
Caroline Riedl

April 16–19
Salt Lake City, Utah

 Experimental overview on TMDs
at fixed-target experiments

hermes

HigherDtwists$@$CLAS$

16 Contalbrigo M. Spin Structure – EINN15, 3rd November 2015, Paphos 

"↓$%  is proportional to the structure function 
 
 
 

→$EnFre$structure$funcFon$is$
twistD3,$so$in$commonly$used$

WandzuraDWilczek$approximaFon$
enFre$asymmetry$=$0$

H. Avakian et al., PRD69, 112004 (2004)@4.3 GeV 

W. Gohn et al., PRD89, 072011 (2014)@5.5 GeV 

e(x): twist-3 PDF sensitive  
to qGq correlations 
“transverse force”  

ALU 

Jefferson Lab 
Hall A

Photo: Kennecott Utah Copper Mine

• Introduction to TMDs

• Experiments and results 

• Putting them together



criedl@illinois.edu - TMDs at COMPASS and CLAS                                                                   APS 2016, Salt Lake City, April 18, 2016

The current picture of the proton

2

Figure courtesy of: “Electron Ion Collider:  The Next QCD Frontier. 
Understanding the glue that binds us all”. arXiv:1212.1701 

Chapter 1

Overview: Science, Machine and
Deliverables of the EIC

1.1 Scientific Highlights

1.1.1 Nucleon Spin and its 3D Structure and Tomography

Several decades of experiments on deep inelastic scattering (DIS) of electron or muon beams
o↵ nucleons have taught us about how quarks and gluons (collectively called partons) share
the momentum of a fast-moving nucleon. They have not, however, resolved the question of
how partons share the nucleon’s spin and build up other nucleon intrinsic properties, such
as its mass and magnetic moment. The earlier studies were limited to providing the lon-
gitudinal momentum distribution of quarks and gluons, a one-dimensional view of nucleon
structure. The EIC is designed to yield much greater insight into the nucleon structure
(Fig. 1.1, from left to right), by facilitating multi-dimensional maps of the distributions of
partons in space, momentum (including momentum components transverse to the nucleon
momentum), spin, and flavor.

Figure 1.1: Evolution of our understanding of nucleon spin structure. Left: In the 1980s,
a nucleon’s spin was naively explained by the alignment of the spins of its constituent quarks.
Right: In the current picture, valence quarks, sea quarks and gluons, and their possible orbital
motion are expected to contribute to overall nucleon spin.
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Deep Inelastic Scattering (DIS): ℓN→ℓ(h)X
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Only statistical uncertainties of the data are taken into account in s
i

. The normalisation factors N
n

of each data set n are allowed to vary taking into account the normalisation uncertainties dN
n

. If the
latter are unavailable, they are estimated as quadratic sums of the uncertainties of the beam and target
polarisations. The fitted normalisations are found to be consistent with unity, except for the E155 proton
data where the normalisation is higher, albeit compatible with the value quoted in Ref. 14.

In order to keep the parameters within their physical ranges, the polarised PDFs are calculated at every
iteration of the fit and required to satisfy the positivity conditions |Dq(x) +Dq̄(x)|  q(x) + q̄(x) and
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 Factorization of DIS cross section

5

σ

X

lepton

proton

DF

FF
hadron(s)

σℓp→ℓhX = Σq (DF ⊗ σℓq→ℓq ⊗ FF)

TMD Distribution Functions (DF)
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courtesy Alexei Prokudin 2015/16

factorization

1
3

Alexei Prokudin 

The problem:  
 
TMD factorization has a validity region

Integration                              emphasizes high momentum region  

Collinear contributions will “spoil” our interpretation!

TMD factorization 
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The SIDIS cross section: ”harmonic(φ, φS)·DF ⊗ FF”
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4 H. Avakian et al.: Experimental results on TMDs

σ(φ,φS) ≡
d6σ

dxdydzdφdφSdP 2
hT
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(
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√
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,(1)

can be decomposed in terms of Structure Functions [12,
26], each related to a specific azimuthal modulation. Here
λe refers to the helicity of the electron beam, SL and ST

to the longitudinal and transverse polarisation of the tar-
get nucleons (with respect to the direction of the virtual
photon), and ε to the ratio of the longitudinal and trans-
verse photon fluxes, which is determined by the kinemat-
ics of the lepton. Here, q = ' − '′ is the four-momentum
of the virtual photon, Q2 = −q2, x = Q2/2(P · q), y =
(P · q)/(P · '), and P is the initial nucleon momentum.
The azimuthal angle φ is defined as the angle between the
scattering plane, formed by the initial and final momenta
of the electron, and the production plane, formed by the
transverse momentum PhT of the observed hadron and the
virtual photon (Fig. 2). The azimuthal angle φS is defined
as the angle between the scattering plane and the target
spin component transverse to the virtual photon.

y

z

x

hadron plane

lepton plane

l
l S

Ph

P

φh

φS

Fig. 2. The SIDIS kinematics.

The subscripts in the structure functions FUT,UL,LT ,
specify the beam (first index) and target (second index)
polarisation (U,L, T for unpolarised, longitudinally and
transversely polarised targets, and U,L for unpolarised

and longitudinally polarised beam). When present, the
third index refers to the virtual photon polarisation.

In the regime where the transverse momenta (set by
the confinement scale) are small with respect the hard
scale Q, the structure functions can be factorised into
TMD parton distribution and fragmentation functions,
and soft and hard parts [26,27]. At leading-twist (not sup-
pressed by powers of the hard scale Q) there are eight con-
tributions related to the parton distributions in Table 1.
They all can be independently measured in SIDIS with
different combinations of polarisation states of the incom-
ing lepton and the target nucleon thanks to their specific
azimuthal dependencies.

For example with an unpolarised beam and a trans-
versely polarised target one can get access to the structure

function F sin(φ+φS)
UT (x, z, PhT , Q2). The latter can be writ-

ten as a convolution of h1(x, k⊥, Q2) and H⊥
1 (z, p⊥, Q2),

integrated over the transverse momentum of the initial,
k⊥, and fragmenting p⊥ partons:

F sin(φ+φS)
UT (x, y, PhT ) = C

[

w(p⊥,k⊥)h⊥
1 (x, k⊥)H⊥

1 (z, p⊥)

]

(2)

where the scale dependence has been dropped for simplic-
ity. The convolution integral

C[wh⊥
1 H⊥

1 ] = x
∑

q

e2
q

∫

δ2(p⊥ − zk⊥ − P hT ) (3)

w(p⊥,k⊥)h⊥,q
1 (x, k⊥)H⊥,q

1 (z, p⊥)dp2
⊥dk2

⊥

embeds a summation over quarks and antiquarks, a kine-
matic prefactor w(p⊥,k⊥) specific for each structure func-
tion (in this case w(p⊥,k⊥) = −(ĥ · kT )/Mh with ĥ =
PhT /|PhT | the unit vector along the transverse momen-
tum and Mh the mass of the observed hadron), and a
delta function imposing momentum conservation P hT =
zk⊥ + p⊥ (valid up to order k⊥/Q).

- FXY[Z] = structure function. X=beam, Y= target polarization, 
                                               [Z= virtual-photon polarization]. X, Y ∈ {U, L, T}
- λe = helicity of the lepton beam
- SL and ST = longitudinal and transverse target polarization 
- ε = ratio of longitudinal and transverse photon fluxes
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Bacchetta et al., JHEP 02, 093 (2007)

Worm-gear (Kotzinian-Mulders) 
⊗ Collins
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Proton “orbitals”
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Courtesy A. 
Prokudin. 
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 TMD distributions 
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• Understand the bound system and 
its excitation levels. 

• Spin-orbit correlations in QCD 
similar to those in QED (H-atom).

• “Proton (hyper)fine structure”
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Naive time-reversal odd TMDs
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What is measured?
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Sivers effect generates distorted 
distribution of unpolarized quarks in the 

transversely polarized proton.

EIC “White Paper” arXiv:1212.1701, based on M. Anselmino et 
al., J. Phys. Conf. Ser. 295, 012062 (2011), arXiv:1012.3565

respond to the collinear PDFs: the longitudi-
nal polarized structure function discussed in
the previous section and the quark transver-
sity distribution. The latter is related to the
tensor charge of the nucleon. These three
distributions can be regarded as a simple
transverse momentum extension of the asso-
ciated integrated quark distributions. More
importantly, the power and rich possibilities
of the TMD approach arise from the sim-
ple fact that k

T

is a vector, which allows
for various correlations with the other vec-
tors involved: the nucleon momentum P , the
nucleon spin S, and the parton spin (say a
quark, s

q

). Accordingly, there are eight inde-
pendent TMD quark distributions as shown
in Fig. 2.12. Apart from the straightfor-
ward extension of the normal PDFs to the
TMDs, there are five TMD quark distribu-
tions, which are sensitive to the direction of
k
T

, and will vanish with a simple k
T

integral.

Because of the correlations between the
quark transverse momentum and the nucleon
spin, the TMDs naturally provide impor-
tant information on the dynamics of par-
tons in the transverse plane in momentum

space, as compared to the GPDs which de-
scribe the dynamics of partons in the trans-
verse plane in position space. Measurements
of the TMD quark distributions provide in-
formation about the correlation between the
quark orbital angular momentum and the nu-
cleon/quark spin because they require wave
function components with nonzero orbital
angular momentum. Combining the wealth
of information from all of these functions
could thus be invaluable for disentangling
spin-orbit correlations in the nucleon wave
function, and providing important informa-
tion about the quark orbital angular momen-
tum.
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One particular example is the quark
Sivers function f?q

1T

which describes the
transverse momentum distribution corre-
lated with the transverse polarization vector
of the nucleon. As a result, the quark distri-

bution will be azimuthally asymmetric in the
transverse momentum space in a transversely
polarized nucleon. Figure 2.13 demonstrates
the deformations of the up and down quark
distributions. There is strong evidence of the
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NH3 Polarized Target
Hadron Absorber

SM1

Muon Wall 1

Muon Wall 2

SM2

Hodoscopes

~350 tra
cking planes

Hodosco
pes

polarized 
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SIDIS: polarized muon beams of 
160/200 GeV on solid targets

-  d→ (6LiD): 2002-2006
- p→ (NH3): 2007, 2011
- d↑ (6LiD): 2002-2004 

- p↑ (NH3): 2006/07, 2010

dilution factor: 
f=0.22 (NH3), f=0.4 (6LiD)

COMPASS experiment

Katharina Schmidt On behalf of the COMPASS Collaboration

Hard Exclusive Measurements at COMPASS

Transversely polarized target

I Target material: NH3, 6LiD

I 2 magnets: solenoid 2.5 T and dipole 0.5 T

I Acceptance: ±180 mrad upstream edge (since 2006)

I 3He - 4He dilution refrigeration (60mK)

dilution refrigerator (⇠ 60mK)

superconducting
solenoid (⇠ 2.5T)

dipole magnet (⇠ 0.5T)
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16 Contalbrigo M. Spin Structure – EINN15, 3rd November 2015, Paphos 

"↓$%  is proportional to the structure function 
 
 
 

→$EnFre$structure$funcFon$is$
twistD3,$so$in$commonly$used$

WandzuraDWilczek$approximaFon$
enFre$asymmetry$=$0$

H. Avakian et al., PRD69, 112004 (2004)@4.3 GeV 

W. Gohn et al., PRD89, 072011 (2014)@5.5 GeV 

e(x): twist-3 PDF sensitive  
to qGq correlations 
“transverse force”  

ALU 

H. Avakian et al.: Experimental results on TMDs 3

Fig. 1. Kinematic coverage of COMPASS (160 GeV muon beam), HERMES (27 GeV electron beam) and JLab (11 GeV
electron beam) showing the complementariness among the experiments. Left and right plots shows the detailed coverage in
linear-log and log-log scales.

pected moving from SIDIS to Drell-Yan processes, whose
verification is one of the most urgent goals of the present
experimental activity. The Sivers and Boer-Mulders func-
tions describe unpolarised quarks in the transversely po-
larised nucleon and transversely polarised quarks in the
unpolarised nucleon, respectively. The most simple mech-
anism that can lead to a Boer-Mulders (Sivers) function
is a correlation between the spin of the quarks (nucleon)
and the quark orbital angular momentum. In combination
with a final state interaction that is on average attractive,
such correlations manifest as azimuthal asymmetries of
the produced hadron distribution. Convincing evidences
have been found of the existence of the Sivers mechanism
in SIDIS reactions, see Section 3.4. The Boer-Mulders ef-
fect has resulted more difficult to isolate, as the related
SIDIS observables get sizable sub-leading contributions of
pure kinematic origin, see Section 3.5.

