks with certain helicity can be selected in deep-inelastic scattering using longitudinally
polarised leptons. In single-hadron production, transversely polarised quarks can be studied
without requiring polarimetry in the final state via the Collins function H?,q

1
�
z,z2k2T

�
[Col93]

only, which describes the hadronisation of a transversely polarised quark into an unpolarised
hadron. Besides on z, this fragmentation function depends on the fragmenting quark’s trans-
verse momentum kT defined with respect to the direction of the produced hadron.
The chiral-odd Collins function allows for the measurement of chiral-odd quark distribution
functions: In conjunction with the chiral-odd transversity distribution, the naive-T -odd Collins
function leads to a left-right asymmetry in the distribution of the produced hadron’s momentum
Ph with respect to the transverse spin sq of the fragmenting quark and the direction of the
virtual photon. This single-spin asymmetries is related to the mixed product sq · (pq⇥Ph) and
manifests itself in a sin(f +fS) modulation in the momentum distribution of the produced
hadrons. The Collins function represents also the chiral-odd partner to access the chiral-odd
pretzelosity function and the chiral-odd worm-gear distribution h?,q

1L
�
x,p2T

�
in a semi-inclusive

measurement of deep-inelastic scattering. The Collins mechanism in conjunction with the spin-
orbit correlation of these TMD results in a sin(3f �fS) and sin(2f) modulation in the cross
section, respectively.

❑ The naive-T -odd Sivers function is related to the spin-orbit correlation, SN · (q⇥Ph) (section
2.2.1), which can be interpreted as a left-right asymmetry of unpolarised quarks in a trans-
versely polarised nucleon [Bur04b]. The spatial asymmetry of the TMD in directions trans-
verse to the momentum of the virtual photon and the spin of the nucleon is transferred into a
left-right asymmetry in the momentum distribution of the final-state hadron due to the final-
state interaction. As a consequence, a sin(f �fS) modulation is found in the cross section.
Final-state interactions are required for non-vanishing signals for the naive-T -odd Sivers func-
tion. The associated single-spin asymmetries is caused by the interference of scattering am-
plitudes involving a helicity flip of only the nucleon, which has to be compensated by orbital
angular momentum of the unpolarised quarks [BHS02].

2.3.2. The azimuthal modulations in the cross section
The possible contributions to the cross section of deep-inelastic scattering in a semi-inclusive mea-
surement arise from the various combinations in the scattering of unpolarised (U) or longitudinally
polarised (L) leptons off unpolarised, longitudinally or transversely polarised (T) nucleons:

s h = s h
UU+ll s h

LU+SLs h
UL+llSLs h

LL+ST s h
UT+llST s h

LT. (2.23)

Here, ll states the helicity of the beam leptons. The degree of the longitudinal and transverse polari-
sation of the target nucleons is denoted as SL and ST .
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2.3. Probing spin-orbit correlations in the nucleon

The differential cross section of the process, lN! l0hX , has been studied including the dependence
on the azimuthal angles f and fS [MT96, BM98, BJM00, BDG+07]. In the one-photon exchange ap-
proximation, the general form of the cross section (equation 2.23) can be decomposed into extended
structure functions F related to the various azimuthal modulations in the differential cross section:

ds h

dxdydfS dzdf dP2h?
=

a2

xyQ2
y2

2(1� e)

 
1+

g2

2x

!

⇢ h
FUU,T+ eFUU,L

+
p
2e (1+ e)cos(f)F cos(f)

UU + e cos(2f)F cos(2f)
UU

i

+ ll
hp

2e (1� e)sin(f)F sin(f)
LU

i

+ SL
hp

2e (1+ e)sin(f)F sin(f)
UL + e sin(2f)F sin(2f)

UL

i

+ SL ll
hp
1� e2FLL+

p
2e (1� e)cos(f)F cos(f)

LL

i

+ ST
h
sin(f �fS)

⇣
F sin(f�fS)
UT,T + eF sin(f�fS)

UT,L

⌘

+e sin(f +fS)F sin(f+fS)
UT + e sin(3f �fS)F sin(3f�fS)

UT
+
p
2e (1+ e)sin(fS)F sin(fS)

UT

+
p
2e (1+ e)sin(2f �fS)F sin(2f�fS)

UT

i

+ ST ll
hp
1� e2 cos(f �fS)F cos(f�fS)

LT

+
p
2e (1� e)cos(fS)F cos(fS)LT

+
p
2e (1� e)cos(2f �fS)F cos(2f�fS)

LT

i

�
.

(2.24)
The extended structure functions F

�
x,Q2,z, |Ph?|

�
depend on the kinematic variables x, Q2, z and

|Ph?|. Their azimuthal modulation is given as superscript. Besides the subscript for the lepton and
nucleon polarisation, a third subscript indicates the polarisation of the virtual photon for the extended
structure functions FUU,T, FUU,L, F

sin(f�fS)
UT,T and F sin(f�fS)

UT,L . The dependence of the longitudinal and
transverse polarisation of the virtual photon is considered via the ratio e of the longitudinal to the
transverse photon flux:

e =
1� y� 1

4g2y2

1� y+ 1
2y2+ 1

4g2y2
, g =

2Mx
Q2

, (2.25)

which is determined by the kinematics of the lepton.
For small transverse hadron momentum, P2h?⌧Q2, the process-dependent structure functions can

be interpreted in terms of a convolution over the intrinsic transverse momenta pT and kT of quark
distribution and fragmentation functions [CS81, JMY04, JMY05]. Results complete at leading- and
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|Ph?|. Their azimuthal modulation is given as superscript. Besides the subscript for the lepton and
nucleon polarisation, a third subscript indicates the polarisation of the virtual photon for the extended
structure functions FUU,T, FUU,L, F

sin(f�fS)
UT,T and F sin(f�fS)

UT,L . The dependence of the longitudinal and
transverse polarisation of the virtual photon is considered via the ratio e of the longitudinal to the
transverse photon flux:

e =
1� y� 1

4g2y2

1� y+ 1
2y2+ 1

4g2y2
, g =

2Mx
Q2

, (2.25)

which is determined by the kinematics of the lepton.
For small transverse hadron momentum, P2h?⌧Q2, the process-dependent structure functions can

be interpreted in terms of a convolution over the intrinsic transverse momenta pT and kT of quark
distribution and fragmentation functions [CS81, JMY04, JMY05]. Results complete at leading- and
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ĥ ·pT
M

 
x f ?L D1�

Mh

M
h?1L

H̃
z

!#

F sin(2f)
UL = C

"
�
2
�
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Table 2.3.: Expressions for the extended structure functions F
�
x,Q2,z,Ph?