An analogous of Table 1 exists for the fragmentation
functions. As the polarisation in the final state is not ac-
counted for in this work, only two transverse momentum
dependent fragmentation functions (TMD-FFs) are con-
sidered in the following: the unpolarised D1(z, p⊥) and
the Collins H⊥

1 (z, p⊥) fragmentation function, where z is
the energy fraction carried by the final state hadron and
p⊥ is the transverse momentum acquired by the observed
hadron with respect the fragmenting quark. The Collins
function acts as a polarimeter being sensitive to the cor-
relation between the transverse momentum gained dur-
ing fragmentation and the transverse polarisation of the
fragmenting quark [22] and allows to access the chirally-
odd distribution functions. The measurements indicate a
peculiar behaviour of the Collins function, with similar
magnitude but opposite sign for favoured (the fragment-
ing quark is a valence quark of the produced hadron) and
unfavoured fragmentation, see Section 3.3.

TMDs can be accessed in SIDIS through measurements
of specific azimuthal angle dependencies of the cross-section.
Observables sensitive to those TMDs were under intensive

experimental studies at different Laboratories worldwide.
Measurements using electro-production of hadrons and fo-
cused on TMD studies have been performed by HERMES
at HERA, COMPASS at CERN and halls A,B and C at
JLab. After the first exploratory phase holding for about
a decade, it is now the time of transition to a new pre-
cision phase for the exploration of the nucleon 3D struc-
ture. In particular, precision measurements of spin and az-
imuthal asymmetries in pion and kaon SIDIS production
off unpolarised, longitudinally polarised and transversely
polarised p, d and 3He targets would allow to extract the
spin and flavour dependences of transverse momentum
distributions of quarks. The TMDs non-trivial universal-
ity properties would be proven by comparing SIDIS re-
sults, i.e. on Sivers function, with measurements in Drell-
Yan experiments at COMPASS and W -boson production
at RHIC. Combination of measurements in the extended
range of momentum transfer Q2, covered by the exist-
ing and upcoming facilities, would allow studies of Q2-
dependences of TMDs, for example for the Sivers func-
tion, predicted to have very non-trivial evolution proper-
ties [23, 24], and the disentanglement of the possible sub-
leading contributions. The overlap of kinematic coverage
of COMPASS, HERMES and JLab (see Fig. 1) would
allow studies of Q2-dependence in the range of Bjorken
x ∼ 0.1 − 0.2, where the effects related to orbital motion
of quarks are expected to be significant. The coverage in x
and Q2 would be ultimately extended with the realization
of an Electron-Ion Collider (EIC) [25], a facility among
the recommendations of the US Nuclear Science Advisory
Committee 2015 Long Range Plan.

3 Measuring spin-azimuthal asymmetries in
SIDIS

In the one-photon exchange approximation valid at the
fixed-target experiments, the SIDIS cross section:

HERMES: spin experiment at HERA/
DESY 1995-2007, polarized electrons of 
27.6 GeV on (un)polarized gas targets

Hall A at JLab complementary: 
very high luminosity vs. very large 

acceptance at CLAS

- Polarized electrons of 6 / 11 GeV 
- Unpolarized and longitudinally polarized 

targets (2001 / 2005 / 2009)
- Transversely polarized target (CLAS12)

- Lumi ~1034cm-2sec-1

160 GeV

27.6 GeV

6 GeV
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Figure 10: The z dependence of the favoured (closed symbols) and unfavoured (open symbols) quark-to-pion
fragmentation functions, zD⇡

fav and zD

⇡
unf, extracted directly from pion multiplicities for the bin 0.04 < x < 0.06

and the bin 0.1 < y < 0.15. For comparison, the result from the present LO QCD fit to the pion multiplicities is
shown at Q2 = 6(GeV/c)2. The bands represent the total uncertainties of the QCD fit (see text).
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Fig. 7. COMPASS measurements of the Collins asymmetries for π± and K±,0 on deuterons (left) and protons(right).
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ℓN↑→ℓhXFig. 5: Left: comparison between the Collins asymmetries for pions as a function of x, extracted from 2007 and
2010 data taking. Right: the same comparison for the Sivers asymmetries.

x−210 −110

 
p C

ol
l

A

−0.05

0

0.05

0.1 +π
−π

z0.5 1

 
p C

ol
l

A

−0.05

0

0.05

0.1

)c(GeV/ h
T

p0.5 1 1.5
 

p C
ol

l
A

−0.05

0

0.05

0.1

x−210 −110

 
p C

ol
l

A

−0.1

0

0.1
+K
−K

z0.5 1

 
p C

ol
l

A

−0.1

0

0.1

)c(GeV/ h
T

p0.5 1 1.5

 
p C

ol
l

A

−0.1

0

0.1

x
−210 −110

 
p C

ol
l

A

−0.1

0

0.1 0K

z
0.5 1

 
p C

ol
l

A

−0.1

0

0.1

)c(GeV/ h
T

p
0.5 1 1.5

 
p C

ol
l

A

−0.1

0

0.1

Fig. 6: The Collins asymmetries for charged pions (top), charged kaons (middle) and neutral kaons (bottom) on
proton as a function of x, z and p

h
T .

COMPASS  p↑

pTzx

• π+ <0, π− >0. → favored (u→π+, d→π−) & 
unfavored (u→π−, d→π+) Collins FF of 
similar size but opposite sign.

• HERMES similar 
→ no evolution effect (no Q2 dependence)

• COMPASS d↑ & Hall-A 3He: null 

• e+e− collider (BELLE and BABAR): confirm trend

Collins Fragmentation Function describes 
spin-dependent hadronization of a 

transversely polarized quark into hadrons.

Hall A PRL 107 (2011) 072003

mailto:Caroline.Riedl@desy.de
mailto:Caroline.Riedl@desy.de
https://wwwcompass.cern.ch/compass/publications/papers/locked/journal/2015_plb744_250.pdf
https://wwwcompass.cern.ch/compass/publications/papers/locked/journal/2015_plb744_250.pdf


criedl@illinois.edu - TMDs at COMPASS and CLAS                                                                   APS 2016, Salt Lake City, April 18, 2016

7

 TMD distributions 

Kotzinian (1995), Mulders, Tangerman (1995), Boer, Mulders (1998)

Alexei Prokudin 

Three types of modulations

Monopole

Dipole

Quadrupole

-Collins asymmetry

14

Transversity ⊗ Collins

10 H. Avakian et al.: Experimental results on TMDs

C
o
ll

d
A

-0.1

0

0.1

0.2

C
o
ll

d
A

-0.2

0

0.2

0.4 +
K

-
K

x

C
o
ll

d
A

-0.2

0

0.2

0
K 

z  (GeV/c)
hT

P

π+

π−

x−210 −110 0.5 1

05

0

0.05

0.1

0.5 1 1.5

−0.05

0

0.05

0.1

x−210 −110

K
+

K
−

0.5 1

−0.1

0

0.1

0.5 1 1.5

−0.1

0

0.1

−0.05

0

0.05

0.1

−0.1

0

0.1

−0.1

0

0.1
0

K

10−2 10−1 0.5 1 0.5 1 1.5

C
o
ll

d
A

C
o
ll

d
A

C
o
ll

d
A

x z  (GeV/c)
hT

P

π+

π−

10−2 10−1 0.2 0.5 1 1.50.80.60.4

Fig. 7. COMPASS measurements of the Collins asymmetries for π± and K±,0 on deuterons (left) and protons(right).

x z PhT (GeV/c)
10−1 0.60.4 0.5 1

x z PhT (GeV/c)
10−1 0.60.4 0.5 1

0.1

−0.1

0.1

0

0

K+

K−

2〈
si

n
(φ

h
+

φ
S
)〉

U
T

π

2〈
si

n
(φ

h
+

φ
S
)〉

U
T

K

−0.1

−0.05

0.05

0

0

0

Fig. 8. HERMES measurements of the Collins asymmetries on protons for π± (left) and K± (right).

0.1 0.2 0.3 0.4

-0.05

0

0.05
+π

0.1 0.2 0.3 0.4

-0.05

0

0.05
−π

2〈
si

n
(φ

h
+
φ

S
)〉
  (

C
o

ll
in

s)

-0.4

-0.2

0

0.2
+

K

0.1 0.2 0.3 0.4

−
K

x
0.1

x

2〈
si

n
(φ

h
+
φ

S
)〉
  (

C
o

ll
in

s)

x x
0.40.30.2 0.1 0.40.30.20.1 0.40.30.2 0.1 0.40.30.2

Fig. 9. Hall A measurements of the Collins asymmetries on neutrons for π± (left) and K± (right).

Hall-A neutrons (3He)

(kaons not shown)

COMPASS PLB 744 (2015) 250 (this plot)

HERMES PLB 693 (2010) 11 (not shown) HERMES p↑

ℓN↑→ℓhXFig. 5: Left: comparison between the Collins asymmetries for pions as a function of x, extracted from 2007 and
2010 data taking. Right: the same comparison for the Sivers asymmetries.

x−210 −110

 
p C

ol
l

A

−0.05

0

0.05

0.1 +π
−π

z0.5 1

 
p C

ol
l

A

−0.05

0

0.05

0.1

)c(GeV/ h
T

p0.5 1 1.5
 

p C
ol

l
A

−0.05

0

0.05

0.1

x−210 −110

 
p C

ol
l

A

−0.1

0

0.1
+K
−K

z0.5 1

 
p C

ol
l

A

−0.1

0

0.1

)c(GeV/ h
T

p0.5 1 1.5

 
p C

ol
l

A

−0.1

0

0.1

x
−210 −110

 
p C

ol
l

A

−0.1

0

0.1 0K

z
0.5 1

 
p C

ol
l

A

−0.1

0

0.1

)c(GeV/ h
T

p
0.5 1 1.5

 
p C

ol
l

A

−0.1

0

0.1

Fig. 6: The Collins asymmetries for charged pions (top), charged kaons (middle) and neutral kaons (bottom) on
proton as a function of x, z and p

h
T .

COMPASS  p↑

pTzx

Fig. 5: Left: comparison between the Collins asymmetries for pions as a function of x, extracted from 2007 and
2010 data taking. Right: the same comparison for the Sivers asymmetries.

x−210 −110

 
p C

ol
l

A

−0.05

0

0.05

0.1 +π
−π

z0.5 1

 
p C

ol
l

A
−0.05

0

0.05

0.1

)c(GeV/ h
T

p0.5 1 1.5

 
p C

ol
l

A

−0.05

0

0.05

0.1

x−210 −110

 
p C

ol
l

A

−0.1

0

0.1
+K
−K

z0.5 1

 
p C

ol
l

A

−0.1

0

0.1

)c(GeV/ h
T

p0.5 1 1.5

 
p C

ol
l

A
−0.1

0

0.1

x
−210 −110

 
p C

ol
l

A

−0.1

0

0.1 0K

z
0.5 1

 
p C

ol
l

A

−0.1

0

0.1

)c(GeV/ h
T

p
0.5 1 1.5

 
p C

ol
l

A

−0.1

0

0.1

Fig. 6: The Collins asymmetries for charged pions (top), charged kaons (middle) and neutral kaons (bottom) on
proton as a function of x, z and p

h
T .

x10-110-2

• π+ <0, π− >0. → favored (u→π+, d→π−) & 
unfavored (u→π−, d→π+) Collins FF of 
similar size but opposite sign.

• HERMES similar 
→ no evolution effect (no Q2 dependence)

• COMPASS d↑ & Hall-A 3He: null 

• e+e− collider (BELLE and BABAR): confirm trend

Collins Fragmentation Function describes 
spin-dependent hadronization of a 

transversely polarized quark into hadrons.
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Fig. 5: Proton asymmetry, integrated over the angle ✓, as a function of x, z and Mh+h� , for the combined data
taken with the proton (NH3) target in the years 2007 and 2010 (top plot). The grey bands indicate the systematic
uncertainties. The bottom plot shows the same data for the valence quark region (x � 0.032). The curves in the
upper plots show predictions [36, 37] made using the transversity functions extracted in Ref. [11] (solid lines) or a
pQCD based counting rule analysis (dotted lines). The cureves in the lower plots show the predictions of [36] in
the same x � 0.032 region. Note that the sign of the original predictions was changed to accommodate the phase
⇡ in the definition of the angle �RS used in the COMPASS analysis.

�h� could be due to a local transverse momentum conservation in the fragmentation, as it is present
in the LEPTO [38] generator for spin-independent DIS. The relevant point here is that such correlation
shows up also in the Collins fragmentation function that describes the spin-dependent hadronisation of a
transversely polarised quark q into hadrons.

If this is the case, asymmetries correlated with the dihadrons can also be obtained in a way different
from the one described above. For each pair of oppositely charged hadrons, using the unit vectors of
their transverse momenta, we have evaluated the angle �2h of the vector RN = p̂T,h+ � p̂T,h� which is
the arithmetic mean of the azimuthal angles of the two hadrons after correcting for the discussed ⇡ phase
difference between both angles. This azimuthal angle of the dihadron is strongly correlated with �R, as
can be seen in Fig. 7 where the difference of the two angles is shown. The same correlation is present also
in the LEPTO generator for spin-independent DIS. Introducing the angle �2h,S = �2h��S0 , one simply
obtains the mean of the Collins angle of the positive and negative hadrons (again after correcting for the
discussed ⇡ phase difference between the two angles), i.e. a mean Collins type angle of the dihadron.

x>0.03

Di-hadron asymmetry

15

ℓN↑→ℓh+h−X

Transversity ⊗ Interference FF

COMPASS  p↑

COMPASS PLB 736 (2014) 124

(collinear analysis - no quark kT)

Solid curve: Bacchetta, Radici priv. comm. & 
M. Anselmino et al., Nucl. Phys. Proc. Suppl. 191 (2009) 98–107.

Di-hadron-, or 
interference FF from 

interference of 
different channels of 
the fragmentation 

process into the two-
hadron system.

[GeV]

• Interference FF ≈ 
½·(Collins[h+] + (-1)·Collins[h−])

• Hint at a common physical origin for 
the Collins mechanism & di-hadron 
fragmentation function

h+

h−
180º

PhT

PhT

COMPASS PLB 753 (2016) 406

Interplay among transversity induced asymmetries in hadron leptoproduction 5
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Fig. 2: (Color online) Comparison of the CL asymmetries for h1 (full red circles) and h2 (full black triangles)
in lp! l

0
h

+
h

�
X with the standard Collins asymmetries in lp! l

0
h

±
X for z > 0.1 (open circles and triangles)

measured as function of x.

Fig. 3: (Color online) The A

sinFC1
CL1 (red circles) and the A

sinFC2
CL2 (black triangles) vs D�. Superimposed are the

fitting functions described in the text.

4 D� dependence of the CL asymmetries of positive and negative hadrons

The azimuthal correlations between �1 and �2 in transversely polarized SIDIS had been investigated by
measuring the asymmetries as functions of |D�| [17], where D�= �1 ��2. The final results as function
of D� are shown in Fig. 3. The two asymmetries look like even functions of D�, are compatible with zero
when D� tends to zero, and increase in magnitude as D� increases. Very much as in Fig. 2 the mirror
symmetry between positive and negative hadrons is a striking feature of the data. The overall picture
agrees with the expectation from the 3P0 recursive string fragmentation model of Refs. [19, 20], which
predicts a maximum value for D�' ⇡.

The framework to access the D� dependence of CL asymmetries was proposed in Ref. [27]. After
integration over x, Q2, z1, z2, p2

T1 and p

2
T2 the cross-section for the SIDIS process lN ! l

0
h

+
h

�
X can

Table 1: Integrated values of the Collins and CL asymmetries for positive and negative hadrons in the region
x > 0.032. Taking into account statistical correlation the difference is less than a standard deviation for both h1

and h2.

Collins Asymmetry Collins-like Asymmetry
h1 �0.017±0.002 �0.018±0.003
h2 0.018±0.002 0.020±0.003
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Sivers asymmetry in SIDIS
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negative u-quark Sivers 
function

COMPASS, HERMES  p↑

Null result for negative 
pions & kaons: positive d-

quark Sivers function 

COMPASS  d↑

COMPASS Nucl. 
Phys.B765 (2007) 31

Null result (u/d-quark 
cancellation effects)

Fig. 10: The Sivers asymmetries for positive pions and kaons, as a function of x.
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Fig. 11: The Sivers asymmetries for positive pions (top) and kaons (bottom) on proton as a function of x, z and
p

h
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● 
 ○

COMPASS PLB 744 (2015) 250 

HERMES PRL 103 (2009) 152002

Sivers (COMPASS) < Sivers (HERMES): 
non-trivial Q2-dependence 

pion (u,anti-d) < kaon (u, anti-s)
“Role of sea quarks non-

negligible?” 

Hall-A neutrons (3He)

Hall A Collaboration PRL 
107 (2011) 072003

Sivers from positive pions 
off neutron target negative 
=> d-quark Sivers negative
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signs of the moment of the Sivers function extracted from
SIDIS data and twist-3 calculations [159].

At Jefferson Lab there are several closely-related pro-
posals approved to measure spin and azimuthal asymme-
tries in all three Halls, providing complementary studies
of different aspects of the complex structure of the nucleon
in terms of flavour, momentum and spin. Hall-A has an

Fit 
employing 

TMD 
evolution

S.M. Aybat, A. Prokudin and T.C. 
Rogers, PRL 108 (2012) 242003
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Spin-dependent Drell-Yan measurement at COMPASS

18

DF ⊗ DF

Drell-Yan
SIDIS

DF ⊗ FF

(BM)p ⊗ (BM)π 

(Sivers)p ⊗ (f1)π 
(Pretzelosity)p ⊗ (BM)π 

(Transversity)p ⊗ (BM)π 

pionproton

hadronbeam 
lepton

target 
proton

Universality: naive 
time-reversal-odd 

TMDs are expected to 
have the same 
magnitude but 

opposite sign in DY. 
Crucial test of TMD 

framework.

Sivers (SIDIS) = 
−(1)·Sivers (DY)

first 
access

• First spin-dependent DY measurement. 2015 
COMPASS results soon to come! 2nd year of 
COMPASS polarized DY planned for 2018.

• STAR at RHIC/BNL: Sivers amplitude in W+−/Z0 
production PRL 116, 132301 (2016): “The current data thus favor 
theoretical models that include a change of sign for the Sivers function 
relative to […] SIDIS measurements, if TMD evolution effects are 
small.”

• SeaQuest at FNAL: DY w/ polarized target 2018/19
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• Unique possibility of measuring SIDIS and 
Drell-Yan observables at the same facility.

• No need to rely on uncertainties of TMD 
evolution. 

• π- on proton probes valence-quark region 
☛ Sivers function of large magnitude. 
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COMPASS projections (2015+2018 data)
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Future Sivers and Collins measurements at CLAS-12
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extensive SIDIS program to access TMDs with polarised
targets. Two proposals have been approved to study SSAs
with SoLID detector using transversely [160] and longitu-
dinally [161] polarised 3He targets. Another Hall-A pro-
posal has been approved [162] to measure SSAs on a trans-
versely polarised 3He target, using the Super-Bigbite spec-
trometer with kaon identification using a RICH detector.

A proposal using the SoLID detector and transversely
polarised NH3 target [163], with similar goals and kine-
matic coverage has been also approved by JLab PAC.
SoLID proposal offers higher statistics in the intermedi-
ate PhT and Q2 range, while CLAS12 proposal will access
higher PhT and Q2 with negligible nuclear background,
allowing to probe the same physics with completely dif-
ferent systematics. The future data from Hall-A experi-
ments will be complementary to those from the proposed
CLAS12 measurement with transversely polarised hydro-
gen target.

The large acceptance of CLAS12 will allow measure-
ments of SIDIS pions over a wide range in x,Q2 and
hadron transverse momenta, where the spin-orbit corre-
lations and corresponding SSAs are expected to be signif-
icant. The crucial advantages of the proposed configura-
tion using HD-Ice target is the large acceptance (no strong
holding field is required) and the negligible nuclear back-
ground, in particular for large PhT . Worth noticing that
the HD-Ice dilution factor, which is a crucial element for
precision studies of transverse momentum dependence of
TMDs, is a factor of 2 better of the nuclear targets (NH3,
ND3) at small PhT of hadrons, and goes up to a factor of 6
at PhT > 0.8 GeV [83], due to increasing fraction of pions
coming from nuclear target at large PhT . The projected
CLAS12 statistical precision on the Sivers AUT SSA for
pions and charged kaons on a proton target, correspond-
ing to 100 days of data-taking with the HD-Ice target, are
shown in Fig. 18.

In the kinematic region covered by the JLab12 exper-
iments (see Fig. 1) the high statistics will make possible
a 4-dimensional analysis of the extracted azimuthal mo-
ments, eventually allowing to disentangle all the specific
kinematic dependences. In the proposed data-taking time,
this is achievable for pions; in particular a precision of few
percents can be obtained at Q2 of about 10 (GeV/c)2 for
values of PhT up to 1 GeV/c. The x and Q2 variables
are typically correlated by the detector acceptance. Note-
worthy, the statistics of the proposed experiments would
allow to subdivide each x-bin in several Q2-bins thus dis-
entangling the two kinematic dependences. An extended
mapping is possible also in the kaon sector, although with
a precision limited by the smaller yields.

A wide range in Q2 provided by the CLAS12 detec-
tor at JLab would also allow studies of Q2-evolution. The
projected Q2-dependence of the Sivers function as mea-
sured by the CLAS12 data is shown in Fig. 19. Studies of
the Q2 dependence will be required also to constrain the
higher-twist contributions. Measuring the Q2-dependence
of the Sivers function is one of the main goals of the up-
graded CLAS12 experiment using a transversely polarised
HD target [164].
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3.5 Measuring TMDs: the Boer Mulders distribution

Already in the early days of the parton model it was re-
alized that the inclusion of quark intrinsic transverse mo-
mentum leads to modifications of the cross sections in
lepton-nucleon deep-inelastic scattering. Cosine modula-
tions in the azimuthal dependencies of the distribution of
the produced hadrons about the direction of the virtual
photon can be non-vanishing due to simple kinematic ef-

(also π−, π0, K+, K−)

• Transversely polarized HD-Ice 
target: with negligible nuclear 
background and small dilution 
factor. No strong holding field 
required.