�
of the cross-section con-

tributions s h
UU, s h

UL and s h
UT are given in terms of convolutions over intrinsic quark mo-

menta pT and kT of distribution functions and fragmentation functions. For the sake of
clarity, the dependence of the distribution (fragmentation) functions on x (z) and pT (kT )
is omitted and the unit vector ĥ= Ph?/ |Ph?| is introduced.
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Table 2.3.: Expressions for the extended structure functions F
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x,Q2,z,Ph?
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of the cross-section con-

tributions s h
UU, s h

UL and s h
UT are given in terms of convolutions over intrinsic quark mo-

menta pT and kT of distribution functions and fragmentation functions. For the sake of
clarity, the dependence of the distribution (fragmentation) functions on x (z) and pT (kT )
is omitted and the unit vector ĥ= Ph?/ |Ph?| is introduced.
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in terms of structure functions

Factorized results in terms 
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Sivers TMD and spin-independent FF

Transversity PDF and Collins FF

at tree-level and twist-2 and twist-3 accuracy 

Assuming one-photon exchange, current 
fragmentation only, TMD factorization hold, 
small transverse momenta, Gaussian Ansatz 
valid



First measurement of SSA for SIDIS with transverse target polarization 

9th Workshop of the APS Topical Group on Hadronic Physics 9

HERMES data on SIDIS off transversely polarized hydrogen target
2002–2003
2002–2004
2002–2005

x5

x13

Single-Spin Asymmetries in Semi-Inclusive Deep-Inelastic Scattering
on a Transversely Polarized Hydrogen Target

A. Airapetian,18 N. Akopov,30 Z. Akopov,30 M. Amarian,8,30 A. Andrus,16 E. C. Aschenauer,8 W. Augustyniak,29

R. Avakian,30 A. Avetissian,30 E. Avetissian,12 A. Bacchetta,23 P. Bailey,16 D. Balin,21 M. Beckmann,7 S. Belostotski,21
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Azimuthal single-spin asymmetries in
semi-inclusive deep-inelastic scattering on a
transversely polarised hydrogen target

Markus Diefenthaler (on behalf of the HERMES collaboration)

Physikalisches Institut II, Friedrich-Alexander-Universität Erlangen-Nürnberg,
Erwin-Rommel-Straße 1, 91058 Erlangen, Germany

Abstract. Azimuthal single-spin asymmetries (SSA) in semi-inclusive electroproduction of
charged pions and kaons in deep-inelastic scattering of positrons on a transversely polarised hy-
drogen target were observed. SSA amplitudes for both the Collins and the Sivers mechanism are
presented.
Keywords: transversity distribution, azimuthal single-spin asymmetries, Collins mechanism,
Sivers mechanism
PACS: 13.60.-r,13.88.+e,14.20.Dh,14.65.-q

In 2005 the HERMES collaboration published first evidence for azimuthal single-
spin asymmetries (SSA) in the semi-inclusive production of charged pions on a trans-
versely polarised target [1]. Significant signals for both the Collins and Sivers mech-
anisms were observed in data recorded during the 2002–2003 running period of the
HERMES experiment. Below we present a preliminary analysis of these data combined
with additional data taken in the years 2003 and 2004. All data were recorded at a beam
energy of 27.6GeV using a transversely nuclear-polarised hydrogen-target internal to
the HERA positron storage ring at DESY. The HERMES dual radiator ring-imaging
Čerenkov counter allows full π±, K±, p separation for all selected particle momenta.
Therefore, a preliminary analysis of SSA in the electroproduction of charged kaons on
a transversely polarised target is also presented.

At leading twist, the momentum and spin of the quarks inside the nucleon are de-
scribed by three parton distribution functions: the well-known momentum distribution
q
(

x,Q2), the known helicity distribution Δq
(

x,Q2) [2] and the unknown transversity
distribution δq

(

x,Q2) [3, 4, 5, 6]. In the helicity basis, transversity is related to a quark-
nucleon forward scattering amplitude involving helicity flip of both nucleon and quark
(N⇒q← → N⇐q→). As it is chiral-odd, transversity cannot be probed in inclusive mea-
surements. At HERMES transversity in conjunction with the chiral-odd Collins frag-
mentation function [7] is accessible in SSA in semi-inclusive DIS on a transversely
polarised target (Collins mechanism). The Collins fragmentation function describes the
correlation between the transverse polarisation of the struck quark and the transverse
momentum Ph⊥ of the hadron produced. As it is also odd under naive time reversal (T-
odd) it can produce a SSA, i.e. a left-right asymmetry in the momentum distribution of
the produced hadrons in the directions transverse to the nucleon spin [8].

The Sivers mechanism can also cause a SSA: The T-odd Sivers distribution function
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Transversity measurements at HERMES

Markus Diefenthaler (on behalf of the HERMES collaboration)

Physikalisches Institut II, Friedrich-Alexander-Universität Erlangen-Nürnberg,
Erwin-Rommel-Straße 1, 91058 Erlangen, Germany

Abstract. Azimuthal single-spin asymmetries (SSA) in semi-inclusive electroproduction of
charged pions in deep-inelastic scattering (DIS) of positrons on a transversely polarised hydro-
gen target are presented. Azimuthal moments for both the Collins and the Sivers mechanism are
extracted. In addition the subleading-twist contribution due to the transverse spin component from
SSA on a longitudinally polarised hydrogen target is evaluated.

Recently the HERMES collaboration published first evidence for azimuthal single-
spin asymmetries (SSA) in the semi-inclusive production of charged pions on a trans-
versely polarised target [1]. Significant signals for both the Collins and Sivers mech-
anisms were observed in data recorded during the 2002–2003 running period of the
HERMES experiment. Below we present a preliminary analysis of these data combined
with additional data taken in the years 2003 and 2004. All data was recorded at a beam
energy of 27.6GeV using a transversely nuclear-polarised hydrogen-target internal to the
HERA positron storage ring at DESY.

At leading twist, the momentum and spin of the quarks inside the nucleon are de-
scribed by three parton distribution functions: the well-known momentum distribution
q
(

x,Q2), the known helicity distribution Δq
(

x,Q2) [2] and the unknown transversity
distribution δq

(

x,Q2) [3, 4, 5, 6]. In the helicity basis, transversity is related to a quark-
nucleon forward scattering amplitude involving helicity flip of both nucleon and quark
(N⇒q← → N⇐q→). As it is chiral-odd, transversity cannot be probed in inclusive mea-
surements. At HERMES transversity in conjunction with the chiral-odd Collins frag-
mentation function [7] is accessible in SSA in semi-inclusive DIS on a transversely
polarised target (Collins mechanism). The Collins fragmentation function describes the
correlation between the transverse polarisation of the struck quark and the transverse
momentum Ph⊥ of the produced hadron. As it is also odd under naive time reversal (T-
odd) it can produce a SSA, i.e. a left-right asymmetry in the momentum distribution of
the produced hadrons in the directions transverse to the nucleon spin [8].

The Sivers mechanism can also cause a SSA: The T-odd Sivers distribution function
[9] describes the correlation between the transverse polarisation of the nucleon and the
transverse momentum kT of the quarks within. A non-zero Sivers mechanism provides
a non-zero Compton amplitude involving nucleon helicity flip without quark helicity
flip (N⇒q← → N⇐q←), which must therefore involve orbital angular momentum of the
quark inside the nucleon [8, 10].