• High luminosity and large 
acceptance will allow 
measurements in wide range of x, 
Q2, and PhT and a multi-
dimensional analysis: extended 
mapping in several (x, Q2) bins.

• Study of TMD evolution. 
100 days of data taking

• Constraints of higher-twist contributions to 
resolve the observed mismatch between the signs of 
the moment of the Sivers function extracted from 
SIDIS data and twist-3 calculations.

Z.B. Kang et al., Phys. Rev. D83 (2011) 094001

Sivers 
asymmetry
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charge. In addition some hadron-flavor blind contribu-
tions to the moment may be suppressed, e.g., a Cahn
e↵ect as considered so far in most phenomenological ap-
proaches. In that case, both the cos� and cos 2� charge
di↵erence amplitudes are expected to have an increased
sensitivity to the Boer–Mulders–Collins e↵ect.

For each hadron type the charge di↵erence of the re-
spective amplitudes was evaluated, and its uncertainty
was computed, taking into account the correlations. The
results are shown in Figs. 14, 15, and 16, for pions, kaons,
and unidentified hadrons, respectively. For pions and
unidentified hadrons the charge di↵erence is significantly
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tions to the moment may be suppressed, e.g., a Cahn
e↵ect as considered so far in most phenomenological ap-
proaches. In that case, both the cos� and cos 2� charge
di↵erence amplitudes are expected to have an increased
sensitivity to the Boer–Mulders–Collins e↵ect.

For each hadron type the charge di↵erence of the re-
spective amplitudes was evaluated, and its uncertainty
was computed, taking into account the correlations. The
results are shown in Figs. 14, 15, and 16, for pions, kaons,
and unidentified hadrons, respectively. For pions and
unidentified hadrons the charge di↵erence is significantly

• COMPASS and HERMES: sizable modulations. 
Results for unidentified hadrons (h) differ. 

COMPASS  d

• Cahn effect → <kT> carried by 
unpol. quarks in unpol. nucleon. 
cosφ modulation solely from 
inclusion of non-zero quark kT.

• h+ vs. h−: u-quark dominates & 
Collins FF has opposite sign of 
u-quark into positively and 
negatively charged pions.

• Kaons very different to pions 
(HERMES)

Small cosφ and cos(2φ) modulations.
CLAS PRD 80 (2009) 032004

CLAS  p
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cos(nφ) COMPASS vs. HERMES in 
“almost overlapping kinematics”

For both experiments, bin-by-bin correction for the ratio of the longitudinal to transverse virtual photon flux 
before making the weighting average (statistical error only) in x and PhT. All results acceptance corrected.
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mentation as the B-factories find similar asymmetries be-
tween the two meson types [125,185].

A step forward will be possible by new complemen-
tary measurements. New Drell-Yan experiments offer the
opportunity to study azimuthal modulations and the Lam-
Tung relation with unprecedented precision [186,187]. At
JLab, several experiments are planned to study in detail
the unpolarised SIDIS azimuthal modulations for different
hadron types in a broad kinematic range [65,117].

3.6 Measuring TMDs: pretzelosity

Studies of the shape of the proton indicate [188,189] that
for transversely polarised quarks in a transversely polarised

nucleon, the shape of the nucleon is reminiscent of a pret-
zel. The distribution of transversely polarised quarks in a
transversely polarised nucleon is described by the TMD
h⊥

1T (x, k2
⊥) and its magnitude will thus be related to the

“pretzelosity” of the proton [188]. Recently it has been
suggested, based on some quark models, that the pret-
zelosity TMD may also be related to the quark orbital
angular momentum (OAM) [44,190–192]

Lq
z = −

∫

dxd2k⊥
k2
⊥

2M2
h⊥q

1T (x, k2
⊥). (14)

The TMD h⊥
1T corresponds to the amplitude where the

nucleon and active quark longitudinal polarisations flip in
opposite directions, involving therefore a change by two
units of OAM between the initial and final nucleon states;
it gives therefore an indication about the ‘sphericity’ of
the nucleon. This asymmetry is expected to be suppressed
by a scaling factor of P 2

hT with respect to the Sivers and
Collins asymmetries in the region of small hadron trans-
verse momenta of PhT < 1 GeV/c. It was shown (see
e.g. [193]) that in a gauge theory, in general, Lq

z may not
be related to the total quark contribution to the nucleon
spin from a combination of GPDs from Ji’s sum-rule [194].

Preliminary COMPASS [195,196] and HERMES [197]
measurements of this asymmetry are compatible with a
null result within the statistical accuracy both on deuteron
and proton targets. Projections for approved JLab12 mea-
surements for transverse target asymmetries [163, 164],
sensitive to pretzelosity distribution h⊥

1T (x, k2
⊥) are shown

in Fig. 22.

3.7 Measuring TMDs: worm-gear or
Kotzinian-Mulders distributions

Spin-orbit correlations are accessible in SIDIS with longi-
tudinally polarised target in measurements of double and
single-spin asymmetries. For a longitudinally polarised tar-
get the only azimuthal asymmetry arising in leading order
is the sin 2φ moment,

F sin2φ
UL = C[−

2(ĥ · k⊥)(ĥ · k⊥) − k⊥ · p⊥

MMh
h⊥

1LH⊥
1 ] (15)

The distribution function giving rise to SSA, h⊥
1L, is

related to the real part of the interference of wave func-
tions for different orbital momentum states, and describes
transversely polarised quarks in the longitudinally polarised

nucleon. The physics of F sin(2φ)
UL , which involves the Collins

fragmentation function H⊥
1 and the distribution function

h⊥
1L, was first discussed by Kotzinian and Mulders in 1996

[7, 8, 199]. The same distribution function is accessible
in double polarised Drell-Yan, where it gives rise to the
cos 2φ azimuthal moment in the cross section [200]. The
behaviour of the Kotzinian-Mulders distribution function
has been studied both in large-x [201] and large Nc [202]
limits of QCD. It involves helicity flip of the quarks but

PhT < 0.5 GeV

COMPASS: 0.02 < x < 0.13, ⟨Q2⟩ ≃ 4 GeV2 
HERMES: 0.023 < x < 0.145, ⟨Q2⟩ ≃ 2 GeV2

• Full differential analysis 
using the complete multi-
dimensional information is 
mandatory. 
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 TMD distributions 

Kotzinian (1995), Mulders, Tangerman (1995), Boer, Mulders (1998)

Alexei Prokudin 

Three types of modulations

Monopole

Dipole

Quadrupole

Worm-gear TMD 

• Related to parton orbital motion - requires 
interference between wave functions with OAM 
difference by 1 unit.

• Worm gear TMDs: no “partner GPD”, unlike 
other 6 TMDs.
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nect h⊥
1L with h1 [8]. Meanwhile these relations are known

not to be valid exactly [13, 218]. It is of importance to
find out experimentally to which extent such relations can
provide useful approximations, or whether they are badly
violated.

-0.1

0

0.1

0 0.5

A
si

n
2

φ
U

L

CLAS 5.7 GeV
CLAS12

π
+

HERMES

0 0.5

π
−

x

0 0.5

π
0

Fig. 25. The projected x-dependence of the target SSA at
11 GeV. The triangles illustrate the expected statistical accu-
racy. The open squares and triangles show the existing mea-
surement of the Kotzinian-Mulders asymmetries from HER-
MES and the preliminary results from CLAS 5.7 GeV CLAS
data sets [34], respectively. The curves are calculated using
Ref. [219].

Another interesting TMD distribution function acces-
sible in studies with transversely polarised nucleons is the
worm-gear g⊥1T (x, k2

⊥). It describes the probability to find
longitudinally polarised quarks in a transversely polarised
nucleon, and it can be accessed in conjunction with the
spin-independent fragmentation function D1, in double-
spin asymmetries with a longitudinally polarised beam
and a transversely polarised nucleon. The joint use of
a transversely polarised target and a longitudinally po-
larised beam will also allow for measurements of the double-
spin asymmetry, ALT , in the same kinematic region. Re-
cent measurements of the double-spin asymmetry ALT for
charged pion electro-production in SIDIS on a transversely
polarised 3He target, performs at Hall-A of JLab indicate
a positive azimuthal asymmetry for π− production on 3He
and the neutron, while the π+ asymmetries were found to
be consistent with zero [36].

Preliminary COMPASS measurement of Acos(φ−φS)
LT for

protons [196] is shown in Fig. 26. The statistical uncer-
tainties of all LT-asymmetries are larger than the other
SSAs due to the smaller D(y) factors and the lepton beam
polarisation of ! 80%. Nevertheless a non-zero trend at
relatively large x-region is visible.

SIDIS Measurements with a joint use of transversely
polarised targets and a longitudinally polarised beams at
JLab12 will also provide access to g⊥1T (x). Significant ALT

double-spin asymmetries are predicted [220] for the JLab12
kinematics (see Fig. 27).
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Fig. 26. Preliminary COMPASS [196] Acos(φh−φs)
LT asymmetry
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amplitudes sensitive to the g⊥
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laid are also a band from calculations [220] of g⊥
1T based on

two transverse-momentum Gaussian widths (〈k2
⊥〉 = 0.15 and

0.25 GeV2). The curve is from light-cone constituent quark
model [20].

4 Towards extraction of TMDs from
multi-dimensional SIDIS data

The un-integrated SIDIS cross-section (Eq. 1) has sev-
eral polarisation-dependent terms with specific azimuthal
modulations and kinematic dependences that provide in-
dependent information on the parton dynamics. Any study
aiming to access TMDs has necessarily to deal with all
the kinematic dependences at once, working in a multi-
dimensional space. This requires a novel approach able
to correctly take into account the underlying correlations,
i.e. avoid cross-talk between the cross-section terms, dis-
entangle interfering kinematic dependences and isolate the
leading contributions. Because a complete angular cover-
age is difficult to obtain in an experiment, a careful choice
of ranges and binning taking into account the limits im-
posed by the experimental apparatus and a verification of

CLAS12 
projectionsBand: two transverse-momentum dependent Gaussian widths 

<kT
2>=0.15 and 0.25 GeV2 (A. Kotzinian, B. Parsamyan, A. Prokudin, 

PRD 73 (2006) 114017). Curve: light-cone constituent model  (S. Boffi, 
A.V. Efremov, B. Pasquini, P. Schweitzer, PRD 79 (2009) 094012)
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• COMPASS and HERMES 
results: compatible with zero.

• CLAS12 measurement will 
cover wider kinematic range 
with smaller uncertainties.
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tracted from HERMES [13] and Belle [37] data, are plot-
ted as filled bands in Fig. 4. The kinematic dependence
of the SSA for π+ from the CLAS data is roughly consis-
tent with these predictions. The interpretation of the π−

data, which tend to have SSAs with a sign opposite to ex-
pectations, may require accounting for additional contri-
butions (e.g. interference effects from exclusive ρ0p and
π−∆++ channels). This will require a detailed study with
higher statistics of both double and single spin asymme-
tries from pions coming from ρ-decays.
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FIG. 4: The measured x-dependence of the longitudinal tar-
get SSA Asin 2φ

UL (triangles). The squares show the existing
measurement of Asin 2φ

UL from HERMES. The lower band shows
the systematic uncertainty. The upper band shows the exist-
ing theory predictions with uncertainties due to the Collins
function [28, 50].