With a transversely polarised target, the azimuthal angle φS of the target spin direction
in the “⇑” state is observable in addition to the azimuthal angle φ of the detected
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HERMES Measurements of Collins and Sivers

Asymmetries from a transversely polarised Hydrogen

Target

Markus Diefenthaler (on behalf of the HERMES collaboration)

Friedrich-Alexander-Universität Erlangen-Nürnberg - Physikalisches Institut II
Erwin-Rommel-Straße 1, 91058 Erlangen - Germany

Azimuthal single-spin asymmetries (SSA) in semi-inclusive electroproduction of π-
mesons and charged K-mesons in deep-inelastic scattering of positrons and electrons on
a transversely polarised hydrogen target were observed. Significant SSA amplitudes for
both the Collins and the Sivers mechanism are presented for the full data set recorded
with transverse target polarisation at the HERMES experiment.

1 Contribution

In 2005 the HERMES collaboration published first evidence for azimuthal single-spin asym-
metries (SSA) in the semi-inclusive production of charged pions on a transversely polarised
hydrogen target [2]. Significant signals for both the Collins [3] and Sivers mechanisms [4]
were observed in data recorded during the 2002–2003 running period of theHERMES exper-
iment. Below we present a preliminary analysis of these data combined with additional data
taken in the years 2003–2005; i.e. an preliminary analysis of the full data set with transverse
target polarisation [1]. All data were recorded at a beam energy of 27.6 GeV using a trans-
versely nuclear-polarised hydrogen-target internal to the HERA storage ring at DESY. The
HERMES dual-radiator ring-imaging Čerenkov counter allows full π±, K±, p separation
for all particle momenta within the range 2 GeV < P h < 15 GeV. Therefore, a preliminary
analysis of SSA in the electroproduction of charged kaons on a transversely polarised target
is also presented. In addition the measurement is accompanied by an preliminary analysis
of reconstructed neutral-pion events.

At leading twist, the longitudinal momentum and spin of the quarks inside the nucleon
are described by three parton distribution functions: the well-known momentum distri-
bution q

(

x,Q 2
)

, the known helicity distribution ∆ q
(

x,Q 2
)

[5] and the (experimentally)
unknown transversity distribution δ q

(

x,Q 2
)

[6, 7, 8, 9]. In the helicity basis, transversity
is related to a quark-nucleon forward scattering amplitude involving helicity flip of both
nucleon and quark (N⇒q← → N⇐q→). As it is chiral-odd, transversity cannot be probed
in inclusive deep-inelastic scattering (DIS). At HERMES transversity in conjunction with
the chiral-odd Collins fragmentation function [3] is accessible in SSA in semi-inclusive DIS

on a transversely polarised target (Collins mechanism). The Collins fragmentation func-
tion describes the correlation between the transverse polarisation of the struck quark and
the transverse momentum P h⊥ of the hadron produced. As it is also odd under naive
time reversal (T-odd) it can produce a SSA, i.e. a left-right asymmetry in the momentum
distribution of the produced hadrons in the plane transverse to the virtual photon direction.

The Sivers mechanism can also cause a SSA: The T-odd Sivers distribution function
[4] describes the correlation between the transverse polarisation of the nucleon and the
transverse momentum p⊥ of the quarks within. A non-zero Sivers mechanism provides
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2002–2003
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2002–2005
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2002–2004 data 2002–2005 data
neutral pions

improved analysis
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Azimuthal single-spin asymmetries of leptoproduced pions and charged kaons were measured on a

transversely polarized hydrogen target. Evidence for a naive-T-odd, transverse-momentum-dependent

parton distribution function is deduced from nonvanishing Sivers effects for !þ, !0, and K", as well as in
the difference of the !þ and !# cross sections.
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Measurements of Double-Spin Asymmetries in
SIDIS of Longitudinally Polarized Leptons off

Transversely Polarized Protons
L.L. Pappalardo∗ and M. Diefenthaler†

∗INFN – University of Ferrara - Dipartimento di Fisica, Via Saragat 1, 44100 Ferrara, Italy
†University of Illinois, Department of Physics, 1110 West Green Street, Urbana, USA

(on behalf of the HERMES Collaboration)

Abstract. A Fourier analysis of double-spin azimuthal asymmetries measured at HERMES in
semi-inclusive deep-inelastic scattering of longitudinally polarized leptons off tranversely polarized
protons is presented for pions and charged kaons. The extracted amplitudes can be interpreted
as convolutions of transverse momentum-dependent distribution and fragmentation functions and
provide sensitivity to e.g. the poorly known worm-gear quark distribution g⊥1T .
Keywords: Deep inelastic scattering, transverse momentum dependent distribution functions
PACS: 13.60.-r, 13.85.Ni, 13.87.Fh, 13.88.+e

ACCESSING TMDS IN SEMI-INCLUSIVE DIS

In recent years, semi-inclusive deep-inelastic-scattering (SIDIS) processes are being ex-
plored by several experiments to investigate the nucleon structure through the measure-
ments of new observables, not accesible in inclusive DIS. The detection of a final-state
hadron in coincidence with the scatterd lepton has the advantage of providing unique
information on the quark flavors involved in the scattering process ("flavor tagging")
through the identification of the final state hadrons (e.g. p , K, etc), and allows to access
new dimensions, such as the transverse-spin and transverse-momentum degrees of free-
dom of the nucleon. For instance, the recent first extraction of the chiral-odd transversity
distribution hq1(x) [1], the least known of the three fundamental leading-twist collinear
parton distribution functions (PDFs), required the measurement of specific azimuthal
asymmetries (the "Collins asymmetries") in SIDIS of unpolarized leptons off trans-
versely polarized protons [2, 3, 4] and deuterons [5, 6]. Here x denotes the fraction
of the longitudinal momentum of the parent (fast-moving) nucleon carried by the active
quark.

When the transverse momentum pT of the quarks is not integrated out, a variety of
new PDFs arise, describing correlations between the quark or the nucleon spin with
the quark transverse momentum, often referred to as spin-orbit correlations. These
poorly known PDFs, typically denoted as transverse-momentum-dependent PDFs (or
simply TMDs), encode information on the 3-dimensional structure of nucleons and are
increasingly gaining theoretical and experimental interest. At leading-twist, eight TMDs,
each with a specific probabilistic interpretation in terms of quark number densities, enter
the SIDIS cross section in conjunction with a fragmentation function (FF) (see e.g. [7]).
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2.3. Probing spin-orbit correlations in the nucleon

The differential cross section of the process, lN! l0hX , has been studied including the dependence
on the azimuthal angles f and fS [MT96, BM98, BJM00, BDG+07]. In the one-photon exchange ap-
proximation, the general form of the cross section (equation 2.23) can be decomposed into extended
structure functions F related to the various azimuthal modulations in the differential cross section:

ds h

dxdydfS dzdf dP2h?
=

a2

xyQ2
y2

2(1� e)

 
1+

g2

2x

!

⇢ h
FUU,T+ eFUU,L

+
p
2e (1+ e)cos(f)F cos(f)

UU + e cos(2f)F cos(2f)
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i

+ ll
hp

2e (1� e)sin(f)F sin(f)
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i

+ SL
hp

2e (1+ e)sin(f)F sin(f)
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+ SL ll
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p
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(2.24)
The extended structure functions F

�
x,Q2,z, |Ph?|

�
depend on the kinematic variables x, Q2, z and

|Ph?|. Their azimuthal modulation is given as superscript. Besides the subscript for the lepton and
nucleon polarisation, a third subscript indicates the polarisation of the virtual photon for the extended
structure functions FUU,T, FUU,L, F

sin(f�fS)
UT,T and F sin(f�fS)

UT,L . The dependence of the longitudinal and
transverse polarisation of the virtual photon is considered via the ratio e of the longitudinal to the
transverse photon flux:

e =
1� y� 1

4g2y2

1� y+ 1
2y2+ 1

4g2y2
, g =

2Mx
Q2

, (2.25)

which is determined by the kinematics of the lepton.
For small transverse hadron momentum, P2h?⌧Q2, the process-dependent structure functions can

be interpreted in terms of a convolution over the intrinsic transverse momenta pT and kT of quark
distribution and fragmentation functions [CS81, JMY04, JMY05]. Results complete at leading- and

15
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10 type of asymmetries

• 6 SSA
• 4 DSA

7 hadron types

• π+, π0, π-

• K+, K-

• protons and antiprotons

3D projections and optimized 1D projections

• x 0.023 < x < 0.6 (before x < 0.4)
• z 0.2 < z < 1.2 (before z < 0.7) 
• Ph⟂

2 types of extractions 

• Cross-Section Asymmetries (CSA) entire Fourier amplitude of each 
cross-section contribution

• Structure-Function Asymmetries (SFA) pure ratios of structure 
functions, including correction for ε-dependent kinematic prefactors
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J
H
E
P
1
2
(
2
0
2
0
)
0
1
0

Azimuthal modulation Significant non-vanishing Fourier amplitude
π+ π − K+ K− p π 0 p̄

sin(φ+φS) [Collins] ! ! ! !
sin(φ−φS) [Sivers] ! ! ! ! (!) !
sin(3φ−φS) [Pretzelosity]
sin(φS) (!) ! !

sin(2φ−φS) (!)
sin(2φ+φS) !
cos(φ−φS) [Worm-gear] ! (!) (!)
cos(φ+φS)
cos(φS) !

cos(2φ−φS)

Table 9. The various azimuthal modulations of the semi-inclusive cross section and those hadron
species whose corresponding Fourier amplitudes are incompatible with the NULL hypothesis at
95% (90%) confidence. Antiprotons and π 0 are given separated in the last two columns to indicate
that the statistical test of those is based on the one-dimensional projections and hence restricted
to using only seven data points.

Due to the more limited precision of the antiproton and neutral-pion data, such three-
dimensional kinematic binning was not feasible. They were thus analyzed as functions of x,
z, and Ph⊥ individually (cf. tables 7 and 8), integrating over the corresponding remaining
kinematic variables.

Asymmetries in one overall kinematic bin are not presented as their extraction suffers
from the largest acceptance effects. They are also of limited value for phenomenology.
Instead, the results for all asymmetries were tested against the NULL hypothesis using
the two-sided Student’s t-test. The asymmetry results binned in three dimensions were
used, where available, to increase the robustness of the Student’s t-test by using 64 data
points and avoiding cancelation effects from integrating over kinematic dependences. In
the case of π 0 and antiprotons, where results in only the one-dimensional binning are
available, they are considered to be inconsistent with zero if the Student’s t-test estab-
lished this for at least one of the three projections (versus x, z, or Ph⊥).16 It is found
that most asymmetry amplitudes are consistent with zero in the semi-inclusive region
0.2<z < 0.7 used here. Those asymmetry amplitudes that are found to be inconsistent
with zero at 95% (90%) confidence level are listed in table 9. Significantly non-zero re-
sults were neither found for the pretzelosity 2〈sin(3φ−φS)〉hU⊥ Fourier amplitudes nor for
the M/Q-suppressed 2〈cos(φ+φS)〉hL⊥ and 2〈cos(2φ−φS)〉hL⊥ Fourier amplitudes. For the
2〈sin(2φ−φS)〉hU⊥ Fourier amplitude, only antiprotons were found to be inconsistent with
the NULL hypothesis and this only at the 90% but not at the 95% confidence level.

16It has to be kept in mind that the Student’s t-test becomes less reliable when using a small number of
data points as, e.g., the case for the one-dimensional binning.
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Sivers TMD

Semi-classical picture
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6.1. Evidence for the naive-T-odd Sivers function
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Figure 6.1.: Transverse distortion of impact-parameter dependent quark distributions in a trans-
versely polarised nucleon [Bur02]: In the first (third) column the impact parameter de-
pendence of the distribution of unpolarised u (d) quarks in a longitudinally nucleon is
shown at fixed values of x. In the second (fourth) column the same dependence is given
for the distribution of unpolarised u (d) quarks in a transversely polarised nucleon.

π+

Figure 6.2.: Semi-classical picture of the Sivers mechanism: The scattering off a u quark is illus-
trated in a nucleon polarised perpendicular to the lepton scattering plane (fS = p/2).
The distortion of quark distributions in a transversely polarised nucleon and the chromo-
dynamical lensing [Bur04a] due to an attractive interaction in the final state lead to a
single-spin azimuthal asymmetry. The p +-mesons produced in the final state, e.g., are
observed on the right-hand side of the nucleon (f = p) resulting in a positive Sivers
amplitude.
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6. The interpretation of the measured SSA

6.1.2. The Sivers amplitude
In a semi-inclusive measurement of deep-inelastic scattering, the sin(f �fS) modulation appears
in the differential cross section (equation 2.24) as azimuthal modulation of the extended structure
functions F sin(f�fS)

UT,T and F sin(f�fS)
UT,L :

ds h

dxdydfS dzdf dP2h?
∝ . . . +ST

h
sin(f �fS)

⇣
F sin(f�fS)
UT,T + eF sin(f�fS)

UT,L

⌘
+ . . .

i
+ . . . (6.2)

At leading- and subleading-twist accuracy and in the one-photon exchange approximation, the
structure function F sin(f�fS)

UT,T can be interpreted as convolution in transverse momentum space of the
Sivers function, f ?,q

1T
�
x,p2T

�
, and the spin-independent fragmentation function, Dq

1
�
z,z2k2T

�
:

F sin(f�fS)
UT,T = C

"
� ĥ ·pT

M
f ?,q
1T

�
x,p2T

�
Dq
1
�
z,z2k2T

�
#

. (6.3)

In the conditions given above, the extended structure function F sin(f�fS)
UT,L is zero. It is at least

P2h?/(z2Q2)-suppressed compared to F sin(f�fS)
UT,T and can be generated by as-corrections at high trans-

verse momentum Ph?. In the studies, presented in section 5.3, the possible influence of higher twist
effects on the SSA amplitude is examined. No evidence for twist-four or even higher twist contribu-
tions is found. But also higher twist effects cannot be excluded given the strong correlation of the
scaling variables x and Q2.
The SSA amplitude of the sin(f �fS) modulation is considered as signal for the extended struc-

ture function F sin(f�fS)
UT,T only:

2hsin(f �fS)ihUT =�
C

"
ĥ ·pT
M

f ?,q
1T

�
x,p2T

�
Dq
1
�
z,z2k2T

�
#

C
⇥
f q1

�
x,p2T

�
Dq
1
�
z,z2k2T

�⇤ , (6.4)

and thus provides a signal for the Sivers mechanism.