The sin 2φ moment of the π+ SSA at large x is domi-
nated by u-quarks; therefore with additional input from
Belle measurements [37] on the ratio of unfavored to fa-
vored Collins fragmentation functions, it can provide a
first glimpse of the twist-2 TMD function h⊥

1L.
In summary, kinematic dependencies of single and dou-

ble spin asymmetries have been measured in a wide kine-
matic range in x and PT with CLAS and a longitudi-
nally polarized proton target. Measurements of the PT -
dependence of the double spin asymmetry, performed for
the first time, indicate the possibility of different average
transverse momentum for quarks aligned or anti-aligned
with the nucleon spin. A non-zero sin 2φ single-target
spin asymmetry is measured for the first time, indicat-
ing that spin-orbit correlations of transversely polarized
quarks in the longitudinally polarized nucleon may be
significant.
New, higher statistics measurements of SSAs in SIDIS

at CLAS [51] will allow us to examine the Q2, x, and PT

dependences of azimuthal moments in multi-dimensional
bins and investigate the twist nature of different observ-
ables.
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nect h⊥
1L with h1 [8]. Meanwhile these relations are known

not to be valid exactly [13, 218]. It is of importance to
find out experimentally to which extent such relations can
provide useful approximations, or whether they are badly
violated.
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Fig. 25. The projected x-dependence of the target SSA at
11 GeV. The triangles illustrate the expected statistical accu-
racy. The open squares and triangles show the existing mea-
surement of the Kotzinian-Mulders asymmetries from HER-
MES and the preliminary results from CLAS 5.7 GeV CLAS
data sets [34], respectively. The curves are calculated using
Ref. [219].

Another interesting TMD distribution function acces-
sible in studies with transversely polarised nucleons is the
worm-gear g⊥1T (x, k2

⊥). It describes the probability to find
longitudinally polarised quarks in a transversely polarised
nucleon, and it can be accessed in conjunction with the
spin-independent fragmentation function D1, in double-
spin asymmetries with a longitudinally polarised beam
and a transversely polarised nucleon. The joint use of
a transversely polarised target and a longitudinally po-
larised beam will also allow for measurements of the double-
spin asymmetry, ALT , in the same kinematic region. Re-
cent measurements of the double-spin asymmetry ALT for
charged pion electro-production in SIDIS on a transversely
polarised 3He target, performs at Hall-A of JLab indicate
a positive azimuthal asymmetry for π− production on 3He
and the neutron, while the π+ asymmetries were found to
be consistent with zero [36].

Preliminary COMPASS measurement of Acos(φ−φS)
LT for

protons [196] is shown in Fig. 26. The statistical uncer-
tainties of all LT-asymmetries are larger than the other
SSAs due to the smaller D(y) factors and the lepton beam
polarisation of ! 80%. Nevertheless a non-zero trend at
relatively large x-region is visible.

SIDIS Measurements with a joint use of transversely
polarised targets and a longitudinally polarised beams at
JLab12 will also provide access to g⊥1T (x). Significant ALT

double-spin asymmetries are predicted [220] for the JLab12
kinematics (see Fig. 27).

-210 -110

-0.1

0

0.1

positive hadrons
negative hadrons

x

A
co

s(
φ

−
φ

s)
L

T
Fig. 26. Preliminary COMPASS [196] Acos(φh−φs)

LT asymmetry
vs. x. Systematic uncertainties are shown by the coloured band.
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Fig. 27. Expected statistical uncertainties for the Acos(φ−φS)
LT

amplitudes sensitive to the g⊥
1T TMD as a function of x. Over-

laid are also a band from calculations [220] of g⊥
1T based on

two transverse-momentum Gaussian widths (〈k2
⊥〉 = 0.15 and

0.25 GeV2). The curve is from light-cone constituent quark
model [20].

4 Towards extraction of TMDs from
multi-dimensional SIDIS data

The un-integrated SIDIS cross-section (Eq. 1) has sev-
eral polarisation-dependent terms with specific azimuthal
modulations and kinematic dependences that provide in-
dependent information on the parton dynamics. Any study
aiming to access TMDs has necessarily to deal with all
the kinematic dependences at once, working in a multi-
dimensional space. This requires a novel approach able
to correctly take into account the underlying correlations,
i.e. avoid cross-talk between the cross-section terms, dis-
entangle interfering kinematic dependences and isolate the
leading contributions. Because a complete angular cover-
age is difficult to obtain in an experiment, a careful choice
of ranges and binning taking into account the limits im-
posed by the experimental apparatus and a verification of

CLAS12 
projections
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is diagonal in the nucleon helicity. One of the character-
istic features of h⊥

1L is that it has no analogous in the
spin densities related to the GPDs in the impact param-
eter space [203, 204]. The results in the light-cone quark
model [19] for the densities with transversely polarised
quarks in a longitudinally polarised proton shown in Fig. 23
are in good agreement with recent lattice calculation [46,
47]. For the density related to h⊥

1L, they predict shifts of
similar magnitude of 〈ku

x〉 = −60(5) MeV, and 〈kd
x〉 =

15(5) MeV.
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Fig. 23. Quark densities in the k⊥ plane for transversely po-
larised quarks in a longitudinally polarised proton for up (left
panel ) and down (right panel) quark [19].

Measurements of the sin 2φ SSA [199], allows the study
of the Collins effect with no contamination from other
mechanisms. First results on longitudinal target SSAs have
become available from HERMES [41,205,206], COMPASS [114]
and CLAS [34]. Measurement of the sin 2φ moment in
the relatively low x-range by HERMES [205] and COM-
PASS [114] are small and consistent with zero (Fig. 24).

A measurably large asymmetry has been predicted only
at large x (x > 0.2), a region well-covered by JLab [20,
207–211]. The data from CLAS at 6 GeV indicate large
azimuthal moments both for sinφ and sin 2φ [34]. The
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Fig. 24. Dependence of the modulation amplitude asin 2φ on x
from COMPASS [114] for charged hadrons and HERMES [115]
for charged pions; also shown are the calculations of Ref. [207].

phenomenological studies of the sin 2φ asymmetry in the
longitudinally polarised SIDIS process [34, 115, 205] have
been performed in [20,207,212,213] and recently in [214],
showing that the asymmetry may be around several per
cent.

An approved CLAS12 experiment [113] will simulta-
neously collect data on pion production off proton and
deuteron targets. The predictions have been obtained with
a full simulation of the hadronisation process [215] and the
acceptance of CLAS12 for all particles (Fig.25). Calcula-
tions were done using h⊥

1L from the chiral quark soliton
model evolved to Q2=1.5 GeV2 [208], f1 from GRV95 [216],
and D1 from Kretzer, Leader, and Christova [217]. The
curves correspond to dominance of the favoured fragmen-
tation H⊥u→π+

1 . An important ingredient for the esti-
mates are so-called “Lorentz-invariance relations” that con-

CLAS12 
projections

COMPASS  p↑

Preliminary results: 
compatible with zero.

HERMES p↑

Not shown:

Hall-A n↑

Hall-A SoLID: proposal @ JLab 12

COMPASS  d↑ Also compatible with zero.
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Figure 3: Six "Beyond Collins and Sivers" asymmetries at COMPASS (Proton 2010 data).
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Figure 3: Six "Beyond Collins and Sivers" asymmetries at COMPASS (Proton 2010 data).
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Figure 3: Six "Beyond Collins and Sivers" asymmetries at COMPASS (Proton 2010 data).

5

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


criedl@illinois.edu - TMDs at COMPASS and CLAS                                                                   APS 2016, Salt Lake City, April 18, 2016

Global analysis of TMD data

• Study kinematic dependences in multi-dimensional phase-space
⇒ Requires careful choice of ranges and binnings, accounting for experimental 
acceptances

• Consistent treatment amongst experiments 
⇒ various reactions ↔ address TMD universality
⇒ various energy domains ↔ address TMD evolution

• Experimental challenges: results must 
be as-free-as-possible of acceptance and 
radiative effects, and of events of 
diffractive meson production.

• Quark flavor disentanglement: 
use different targets, and identify hadrons. 

• Prominent: Sivers and Transversity PDFs, 
and Collins FF.

• More: see  Zhongbo Kang’s talk this session.
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0.004 < x < 0.3

M. Anselmino et al., arXiv:1107.4446 [hep-ph]
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FIGURE 1. Fit of HERMES data [6] for pion (left panel) and kaon production (right panel).
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FIGURE 2. Fit of COMPASS deuteron data [3] for pion (left panel) and kaon production (right panel).
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Outlook: TMD experiments

• 2016/17 (just starting!): COMPASS-II SIDIS (2016/17) on unpolarized target (LH2)
- Flavor separation: proton + deuteron data and advanced hadron PID.
- Mapping in 4 dimensions: x, Q2, pT

2, z; e.g. Boer-Mulders and Cahn-effect
- Strange-quark distribution function s(x) in so-far uncovered region 0.001 <x < 0.2

• >2020: “COMPASS-III” ? Discussions have started.
- Different energies for Sivers TMD evolution
- High-precision mapping
- Tranversity on deuteron target
- New structure function → target fragmentation region?

• JLab 12
Several closely-related proposals approved in all three Halls, 
providing complementary studies with different systematics. 
CLAS12: transversely polarized hydrogen target with access 
to higher PhT and Q2 with negligible nuclear background

• RHIC results: see Xiaorong Wang, E3.00002

• TMDs at an Electron-Ion Collider: see E. Aschenauer’s talk this session.
 

28

Connection with GPDs: Sivers function ↔ GPD E
chiral odd: Transversity ↔ GPD HT, Boer-Mulders ↔ 2HT + ET

∼
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Summary: TMDs at COMPASS, HERMES & JLab

29

Thank you to: Harut Avakian, Andrea Bressan, Marco Contalbrigo.

• The proton structure is being unraveled - similarly exciting situation as in 
the early 20th century, when the (fine)structure of the hydrogen atom was 
discovered. 

• Huge international effort to measure observables sensitive to the transverse 
momentum of partons in the nucleon. Parallel effort on the theory side.

• Currently most prominent question: Sivers (et al.) sign switch SIDIS ↔ DY?

• First extraction of TMDs: QCD dynamics is complex. 

• Common TMD extraction needed from multi-dimensional observables with 
high precision → 

• - COMPASS-II: 2015-18
- JLab12: >=2016
- “COMPASS-III” > 2020?
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Backup slides
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Table of TMD(PDF)s nucleon (N)

unpolarized
quark (Q)

quark spin  

nucleon spin  

quark kT  x

nucleon moves to the right.legend

Flavor indices and kinematic dependences skipped for simplicity. 8 TMD(PDF)s needed at leading twist description.
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↔ D wave 
component

32

5

 TMD distributions 

8 functions in 
total (at leading 
twist)

Each represents 
di0erent aspects of 
partonic structure 

Each function is to 
be studied

Kotzinian (1995), Mulders, Tangerman (1995), Boer, Mulders (1998)

Alexei Prokudin 

Pretzelosity

“Im(S×P)”

“Im(S×P)” “Re(S×P)”

“Re(S×P)”

7

 TMD distributions 

Kotzinian (1995), Mulders, Tangerman (1995), Boer, Mulders (1998)

Alexei Prokudin 

Three types of modulations

Monopole

Dipole

Quadrupole
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TMD(FF)s

33

Alexei Prokudin24

 TMD Fragmentation Functions 

8 functions  
describing fragmentation 
of a quark into spin ½ 
hadron

 

Mulders, Tangerman (1995), Meissner, Metz, Pitonyak (2010)

Alexei Prokudin 

courtesy A. Prokudin 
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Naive T-odd TMDs

• Naive time reversal (no symmetry of QCD Lagrangian): time-reversal 
operation without interchange of initial and final states, i.e. reversal of 
momentum and spin vectors only.

• At leading twist, the existence of a naively T-odd FF arising from final 
state interaction effects, was predicted by Collins and is now generally 
known as the Collins effect. In the fragmentation of transversely 
polarized quarks it is responsible for a left-right asymmetry which is due 
to a correlation between the spin of the fragmenting quark and the 
transverse momentum of the produced hadron with respect to the 
quark direction. 