6.1.3. The results for the Sivers amplitude
The Sivers amplitudes for p-mesons and charged K-mesons are presented in figure 6.3. Significantly
positive amplitudes are extracted for p +, p 0, K+ and K�. The Sivers amplitudes for p� are consis-
tent with zero. In the naive picture of u-quark dominance (section 5.4), amplitudes of similar size
would be expected for positively charged pions and kaons. But the Sivers amplitudes for K+ are
found to be larger than those for p +.
As the amplitudes are sensitive to the convolution of the Sivers function and the spin-independent

fragmentation function (equation 6.4), a dependence on both x and z is expected. The pronounced
z-dependence of the non-vanishing Sivers amplitudes, compatible with a monotonically increasing
function, underlines the role of hadronisation in the Sivers mechanism.
Transverse momentum Ph? of the mesons produced in the final state is required for non-vanishing

Sivers amplitudes. In the results a decrease of the signal is observed, when the transverse meson
momentum Ph? approaches to zero. For the Sivers amplitudes of p + and K+ a linear decrease is
found. The functional form of the weighting factor in the convolution, related to

�
ĥ ·pT

�
/M, would

imply an increase of the Sivers amplitudes with transverse meson momentum. But in the case of p +

and K+, the extracted amplitudes saturate in the range |Ph?| 2 [0.4GeV;2.0GeV].
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Figure 6.3.: The Sivers amplitudes for p-mesons and charged K-mesons are presented as a function
of the Bjorken scaling variable x, the fractional meson energy z and the transverse mo-
mentum |Ph?| of the meson.
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Multi-dimensional analysis
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Goal: Fully differential approach with small bin-
sizes (similar to this analysis):

• minimizes the dominant contributions to the 
systematic uncertainty, and therefore 
maximizes the attainable experimental 
precision

• maximize information for QCD analysis
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Figure 12. Sivers SFA for charged mesons (left: pions; right: kaons) presented either in bins of x,
z, or Ph⊥. Data at large values of z, marked by open points in the z projection, are not included
in the other projections. Systematic uncertainties are given as bands, not including the additional
scale uncertainty of 7.3% due to the precision of the target-polarization determination.

As in the previous publication [40], significantly positive Sivers amplitudes are observed
for positive pions. The asymmetries rise slightly with x, though remain significantly non-
zero even at the lowest x values probed in this experiment. The rise with z and Ph⊥ is
much more pronounced. However, while the rise continues throughout the semi-inclusive
z range, it is leveling off at larger values of Ph⊥.

The π − Sivers asymmetry in the one-dimensional x projection is consistent with zero.
While π+ electroproduction off protons is dominated by up-quark scattering, π − receives
large contributions from down quarks. The vanishing Sivers asymmetry for negative pions
can thus be understood as a cancelation of a Sivers effect that is opposite in sign for up
and down quarks. This may also explain the peculiar behavior of the z dependence: at low
values of z disfavored fragmentation plays a significant role and thus contributions from
up quarks can push the asymmetry towards positive values. At large values of z, however,
disfavored fragmentation dies out and the favored production off down quarks prevails
leading to a negative asymmetry. Some caution with this argumentation is deserved as at
large values of z, the contribution from the decay of exclusive ρ0 electroproduction to both
the π+ and π − samples becomes sizable, as can be concluded from a Pythia6.2 Monte
Carlo simulation (cf. figure 4), even more so for π − than for π+. Charge-conjugation
dictates that the decay pions from the ρ0 exhibit the same asymmetry regardless of their
charge.22 Examining the large-z behavior of the charged-pion asymmetries, indeed a clear
change of trend can be observed for positive pions. Still, the significant difference between
the charged-pion asymmetries over most of the kinematic range suggests that the non-
vanishing asymmetries observed are not driven merely by exclusive ρ0 electroproduction.

The K+ Sivers asymmetry follows a similar kinematic behavior as the one for π+, but
is larger in magnitude, as can be seen in figure 13. While u-quark scattering should domi-

22This is also one motivation for looking at the charge-difference asymmetry in ref. [40] in which such
contributions cancel.
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Figure 12. Sivers SFA for charged mesons (left: pions; right: kaons) presented either in bins of x,
z, or Ph⊥. Data at large values of z, marked by open points in the z projection, are not included
in the other projections. Systematic uncertainties are given as bands, not including the additional
scale uncertainty of 7.3% due to the precision of the target-polarization determination.

As in the previous publication [40], significantly positive Sivers amplitudes are observed
for positive pions. The asymmetries rise slightly with x, though remain significantly non-
zero even at the lowest x values probed in this experiment. The rise with z and Ph⊥ is
much more pronounced. However, while the rise continues throughout the semi-inclusive
z range, it is leveling off at larger values of Ph⊥.

The π − Sivers asymmetry in the one-dimensional x projection is consistent with zero.
While π+ electroproduction off protons is dominated by up-quark scattering, π − receives
large contributions from down quarks. The vanishing Sivers asymmetry for negative pions
can thus be understood as a cancelation of a Sivers effect that is opposite in sign for up
and down quarks. This may also explain the peculiar behavior of the z dependence: at low
values of z disfavored fragmentation plays a significant role and thus contributions from
up quarks can push the asymmetry towards positive values. At large values of z, however,
disfavored fragmentation dies out and the favored production off down quarks prevails
leading to a negative asymmetry. Some caution with this argumentation is deserved as at
large values of z, the contribution from the decay of exclusive ρ0 electroproduction to both
the π+ and π − samples becomes sizable, as can be concluded from a Pythia6.2 Monte
Carlo simulation (cf. figure 4), even more so for π − than for π+. Charge-conjugation
dictates that the decay pions from the ρ0 exhibit the same asymmetry regardless of their
charge.22 Examining the large-z behavior of the charged-pion asymmetries, indeed a clear
change of trend can be observed for positive pions. Still, the significant difference between
the charged-pion asymmetries over most of the kinematic range suggests that the non-
vanishing asymmetries observed are not driven merely by exclusive ρ0 electroproduction.

The K+ Sivers asymmetry follows a similar kinematic behavior as the one for π+, but
is larger in magnitude, as can be seen in figure 13. While u-quark scattering should domi-

22This is also one motivation for looking at the charge-difference asymmetry in ref. [40] in which such
contributions cancel.
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Figure 15. Sivers SFA for π+ extracted simultaneously in bins of x, z, and Ph⊥, presented as
a function of x. Systematic uncertainties are given as bands, not including the additional scale
uncertainty of 7.3% due to the precision of the target-polarization determination. Overlaid is a
phenomenological fit [152] to previously available data, with the three lines corresponding to the
central value of the fit and the fit uncertainty.

proton is dominated by u-quark scattering [164]. Figure 17 compares the Sivers asymme-
tries for both protons and antiprotons with those for positive pions. Within the available
precision an almost surprising agreement of proton and π+ asymmetries is visible. Also the
asymmetries for antiprotons are very similar, however, the present measurement is plagued
by large uncertainties.

In order to investigate slightly more the nature of proton and antiproton production
at HERMES, figure 18 depicts the ratio of their raw production rates, e.g., yields not
corrected for instrumental effects. The sudden increase of the proton-over-antiproton ratio
towards very low z might indicate the onset of target fragmentation, while in most of the z

range studied here the ratio exhibits a behavior consistent with current fragmentation. In
particular, with increasing z the production of antiprotons, which have no valence quarks in
common with the target nucleons, is increasingly suppressed compared to protons. A sec-
ond qualitative argument supporting the hypothesis of dominance of current fragmentation
is the sign of the Sivers asymmetry for protons. The current jet is dominated by u-quark
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Sivers amplitudes for charged pions
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Sivers amplitudes: pions results

• large positive amplitude → clear evidence of non-zero "#$%,'
• signal rises with (, ) and *+% in SIDIS region (0.2 < ) < 0.7)

• More informative 3D projections confirm and further detail 
the rise of the amplitude at large (, ) and *+%

Vanishing due to the
cancellation of the
opposite Sivers effect
for u and d quarks

15L.L. Pappalardo – CFNS Seminar - January 21, 2021



Sivers amplitudes for pions
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• intermediate size between those of !" and !# reflects isospin symmetry at 
the amplitude level

• Sudden drop at large-$ (> 0.7)
reveals a change of mechanism
in this semi-exclusive region

• Contributions from decays of
exclusively produced )* into
!"!# are large in this region!

PYTHIA 6.2

• An alternative (concurrent?) explanation: at large $, favored fragmentation 
(+ → !#) prevails over the disfavored  one (- → !#) → no cancellation and 
a non-zero amplitude opposite to that of !" is observed.   

• !* amplitude is much less susceptible to VM decays and no sudden change 
is observed at large $ → observed positive signal cannot be attributed solely 
to contributions from VM

Sivers amplitudes: pions results

16L.L. Pappalardo – CFNS Seminar - January 21, 2021



Sivers amplitudes for charged kaons
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Sivers amplitudes: Kaons results

Large positive amplitude, similar kinematic dep. of !"

Positive amplitude, different than !#
$# is a pure sea object with no valence quarks in 
common with target proton

17L.L. Pappalardo – CFNS Seminar - January 21, 2021
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6.1. Evidence for the naive-T-odd Sivers function
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Figure 6.5.: The difference in the Sivers amplitudes for K+ and p + is presented as a function of the
Bjorken scaling variable x. In the right panels the difference in these amplitudes is also
shown for a lower (Q2 <

⌦
Q2(x)

↵
) and a higher scale (Q2 >

⌦
Q2(x)

↵
).

The sea-quark Sivers functions might play a crucial role in the understanding of the difference in
the Sivers amplitudes for p + and K+. In figure 6.5 the x-dependence of the 2hsin(f �fS)iK

+

UT �
2hsin(f �fS)ip +

UT difference is shown. The systematic uncertainties of these amplitudes are not
estimated using the difference in the models for K+ and p + but using a model for the difference to
account for a possible correlation of the systematic uncertainties. At a confidence level of 90% a
K+�p + difference, i.e. 2hsin(f �fS)iK

+

UT �2hsin(f �fS)ip +

UT, is measured in the order of 10�2.
In detailed studies, presented in section 5.4, no influence from experimental effects on the K+�

p + difference is found. The observed difference might imply that other quark flavours than u con-
tribute to the Sivers amplitudes for positively charged pions (p + =

��ud̄
↵
) and kaons (K+ =|us̄i). But

the disagreement in these amplitudes could be also caused by the convolutions in the Sivers ampli-
tudes different in the numerator and denominator (equation 6.4). The K+�p + difference might also
be affected by higher twist effects. The difference found at lower scale, Q2 <

⌦
Q2(x)

↵
, vanishes at

the higher scale Q2 >
⌦
Q2(x)

↵
(figure 6.5). This facet of the data, suggesting a possible higher twist

effect on the Sivers amplitudes for p + and K+, will stimulate further phenomenological discussion.
In the studies of twist-four (or even higher twist) effects, no evidence for significant 1

Q2 -suppressed
contributions is provided (section 5.3). These studies are hampered by the strong correlation of x
and Q2 and thus higher twist effects cannot be ruled out. But this question can be resolved in a
comparison with an experimental result with higher Q2-resolution. The COMPASS collaboration
recorded events from deep-inelastic scattering on a transversely polarised NH3 target with average
kinematics of hQi= 3.29GeV2, hxi= 0.045, hzi= 0.37 and hPh?i= 0.49GeV. A comparison with
their upcoming results will provide more insight into the possible role of higher twist effects.
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Figure 5.18.: The K+ �p + difference: Collins (left panel) and Sivers amplitudes (right panel) for
charged pions (black closed symbols) and kaons (blue open symbols) are compared.

5.4. The difference in the Collins and Sivers SSA for positively
charged pions and kaons

In the interpretation of deep-inelastic scattering measurements on a proton target, the scattering off
u quarks is commonly assumed to be the dominant contribution. This assumption is, e.g, supported
by the HERMES measurement of the double-spin asymmetry Ah1,

Ah1(x,z) =
∑
q
e2q g

q
1 (x)D

q
1 (z)

∑
q
e2q f

q
1 (x)Dq

1 (z)
, (5.18)

in the electroproduction of p + =
��ud̄

↵
and K+ =|us̄i [HERMES05b]. In the analysis of the double-

spin asymmetries for Ap +

1 and AK+

1 the contributions from u quarks is found as the dominant con-
tribution due to their electric-charge factors, eu = 2/3, and their large densities f u1 (x) in the proton
(p = |uud i). The double-spin asymmetries Ap +

1 and AK+

1 are signals for mainly the u-quark polari-
sation, gu1 (x)/ f u1 (x). In the assumption of u-quark dominance, only this term is considered in the
interpretation.
On the basis of u-quark dominance, similar SSA amplitudes are expected for positively charged

pions and kaons. But the extracted Collins and Sivers amplitudes for K+ are found to be larger than
those for p + (figure 5.18). Also differences are seen in the Collins and Sivers amplitudes for p +

and protons (figure 5.19) as well as K+ and protons. In the interpretation of the SSA amplitudes
for protons, the assumption of u-quark dominance is hampered by the poorly understood role of
diquarks in the electroproduction of protons. Thus, the focus is put on positively charged pions and
kaons only.
Before discussing in chapter 6 the implications of the observed difference, effects on the K+�p +

difference due to the identification of hadrons or the possible influence of target remnant fragmenta-
tion are studied using the Sivers amplitudes as example.
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Figure 5.11.: Correlation of x and Q2: In the left panel, the scale Q2 of the selected p + is studied
as a function of Bjorken-x. Due to the limited geometric acceptance of the HERMES
spectrometer and the kinematic requirements in the event selection the correlation is en-
hanced. In the right panel, average Q2 values are shown for every x-bin when splitting
the events (as indicated) according to the mean value in Q2(x) of the bin.