• Final-state interactions are required for non-vanishing signals for the 
naive-T -odd TMDs (measured in SIDIS). The associated single-spin 
asymmetries are caused by the interference of scattering amplitudes 
involving a helicity flip of only the nucleon, which has to be compensated 
by orbital angular momentum of the unpolarized quarks.
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Chiral-odd TMDs

35

• Although fundamental for the nucleon description, transversity has long 
remained unmeasured due to its chiral-odd nature (in the helicity basis, it 
corresponds to a quark helicity flip), which prevents its measurement in 
inclusive DIS: the transversity distribution can only be measured in 
conjunction with another chiral-odd object. 

• One possibility is represented by SIDIS reactions, where at least one final state 
hadron is detected in coincidence with the scattered lepton, thus conjugating 
parton distribution with fragmentation functions (for transversity, the Collins 
FF).

• The TMD distributions for transversely polarized quarks arise from interference 
between amplitudes with left- and right-handed polarization states, and only 
exist because of chiral symmetry breaking in the nucleon wave function in QCD. 
For example, the transversity distribution reflects the quark transverse 
polarization in a transversely polarized nucleon and is related to the tensor 
charge of the nucleon. 
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Collins asymmetry in SIDIS

36

Fig. 5: Left: comparison between the Collins asymmetries for pions as a function of x, extracted from 2007 and
2010 data taking. Right: the same comparison for the Sivers asymmetries.
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Angle definitions for di-hadron production

38

A high-statistics measurement of transverse spin effects in dihadron production from . . . 5
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Fig. 1: Schematic view of the azimuthal angles �R and �S for dihadron production in deep-inelastic scattering,
where l, l0, q and pi are the three-momenta of beam, scattered muon, virtual photon and hadrons respectively, in
the �⇤-nucleon system. Note that the azimuthal plane is defined by the directions of the relative hadron momentum
and the virtual photon.

omitting luminosity and detector acceptance. Here, PT is the transverse polarisation of the target pro-
tons and Dnn(y) = 1�y

1�y+y2/2 the transverse-spin-transfer coefficient, while f(x,y) is the target polari-
sation dilution factor calculated for semi-inclusive reactions depending on kinematics. It is given by the
abundance-weighted ratio of the total cross section for scattering on polarisable protons to that for scat-
tering on all nuclei in the target. The dependence of the dilution factor on the hadron transverse momenta
appears to be weak in the kinematic range of the COMPASS experiment. Dilution due to radiative events
is taken into account by the ratio of the one-photon exchange cross section to the total cross section. For
14NH3, f contains corrections for the polarisation of the spin-1 14N nucleus.

The asymmetry

Asin�RS
UT =

|p1�p2|
2Mh+h�

P
q e2

q ·hq
1(x) ·H^

1,q(z, M2
h+h� , cos✓)

P
q e2

q ·f q
1 (x) ·D1,q(z, M2

h+h� , cos✓)
(7)

is then proportional to the product of the transversity distribution function and the spin-dependent di-
hadron fragmentation function, summed over the quark and antiquark flavours.

3 Experimental Data and Analysis

The analysis presented in this Letter is performed using data taken in the year 2010 with the COMPASS
spectrometer [33], which was obtained by scattering positive muons of 160GeV/c produced from the
M2 beamline of CERNs SPS off a transversely polarised solid-state NH3 target. Details on data taking,
data quality, event selection and analysis can be found in Refs. [27, 29].

The beam muons are naturally polarised with an average longitudinal polarisation of about 0.8 with a
relative uncertainty of 5%. The average dilution factor for NH3 is hfi ⇠ 0.15 and the average polarisation
is hPT i ⇠ 0.8. The same target as in the year 2007 was used. It consisted of three cylindrical cells
with different orientations of the polarisation vector. In order to compensate acceptance effects the
polarisation was destroyed and built up in reversed direction every four to five days, for a total of 12
data-taking sub-periods.
For the analysis, events with incoming and outgoing muons and at least two reconstructed hadrons from
the reaction vertex inside the target cells are selected. Equal flux through the whole target is obtained
by requiring that the extrapolated beam track crosses all three cells. In order to select events in the DIS
regime, cuts are applied on the squared four-momentum transfer, Q2 > 1(GeV/c)2, and on the invariant
mass of the final hadronic state, W > 5GeV/c2. Furthermore, the fractional energy transfer to the virtual

4 The COMPASS Collaboration

tain the COMPASS proton and deuteron results [31]. In this Letter, the dihadron azimuthal asymmetries
measured from the data collected in 2010 with a transversely polarised proton target (NH3, as in 2007)
are presented. The statistics accumulated in this data taking period increases the total available statistics
on proton by a factor of four.

2 Theoretical Framework

Here, only a short summary of the theoretical framework is given. For a more detailed view, we recom-
mend the references given above and our recent paper [29] on the same topic.
At leading twist and after integration over total transverse momenta, the cross section of semi-inclusive
dihadron leptoproduction on a transversely polarised target is given as a sum of a spin-independent and
a spin-dependent part [21, 22]:
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Here, the sums run over all quark and antiquark flavours q, p1 and p2 denote the three-momenta of the
two hadrons of the dihadron, where the subscript 1 always refers to the positive hadron in this analysis.
The first subscript (U ) indicates an unpolarised beam and the second (U or T ), an unpolarised and
transversely polarised target, respectively. Note that the contribution from a longitudinally polarised
beam and a transversely polarised target, �LT , is neglected in this analysis since it exhibits a different
azimuthal angle and is suppressed by a factor of 1/Q [22]. The fine-structure constant is denoted by ↵,
y is the fraction of the muon energy transferred to the virtual photon, D1,q(z,M2

h+h� ,cos✓) is the spin-
independent dihadron fragmentation function for a quark of flavour q, H^

1,q(z,M2
h+h� ,cos✓) is the spin-

dependent DiFF and z1, z2 are the fractions of the virtual-photon energy carried by these two hadrons
with z = z1 +z2. The symbol S? denotes the component of the target spin vector S perpendicular to the
virtual-photon direction, and ✓ is the polar angle of one of the hadrons – commonly the positive one – in
the dihadron rest frame with respect to the dihadron boost axis. The azimuthal angle �RS is defined as

�RS = �R��S0 = �R +�S�⇡ , (3)

where �S is the azimuthal angle of the initial nucleon spin and �S0 is the azimuthal angle of the spin
vector of the fragmenting quark with �S0 = ⇡��S (Fig. 1). The azimuthal angle �R is defined by

�R =
(q⇥ l) · R
|(q⇥ l) · R| arccos

✓
(q⇥ l) · (q⇥R)
|q⇥ l||q⇥R|

◆
, (4)

where l is the incoming lepton momentum, q the virtual-photon momentum and R the relative hadron
momentum [13, 32] given by

R =
z2p1�z1p2

z1 +z2
=: ⇠2p1� ⇠1p2 . (5)

The number Nh+h� of pairs of oppositely charged hadrons produced on a transversely polarised target
can be written as

Nh+h�(x, y, z, M 2
h+h� , cos✓, �RS) _ �UU

⇣
1+f(x,y)PT Dnn(y)Asin�RS

UT sin✓ sin�RS

⌘
, (6)

A high-statistics measurement of transverse spin effects in dihadron production from . . . 5

Fig. 1: Schematic view of the azimuthal angles �R and �S for dihadron production in deep-inelastic scattering,
where l, l0, q and pi are the three-momenta of beam, scattered muon, virtual photon and hadrons respectively, in
the �⇤-nucleon system. Note that the azimuthal plane is defined by the directions of the relative hadron momentum
and the virtual photon.

omitting luminosity and detector acceptance. Here, PT is the transverse polarisation of the target pro-
tons and Dnn(y) = 1�y

1�y+y2/2 the transverse-spin-transfer coefficient, while f(x,y) is the target polari-
sation dilution factor calculated for semi-inclusive reactions depending on kinematics. It is given by the
abundance-weighted ratio of the total cross section for scattering on polarisable protons to that for scat-
tering on all nuclei in the target. The dependence of the dilution factor on the hadron transverse momenta
appears to be weak in the kinematic range of the COMPASS experiment. Dilution due to radiative events
is taken into account by the ratio of the one-photon exchange cross section to the total cross section. For
14NH3, f contains corrections for the polarisation of the spin-1 14N nucleus.

The asymmetry

Asin�RS
UT =

|p1�p2|
2Mh+h�

P
q e2

q ·hq
1(x) ·H^

1,q(z, M2
h+h� , cos✓)

P
q e2

q ·f q
1 (x) ·D1,q(z, M2

h+h� , cos✓)
(7)

is then proportional to the product of the transversity distribution function and the spin-dependent di-
hadron fragmentation function, summed over the quark and antiquark flavours.

3 Experimental Data and Analysis

The analysis presented in this Letter is performed using data taken in the year 2010 with the COMPASS
spectrometer [33], which was obtained by scattering positive muons of 160GeV/c produced from the
M2 beamline of CERNs SPS off a transversely polarised solid-state NH3 target. Details on data taking,
data quality, event selection and analysis can be found in Refs. [27, 29].

The beam muons are naturally polarised with an average longitudinal polarisation of about 0.8 with a
relative uncertainty of 5%. The average dilution factor for NH3 is hfi ⇠ 0.15 and the average polarisation
is hPT i ⇠ 0.8. The same target as in the year 2007 was used. It consisted of three cylindrical cells
with different orientations of the polarisation vector. In order to compensate acceptance effects the
polarisation was destroyed and built up in reversed direction every four to five days, for a total of 12
data-taking sub-periods.
For the analysis, events with incoming and outgoing muons and at least two reconstructed hadrons from
the reaction vertex inside the target cells are selected. Equal flux through the whole target is obtained
by requiring that the extrapolated beam track crosses all three cells. In order to select events in the DIS
regime, cuts are applied on the squared four-momentum transfer, Q2 > 1(GeV/c)2, and on the invariant
mass of the final hadronic state, W > 5GeV/c2. Furthermore, the fractional energy transfer to the virtual

6 The COMPASS Collaboration

Fig. 2: Invariant mass distributions of the final samples. The cut Mh+h� < 1.5GeV/c2 is indicated. The K0, ⇢

and f1 resonances are visible.

photon is required to be y > 0.1 and y < 0.9 to remove events with poorly reconstructed virtual photon
energy and events with large radiative corrections, respectively.

The dihadron sample consists of all combinations of oppositely charged hadrons originating from the
reaction vertex. Hadrons produced in the current fragmentation region are selected requiring z > 0.1
for the fractional energy and xF > 0.1 of each hadron. Exclusive dihadron production is suppressed by
requiring the missing energy Emiss =

�
(P + q� p1 � p2)2 �m2

P

�
/(2mP ) to be greater than 3.0GeV,

where P is the target protons four-momentum and mP its mass. As the azimuthal angle �R is only
defined for non-collinear vectors R and q, a minimum value is required on the component of R perpen-
dicular to q, |R?| > 0.07GeV/c. After all cuts, 3.5⇥ 107 h+h� combinations remain. Figure 2 shows
the invariant mass distributions of the dihadron system, always assuming the pion mass for each hadron.
A cut of Mh+h� < 1.5GeV/c2 is applied in order to allow for the analysis of the data suggested by [21],
where both the spin-dependent and spin-independent dihadron fragmentation functions are expanded in
terms of Legendre polynomials of cos✓. While removing only a negligible part of the data, this cut
allows for a convenient restriction to relative s- and p-waves in this analysis.

In the analysis we extract the product A = hAsin�RS
UT sin✓i, integrated over the angle ✓. For a detailed dis-

cussion we refer to Ref. [29]. It is important to stress that in the COMPASS acceptance the opening angle
✓ peaks close to ⇡/2 with hsin✓i= 0.94 and the cos✓ distribution is symmetric around zero. In order to
allow for a detailed consideration of the expansion mentioned above, the mean values of all three relevant
distributions (sin✓, cos✓ and cos2 ✓) for the individual kinematic bins can be found on HEPDATA [34].
The asymmetry is evaluated in kinematic bins of x, z or Mh+h� , while always integrating over the other
two variables. As estimator the extended unbinned maximum likelihood function in �R and �S is used,
already described in Ref. [29].

In order to avoid false asymmetries, care was taken to select only such data for the analysis for which
the spectrometer performance was stable in consecutive periods of data taking. This was ensured by
extensive data quality tests described in detail in Ref. [27]. The remaining data sample was carefully
scrutinised for a possible systematic bias in the final asymmetry. Here, the two main sources for uncer-
tainties are false asymmetries, which can be evaluated by combining data samples with same target spin
orientation, and effects of acceptance, which can be evaluated by comparing sub-samples corresponding
to different ranges in the azimuthal angle of the scattered muon. No significant systematic bias could
be found and the results from all 12 sub-periods of data taking proved to be compatible. Therefore, an

experimentally extracted quantity:

from COMPASS PLB 736 (2014) 124

θ = polar angle of one of the 
hadrons in the di-hadron rest 
frame with respect to the di-

hadron boost axis
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Fig. 10: The Sivers asymmetries for positive pions and kaons, as a function of x.

Fig. 11: The Sivers asymmetries for positive pions (top) and kaons (bottom) on proton as a function of x, z and
p

h
T , requiring x > 0.032. The asymmetries are compared to HERMES results.
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Role of sea quarks non-negligible!?
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FIG. 4: Difference of Sivers amplitudes for K+ and π+ as
functions of x for all Q2 (left), and separated into ”low-” and
”high-Q2” regions as done for Fig. 3.

to additional z-dependences, but also to a difference in
size of the Sivers amplitude for π+ and K+. Higher-twist
effects in kaon production might also contribute to the
difference observed: in the low-Q2 region, where higher-
twist should be more pronounced, the π+ and K+ am-
plitudes disagree at the confidence level of at least 90%,
based on a Student’s t-test, while being statistically con-
sistent in the high-Q2 region.

As scattering off u-quarks dominates in these data, the
positive Sivers amplitudes for π+ and K± suggest a large
and negative Sivers function for u-quarks. This is sup-
ported by the positive amplitudes of the difference asym-
metry, which is dominated by the contribution from va-
lence u-quarks. The vanishing amplitudes for π− require
cancelation effects, e.g., from a d-quark Sivers function
opposite in sign to the u-quark Sivers function. In combi-
nation with deuteron data from the Compass collabora-
tion [34], a large positive d-quark Sivers function can be
deduced [35]. These fits have yet to be updated with the
final results presented here, as well as with preliminary
proton data from Compass [36].

In summary, non-zero Sivers amplitudes in semi-
inclusive DIS were measured for production of π+, π0,
and K±, as well as for the pion-difference asymme-
try. They can be explained by the non-vanishing naive-
T-odd, transverse-momentum-dependent Sivers distribu-
tion function. This function also plays an important
role in transverse single-spin asymmetries in pp collisions,
and is linked to orbital angular momentum of quarks in-
side the nucleon. Although no quantitative conclusion
about their orbital angular momentum can be inferred,
the Sivers function provides important constraints on the
nucleon wave function and thus indirectly on the total
quark orbital angular momentum. For instance, in the
approach of Ref. [11], the measured positive Sivers asym-
metries for π+ and K+ mesons correspond to a positive
contribution of u-quarks to the orbital angular momen-
tum, under the assumption that the production of π+

and K+ mesons is dominated by scattering off u-quarks.
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FIG. 13. As in Fig. 11, but for a deuterium target.

charge. In addition some hadron-flavor blind contribu-
tions to the moment may be suppressed, e.g., a Cahn
e↵ect as considered so far in most phenomenological ap-
proaches. In that case, both the cos� and cos 2� charge
di↵erence amplitudes are expected to have an increased
sensitivity to the Boer–Mulders–Collins e↵ect.

For each hadron type the charge di↵erence of the re-
spective amplitudes was evaluated, and its uncertainty
was computed, taking into account the correlations. The
results are shown in Figs. 14, 15, and 16, for pions, kaons,
and unidentified hadrons, respectively. For pions and
unidentified hadrons the charge di↵erence is significantly
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charge. In addition some hadron-flavor blind contribu-
tions to the moment may be suppressed, e.g., a Cahn
e↵ect as considered so far in most phenomenological ap-
proaches. In that case, both the cos� and cos 2� charge
di↵erence amplitudes are expected to have an increased
sensitivity to the Boer–Mulders–Collins e↵ect.

For each hadron type the charge di↵erence of the re-
spective amplitudes was evaluated, and its uncertainty
was computed, taking into account the correlations. The
results are shown in Figs. 14, 15, and 16, for pions, kaons,
and unidentified hadrons, respectively. For pions and
unidentified hadrons the charge di↵erence is significantly

cosφ cos(2φ)

(h, π, and, K shown separately)

Similarity between p and d results 
⇒ indication of same-sign BM for up and down quarks.  
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Super High Momentum Spectrometer (SHMS) 

unpolarized SIDIS, hadron ID 
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Spectrometer Pair, polarized 3He target  
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Hall-B 
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SOLID  3He, NH3 polarized targets  

up to 1036 cm-2 s-1 large acceptance, pion ID 
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detector acceptance regions (triangles and squares). Full markers correspond to the data before the acceptance correction
and the empty markers show acceptance corrected 〈cos φ〉. The two data sets are shifted equally along the x-axis in opposite
directions from their central values for visibility. Error bars are statistical only.
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FIG. 13: Same as Fig. 12 except for 〈cos 2φ〉.

extractions using two different event generators: one uses a LO pQCD model, while the other is based on the sum
over several exclusive channels.

The systematic uncertainties on the acceptance were estimated from the variation in the absolute cross sections
obtained using each of six CLAS sectors separately to detect the electron (pion) and then integrating over the pion
(electron) wherever else it appeared. This uncertainty was estimated bin-by-bin and reflects the ability of Monte
Carlo to describe the detector non-uniformities. The uncertainty increases at low polar scattering angle, and therefore
low-Q2 for electrons and low-p2

T for pions, where the azimuthal acceptance of CLAS is reduced.
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Sign-switch of Sivers function

47

The path of the Wilson lines depends on the space-time structure of the 
process in which the TMDs are embedded. The Wilson lines required for 
Drell-Yan production point to the past, whereas those appearing in the 
parton distributions for SIDIS point to the future. This reflects the fact that 
the gluon interactions shown in figure 8 strike a parton before the hard 
scattering in the Drell-Yan case and after the hard scattering in SIDIS.

M. Diehl, arXiv:1512.01328

10 Markus Diehl: Introduction to GPDs and TMDs

⇒ ⇐

Fig. 8. Gluon exchange graphs in Drell-Yan production (left) and semi-inclusive DIS (right), as well as the corresponding
Wilson line in the definition of the TMD (centre). The small blob in the SIDIS graph denotes a transverse-momentum dependent
fragmentation function.

as

f [U ](x,k, s)

= f [U ]
1 (x,k2)−

εijkisj

m
sign(P 3) f⊥[U ]

1T (x,k2) , (17)

where εij is the antisymmetric tensor in two dimensions.
The superscript [U ] indicates the Wilson line dependence;
for simplicity we have omitted the arguments ζ and µ in all
functions. Under time reversal the Wilson lines for Drell-
Yan production turn into the ones for SIDIS, so that the
unpolarised distribution f1 is the same for both processes.
By contrast, the factor multiplying the Sivers function f⊥

1T
in (17) changes sign under time reversal (which flips both
momentum and spin vectors). Time reversal symmetry
thus gives

f⊥[DY]
1T (x,k2) = −f⊥[SIDIS]

1T (x,k2) . (18)

The modulation of the transverse-momentum distribution
induced by transverse proton polarisation has opposite
sign in the two cases – were it not for the gluon exchange
effects represented by the Wilson line, this modulation
would be zero. The Sivers distribution (as well as other
spin dependent distributions that are naively zero due to
time reversal invariance) shows in a pointed way that in
some situations the “structure” of the proton cannot be
discussed independently of the physical process in which
this structure manifests itself.

For intermediate transverse momenta, Λ2 $ q2 $ Q2,
one can also compute the graphs in the left and right pan-
els of figure 8 using collinear factorisation. The hadronic
input for the proton at the bottom of the graphs is then
a twist-three distribution TF (x1, x2), called Qiu-Sterman
function. The large k limit of the Sivers distribution can
be expressed in terms of this function, as well. In Fourier
space, the result can be cast into the form2

∫
d2k eikz

k2

m
f⊥[SIDIS]
1T (x,k; ζ, µ)

= −TF (x, x;µ) +O(αs) , (19)

2 The relation (19) can be obtained from eq. (47) in [48].

which relates a regulated k integral of the Sivers distri-
bution f⊥

1T (x,k
2) with the Qiu-Sterman function, in anal-

ogy to the relation (16) for unpolarised distributions. Us-
ing (18) and (19) to calculate the Sivers asymmetries in
Drell-Yan production and in SIDIS, one obtains agreement
with the collinear twist-three calculation at intermediate
transverse momenta [46,49]. A general analysis of the re-
lation between the two formalisms for a large class of spin
asymmetries is given in [44].

It is not always possible to describe the effects of soft
gluon exchange by Wilson line operators and to obtain
a factorisation formula with TMDs. Processes for which
TMD factorisation has been established are SIDIS and
e+e− annihilation into back-to-back hadrons (both involv-
ing transverse-momentum dependent fragmentation func-
tions), as well as hadron-hadron collisions in which only
colourless particles are produced by the hard scattering
(e.g. a virtual photon, a γγ pair, a Z or W , a Higgs boson,
etc.). For hadron-hadron collisions with observed hadrons
in the final state, soft gluon exchange between the two
hadrons generically breaks TMD factorisation [50,51]. Be-
cause soft gluon interactions cannot be reliably computed
in perturbation theory, it is difficult to predict how large
such factorisation breaking effects are.

5 Spin and orbital angular momentum

Both TMDs and GPDs have a rich structure in the par-
ton and proton spin. They can in particular express cor-
relations between transverse momentum or position and
transverse polarisation. An example is the Sivers function
we already encountered in the previous section. It is in-
structive to compare the transverse-momentum distribu-
tion (17) with the impact parameter distribution of un-
polarised quarks in a transversely polarised proton, given
by [52]

f(x, b, s)

= H(x, b2) +
εijbisj

m
sign(P 3)

∂

∂b2
E(x, b2) , (20)

whereH(x, b2) and E(x, b2) are obtained by a two-dimen-
sional Fourier transform from the GPDs H(x, ξ,∆2) and

Drell Yan

Wilson line

SIDIS
FF

DFDF

DF

If it were not for the gluon exchange represented by the Wilson line, 
the Sivers modulation would be zero.

Initial-state interactions Final-state interactions
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Lam-Tung relation   

48

1� � = 2⌫

Collins-Soper frame 
(dilepton rest frame)

d�

d⌦
/ 1 + � cos

2 ✓ + µ sin(2✓) cos�+

⌫

2

sin

2 ✓ cos(2�)

d�

d⌦
/ 1 + cos

2 ✓

“Naive Drell-Yan” in collinear 
(kT=0) qqbar annihilation:

“no spin”
(spin integrated)

- Basic derivation from structure-function formalism. 
- Consequence of spin-½ nature of quarks. 
- Expected to  be valid also in the presence of QCD corrections.