5.3. The role of higher twist terms
In an analysis of single-spin asymmetries on a longitudinally polarised target, the size of subleading-
twist and leading-twist effects was found to be similar [HERMES05d]. This observation indicates
that higher twist terms cannot be neglected a priori in the interpretation of single-spin asymmetries.
The various contributions to the transverse single-spin asymmetries are known at leading-twist (twist-
two) and subleading-twist (twist-three) accuracy [BDG+07]. There is no twist-three contribution to
the twist-two Collins, Sivers and sin(3f �fS)-terms. The sin(fS), sin(2f �fS) and sin(2f +fS)
terms are related to twist-three contributions. The possible influence of twist-four (or even higher
twist) effects on the significant Collins, Sivers and 2hsin(fS)iU? amplitudes is investigated by study-
ing the Q2-dependence of the SSA amplitudes and examining the contribution from decay products
of exclusive vector-meson production.

5.3.1. The scale dependence of the SSA amplitudes
As a consequence of the strong correlation of the scaling variables x andQ2 (figure 5.11), in particular
for low values of x or Q2, not only a scale dependence of the SSA amplitudes is observed (left
panels of figures 5.12–5.14), but also the study of possible 1

Q2 -suppressed contributions is hampered.
When increasing the requirement on Q2, the mean values in x change in addition to the scale of the
measurement. For this reason, SSA amplitudes extracted in various ranges in Q2, as e.g. shown in
figures 5.12–5.14 for Q2 > 4GeV2 and Q2 < 4GeV2, are difficult to compare. The differences seen,
e.g., for the Collins amplitudes of p� are related to the strong x-dependence of these amplitudes.
To study SSA amplitudes at different scales but at fixed x, the hadron events in each bin are

divided into two Q2 ranges below and above the average Q2 of the particular bin. As shown in
figure 5.11 for p + events, the mean values in Q2 differ by a factor of 1.7, while the mean values
in x (as well as z and |Ph?|) are in good agreement. When there is a strong x-dependence such
as for the Collins amplitudes for charged pions, also a clear difference in the SSA amplitudes for
Q2 >

⌦
Q2(x,z, |Ph?|)

↵
andQ2 <

⌦
Q2(x,z, |Ph?|)

↵
is found due to the correlation (figures 5.12–5.14).
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as a function of Bjorken-x. Due to the limited geometric acceptance of the HERMES
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hanced. In the right panel, average Q2 values are shown for every x-bin when splitting
the events (as indicated) according to the mean value in Q2(x) of the bin.

5.3. The role of higher twist terms
In an analysis of single-spin asymmetries on a longitudinally polarised target, the size of subleading-
twist and leading-twist effects was found to be similar [HERMES05d]. This observation indicates
that higher twist terms cannot be neglected a priori in the interpretation of single-spin asymmetries.
The various contributions to the transverse single-spin asymmetries are known at leading-twist (twist-
two) and subleading-twist (twist-three) accuracy [BDG+07]. There is no twist-three contribution to
the twist-two Collins, Sivers and sin(3f �fS)-terms. The sin(fS), sin(2f �fS) and sin(2f +fS)
terms are related to twist-three contributions. The possible influence of twist-four (or even higher
twist) effects on the significant Collins, Sivers and 2hsin(fS)iU? amplitudes is investigated by study-
ing the Q2-dependence of the SSA amplitudes and examining the contribution from decay products
of exclusive vector-meson production.

5.3.1. The scale dependence of the SSA amplitudes
As a consequence of the strong correlation of the scaling variables x andQ2 (figure 5.11), in particular
for low values of x or Q2, not only a scale dependence of the SSA amplitudes is observed (left
panels of figures 5.12–5.14), but also the study of possible 1

Q2 -suppressed contributions is hampered.
When increasing the requirement on Q2, the mean values in x change in addition to the scale of the
measurement. For this reason, SSA amplitudes extracted in various ranges in Q2, as e.g. shown in
figures 5.12–5.14 for Q2 > 4GeV2 and Q2 < 4GeV2, are difficult to compare. The differences seen,
e.g., for the Collins amplitudes of p� are related to the strong x-dependence of these amplitudes.
To study SSA amplitudes at different scales but at fixed x, the hadron events in each bin are

divided into two Q2 ranges below and above the average Q2 of the particular bin. As shown in
figure 5.11 for p + events, the mean values in Q2 differ by a factor of 1.7, while the mean values
in x (as well as z and |Ph?|) are in good agreement. When there is a strong x-dependence such
as for the Collins amplitudes for charged pions, also a clear difference in the SSA amplitudes for
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Figure 5.18.: The K+ �p + difference: Collins (left panel) and Sivers amplitudes (right panel) for
charged pions (black closed symbols) and kaons (blue open symbols) are compared.

5.4. The difference in the Collins and Sivers SSA for positively
charged pions and kaons

In the interpretation of deep-inelastic scattering measurements on a proton target, the scattering off
u quarks is commonly assumed to be the dominant contribution. This assumption is, e.g, supported
by the HERMES measurement of the double-spin asymmetry Ah1,

Ah1(x,z) =
∑
q
e2q g

q
1 (x)D

q
1 (z)

∑
q
e2q f

q
1 (x)Dq

1 (z)
, (5.18)

in the electroproduction of p + =
��ud̄

↵
and K+ =|us̄i [HERMES05b]. In the analysis of the double-

spin asymmetries for Ap +

1 and AK+

1 the contributions from u quarks is found as the dominant con-
tribution due to their electric-charge factors, eu = 2/3, and their large densities f u1 (x) in the proton
(p = |uud i). The double-spin asymmetries Ap +

1 and AK+

1 are signals for mainly the u-quark polari-
sation, gu1 (x)/ f u1 (x). In the assumption of u-quark dominance, only this term is considered in the
interpretation.
On the basis of u-quark dominance, similar SSA amplitudes are expected for positively charged

pions and kaons. But the extracted Collins and Sivers amplitudes for K+ are found to be larger than
those for p + (figure 5.18). Also differences are seen in the Collins and Sivers amplitudes for p +

and protons (figure 5.19) as well as K+ and protons. In the interpretation of the SSA amplitudes
for protons, the assumption of u-quark dominance is hampered by the poorly understood role of
diquarks in the electroproduction of protons. Thus, the focus is put on positively charged pions and
kaons only.
Before discussing in chapter 6 the implications of the observed difference, effects on the K+�p +

difference due to the identification of hadrons or the possible influence of target remnant fragmenta-
tion are studied using the Sivers amplitudes as example.
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Recently, separation of current and target fragmentation has been revisited for semi-
inclusive deep-inelastic scattering involving transverse momentum [93]. In particular, low-z
hadrons with large transverse momentum might originate from the remnants of the target
and not from the fragmentation of the struck quark [94, 95], the region that is described
here in terms of TMD distribution and fragmentation functions. While no general recipe,
e.g., a quantitative limit on kinematic variables, is available, it appears appropriate to
provide additional information about the kinematic distributions in this measurement. For
this it is useful to introduce both Feynman-x, xF , the ratio of the longitudinal hadron
momentum P

CM
hk along the virtual-photon direction to its maximum possible value in the
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4.1. The semi-inclusive measurement of the DIS process
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Figure 4.6.: Factorisation scales: The correlation of the hard scattering scale Q2 and the partonic
scale |Ph?|2 /z2 is shown for the selected events including a positively charged pion.