Angular dependence of the  Drell-Yan cross section

C.S. Lam and W.K. Tung, PRD 18 (1978) 2447

(1+cos2θ) “naive DY”+ kT + higher O(αS) 
(presence of gluons will cause quarks to have kT):
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Angular dependence of the Drell-Yan cross section
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qqT
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Measure magnitude of azimuthal 
modulations in cross section: 

“Single-Spin Asymmetries” SSA

Drell-Yan DF ⊗ DF
beam target

“with spin”
(transversely 

polarized target)
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Why a meson beam?

50

�DY / fu|⇡ ⌦ fu|p

target-
proton

beam π-

u

anti-u

DF ⊗ DFDrell-Yan

• Flavor sensitive: meson is specific qqbar compound 
- pi-minus on proton: selectively probes u-quark Sivers distribution of the proton
- no cancellation effects by opposite-sign u- and d-quark Sivers contributions 

• Creation of large-mass di-lepton from valence quarks: large x
Proton-induced DY generates di-lepton 
from sea-quark object with small x.

• Mesons as alternative probe to test meson structure 
and nuclear models (not accessible in DIS)

See also: W.-C. Chang and D. Dutta, arXiv:1306.3971,

(BM)π ⊗ (BM)p

(f1)π ⊗ (Sivers)p

(BM)π ⊗ (Pretzelosity)p

(BM)π ⊗ (Transversity)p

pion proton
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1st downstream 
COMPASS 

detector 

Vertex detector
 

+ absorber surrounded 
by 2m of iron-free 

concrete on each side.

steel

alumina

W beam 
plug

Al

to improve resolution of 
- mass & angle of virtual photon 

- vertex position.

to prevent flooding of very upstream 
detectors with charged particles from 

capture of spallation neutrons (⇒ γ ⇒ e+e-). 

6Li absorber 

1. Long. pol.: 
DNP & 2.5T 

solenoid
2. Trans. pol: 
0.6T dipole

Ammonia beads 
immersed into 
liquid helium;  
dilution factor: 

f=0.22

To minimize multiple scattering of 
muons and to maximize stopping 

power for hadrons.

&Transversely polarized 
NH3 target Hadron absorber
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2 2 2014 UNPOLARIZED DRELL-YAN RUN

the recovered space between target and spectrometer, the new hadron absorber was mounted, together with
concrete shielding structure. The full setup is shown in Fig. 1, except for the 2 beamline CEDARS which were
used for beam particle tagging, set on kaons and antiprotons.

The 2 cells of NH3 material that constitute the polarizable target are cylindrical with 2 cm radius and 55 cm
length each. There is 20 cm space between cells, since the vertex resolution along the beamline is degraded by
the presence of the hadron absorber. In the beamline there are 2 other non-polarizable targets: one aluminum
cylinder 7 cm long is placed 27 cm upstream of the beam plug, inserted deep inside the hadron absorber. The
tungsten beam plug itself acts as a target. Although its total length amounts to 120 cm, primary Drell-Yan
interactions in tungsten come from the 20-40 cm most upstream part only.

Fig. 2: The DY setup in the target and absorber regions.

2.1.1 Hardware upgrades for the Drell-Yan experiment at COMPASS

As it was already said above in order to make a successful Drell-Yan experiment at COMPASS a number of
hardware upgrades has been performed. In more detail they are described in the ”Hardware for Drell-Yan”
Section of this document. Here we would like to bring only the list of upgrades, ordered according to the
corresponding element position along the beam line, which looks as follows:

– upgraded CEDAR’s system, main goal is to improve rate capability and thermal stability;

– Completely refurbished COMPASS Polarised Target Superconducting Magnet, new CERN-standard Mag-
net Control System (MCS) and Magnet Safety System (MSS);

– COMPASS Polarised Target with renewed cryogenic system and newly produced micro-wave cavity de-
signed to host new 2-cells proton-free polarised target holder;

– New scintillating fiber based high-rate-capable Vertex Detector placed in between the COMPASS PT and
the Hadron Absorber (HA) with the goal to improve the di-muon event vetrex resolution, degraded by
the multiple scattering in HA;

– Hadron Absorber with the incorporated tungsten beam plug designed to stop a secondary hadrons flux
over the spectrometer and to absorb non interacted in the PT hadron beam;

– DC05 Large Area Drift Chamber constructed to substitute the poorly performing Straw tube module #2;

– Completely new COMPASS DAQ system both hardware and software wise, designed to improve data
taking stability and trigger rate capability.

2.2 Preliminary analysis of 2014 data

The 2014 DY data taking started on October 6 and lasted until December 15 2014, the period of beam avail-
ability. The first half of the running period was devoted to the commissioning of all parts of the new setup, to
the beam tuning, and to the trigger related studies. The new DAQ system was also used for the first time in
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Existing COMPASS Drell-Yan data

• 2014: unpolarized proton (mass 1), 
          unpolarized aluminum (mass 27), 
          unpolarized tungsten (mass ~183)

• 2015: transversely polarized proton, 
          unpolarized aluminum, 
          unpolarized tungsten  

• Scatter off different targets and record data at the same time.

53

32%

2% 65%

Events with oppositely charged di-muon events (Mμ+μ->4GeV):

W Al NH3

preliminary distributions 
shown today
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2014 data (DY pilot run) - preliminary

54
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COMPASS Drell-Yan projections (2015+2018 data)

56

d�(⇡�p" ! µ+µ�X) = 1 + h
?
1 ⌦ h?

1 cos(2�)

+|ST |
h
f1 ⌦ f

?
1T sin�S

+h
?
1 ⌦ h?

1T sin(2�+ �S)

+h
?
1 ⌦ h1 sin(2�� �S)

i

d�(⇡�p" ! µ+µ�X) = 1 + h
?
1 ⌦ h?

1 cos(2�)

+|ST |
h
f1 ⌦ f

?
1T sin�S

+h
?
1 ⌦ h?

1T sin(2�+ �S)

+h
?
1 ⌦ h1 sin(2�� �S)

i

d�(⇡�p" ! µ+µ�X) = 1 + h
?
1 ⌦ h?

1 cos(2�)

+|ST |
h
f1 ⌦ f

?
1T sin�S

+h
?
1 ⌦ h?

1T sin(2�+ �S)

+h
?
1 ⌦ h1 sin(2�� �S)

i

beam 
pion

target 
proton

d�(⇡�p" ! µ+µ�X) = 1 + h
?
1 ⌦ h?

1 cos(2�)

+|ST |
h
f1 ⌦ f

?
1T sin�S

+h
?
1 ⌦ h?

1T sin(2�+ �S)

+h
?
1 ⌦ h1 sin(2�� �S)

i

d�(⇡�p" ! µ+µ�X) = 1 + h
?
1 ⌦ h?

1 cos(2�)

+|ST |
h
f1 ⌦ f

?
1T sin�S

+h
?
1 ⌦ h?

1T sin(2�+ �S)

+h
?
1 ⌦ h1 sin(2�� �S)

i

d�(⇡�p" ! µ+µ�X) = 1 + h
?
1 ⌦ h?

1 cos(2�)

+|ST |
h
f1 ⌦ f

?
1T sin�S

+h
?
1 ⌦ h?

1T sin(2�+ �S)

+h
?
1 ⌦ h1 sin(2�� �S)

i
2

−x
1

=x
F

x
−0.2 −0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

−0.05

0

0.05

0.1

0.15

S
φsin 

UTA
COMPASS Drell-Yan MC

 (140 days)2 < 9 GeV/cµµ4 < M

2
−x

1
=x

F
x

−0.2 −0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

−0.05

0

0.05

0.1

0.15

φcos 2
UUA

COMPASS Drell-Yan MC

 (140 days)2 < 9 GeV/cµµ4 < M

2
−x

1
=x

F
x

−0.2 −0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

−0.05

0

0.05

0.1

0.15

)
S

φ + φsin (2

UTA
COMPASS Drell-Yan MC

 (140 days)2 < 9 GeV/cµµ4 < M

2
−x

1
=x

F
x

−0.2 −0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

−0.05

0

0.05

0.1

0.15

)
S

φ - φsin (2

UTA
COMPASS Drell-Yan MC

 (140 days)2 < 9 GeV/cµµ4 < M

(BM)π ⊗ (BM)p(f1)π ⊗ (Sivers)p

(BM)π ⊗ (Pretzelosity)p (BM)π ⊗ (Transversity)p

(240 days) (240 days)

(240 days)(240 days)

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


criedl@illinois.edu - TMDs at COMPASS and CLAS                                                                   APS 2016, Salt Lake City, April 18, 201657

↑p-xπ=xFx
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

S
φsin 

TA

COMPASS-II projection from proposal 2010

Sivers amplitude: predictions for COMPASS DY
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gpdf1 þ gsivers1 þ g2 ln

Q
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: (44)

To arrive at the second expression in Eq. (44), we first apply
the sign change for the Sivers functions between the SIDIS
and the DY processes:

f⊥;qðβÞ
1T;DYðxa; b;QÞ ¼ −f⊥;qðβÞ

1T;SIDISðxa; b;QÞ: (45)

We then use Eq. (23) and Eq. (44) and follow the
experimental convention to choose the pair’s transverse
momentum p⊥ along the x-direction, while the spin vector
s⊥ is along y-direction [10,85] and the transversely
polarized proton is moving in the þz-direction. The single
transverse spin asymmetry for DY production is given by

AN ¼ dΔσ
dQ2dyd2p⊥

=
dσ

dQ2dyd2p⊥
: (46)

It is important to realize that the AN defined above is
opposite to the so-called weighted asymmetry Asinðϕγ−ϕsÞ

N
defined in the literature; see, e.g., Refs. [63,83].
There are several planned experiments to measure

the AN for DY lepton pair production. The COMPASS
Collaboration at CERN will use a 190 GeV π− beam to
scatter on the polarized proton target [21], which corre-
sponds to a CM energy

ffiffiffi
s

p
¼ 18.9 GeV. At Fermilab, one

can use the 120 GeV proton beam in the main injector.
There are two proposals corresponding to either a polarized
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FIG. 11 (color online). Qiu-Sterman function Tq;Fðx; x;QÞ for u, d and s flavors at a scale Q2 ¼ 2.4 GeV2, as extracted by our
simultaneous fit of JLab, HERMES and COMPASS data.
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FIG. 12 (color online). Estimated Sivers asymmetries for DY lepton pair production. Left plot: AN in p↑π− collisions as a function of
xF at COMPASS energy

ffiffiffi
s

p
¼ 18.9 GeV. Middle plot: AN in p↑p collisions is plotted as a function of xF at Fermilab energyffiffiffi

s
p

¼ 15.1 GeV. Right plot: AN in p↑p collisions is plotted as a function of the pair’s rapidity y at RHIC energy
ffiffiffi
s

p
¼ 510 GeV. We

have integrated over the pair’s transverse momentum 0 < p⊥ < 1 GeV in the invariant mass range 4 < Q < 9 GeV.
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QCD evolution of the Sivers asymmetry
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Efremov et al., PLB 612 (2005)
Collins et al., PRD 73 (2006)
Bianconi et al., PRD 73 (2006)
Bacchetta et al., PRD 78 (2008)

3-15% in absolute size.

F
x

−0.2 0 0.2 0.4 0.6 0.8

0

0.05

0.1

0.15

0.2

S
φsin 

UTA
 < 2 GeV/c 

T
COMPASS DY MC (140 days), p

P. Sun & F. Yuan, PRD 88, 114012 (2013)

Transverse momentum dependent evolution: Matching 

SIDIS processes to Drell-Yan and W/Z boson production

(240 days)

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


criedl@illinois.edu - TMDs at COMPASS and CLAS                                                                   APS 2016, Salt Lake City, April 18, 2016

COMPASS SIDIS Sivers in DY kinematic range
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Unpolarized Drell-Yan cross section

59

d�

d⌦
/ 1 + � cos

2 ✓