❑ Hadrons originating from diffractive vector meson production and decay are only excluded in
kinematic regions where exclusive channels dominate. As shown in figure 4.5 contributions
due to exclusive channels (in particular for charged pions) could be suppressed by limiting z
to

z< 0.7. (4.15)

❑ In factorisation proofs soft quark momenta with respect to the hadron momenta are assumed.
Therefore, the transverse hadron momenta |Ph?|2 and in particular the relevant partonic scale,
|Ph?|2 /z2, are required to be smaller than the hard scattering scaleQ2. As shown in figure 4.13
for pions and in figure 4.14 for kaons, the requirement |Ph?|2⌧ Q2 is fulfilled for almost all
deep-inelastic scattering events. According to studies of the correlation of the scales Q2 and
|Ph?|2 /z2, a large fraction of the scattering events also support the requirement (|Ph?|2 /z2)⌧
Q2 (figure 4.6). Thus, no cut on the transverse momentum of the observed hadrons is applied.

❑ The formation of hadrons is parametrised by quark fragmentation functions: In the quark
fragmentation region hadrons are considered as fragments of the quark (or anti-quark) struck
by the virtual photon in the deep-inelastic scattering process. These hadrons are observed in
jets well separated from the spectator partons in the target (remnant). Kinematic criteria for
the distinction of target fragmentation and quark fragmentation regions were addressed from
phenomenological point of view [Ber87]. At HERMES kinematics where transverse mass
effects cannot be neglected the criterion is based on a requirement on the fractional momentum
of the struck quark by the formed hadron

z> 0.2, (4.16)

and the squared invariant mass of the virtual-photon nucleon system

W 2 > 10GeV2. (4.17)

The criterion was optimised between requiring a clean separation of the target fragmentation
and retaining the amount of scattering events [Bec00].

In previous analyses [HERMES05c], the reconstructed transverse single-spin asymmetries were
binned in the azimuthal angles f and fS. A minimum opening angle qg ⇤h between the momentum
direction of the virtual photon (g⇤) and that of a produced hadron (h) of qg ⇤h > 0.02mrad was

39
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Figure 8: Sketch, not to-scale, of kinematical regions of SIDIS in terms of the produced
hadron’s Breit frame rapidity and transverse momentum. In each region, the type of sup-
pression factors that give factorization are shown. (The exact size and shape of each region
may be very different from what is shown and depends on quantities like Q and the hadron
masses.) In the Breit frame, according to Eq. (9.7), partons in the handbag configura-
tion are centered on y ⇡ 0 if �k

2

i
⇡ k

2

f
= O

�
m

2
�
. The shaded regions in the sketch are

shifted somewhat toward the target rapidity yP,b (the vertical dashed line) to account for
the behavior of Eq. (9.1) when zN and xN are small.

R1 ⇡ 0.8 for kaons. If R1 ⇡ 0.8 is taken to be large, then confidence that one is in the
current region deteriorates. The flavor of the final state hadron has little effect on the
transverse momentum hardness, R2, from Eq. (8.16). From Fig. 11 (a) and Fig. 11 (c) flavor
dependence is only noticeable at low Q and even then the effect is small. To summarize,
the produced hadron mass affects collinearity R1 significantly, but does not appear to be a
primary factor in determining transverse hardness R2.

Within a specific example, collinearity R1 and transverse hardness R2 have helped us
to map out the current kinematic region (small R1) and to separate the "small" from the
"large" transverse momentum regions (small R2 vs large R2). The former will reasonably
correspond to a region where we expect TMD factorization to apply, while for the latter
a collinear factorization will be appropriate. At this stage, one might wonder whether
a LO calculation could be enough or whether higher order perturbative corrections are
necessary. This is where R3 comes into the game: large R3 coupled with large R2 signal a
large qT region where presumably higher order pQCD corrections are relevant, while small
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Figure 3: Momentum labeling in the partonic subprocess.

that quantities like |k2

i
| and |k2

f
| are small, and much of the discussion in this section will

be about addressing the question of what is meant by “small.” So to summarize, “partonic"
dashed lines represent the flow of a momentum with small invariant energy. In practical
situations, they will often turn out to refer to actual quark and/or gluon lines, but they do
not need to generally.

The partonic subprocess in Fig. 3 is marked off in a blue box. A black dot indicates the
parton we associate with an observed hadron. The momentum ki is the incoming struck
parton momentum, and there is at least one hadronizing parton kf . The kX momentum
labels the total momentum of all other unobserved partons combined. Outside the box
in Fig. 3, the position of the hadron implies a current region picture, though an analo-
gous picture of course applies to the target region case. We ask questions about partonic
regions in the context of the steps needed to factorize graphical structure in a manner
consistent with particular partonic pictures. Our general view of factorization is based on
that of Collins [11, 33] and collaborators, though the same statements apply to most other
approaches.

We are interested in the kinematics of the ki + q ! kf + kX subprocess and how
closely it matches the overall P + q ! PB + X process under very general assumptions.
Specific realizations of the partonic subprocess, each of which can contribute to a different
kinematical region, are shown in Fig. 4. We will analyze the subprocess in the Breit frame
and write

k
b

i =

 
Q

x̂N

p
2
,
x̂N(k

2

i
+ k2

i,b,T)
p

2Q
,ki,b,T

!
, k

b

f
=

 
k2

f,b,T + k
2

fp
2ẑNQ

,
ẑNQp

2
,kf,b,T

!
. (8.1)

Hats always indicate a partonic kinematical variable, whereas ⇠ and ⇣ are momentum
fractions (see below). We will write the transverse momentum as

kf,b,T = �ẑNqT + �kT . (8.2)
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TMDs Imaging quarks and gluons within the nucleon. 

• HERMES Pioneering TMD measurements at the first Electron-Ion 
Collider. 

• JHEP 12 (2020) 010 Compendium on TMD analysis: 

• Final HERMES analysis on SSA and DSA in SIDIS off 
transversely polarized proton target. 

• HERMES results for pions, charged kaons, and now protons 
have revealed first information about TMDs for valence and 
sea quarks. 

• New HERMES results in 3D binning maximize information for 
QCD analysis. 

• Detailed description of the HERMES analysis to guide future 
measurements (204 pages, 70 figures, 118 tables). 

• The 12 GeV Science Program at Jefferson Lab Precision TMD 
studies for valence quarks. 

• Electron-Ion Collider Precision TMD studies for sea quarks and 
gluons.


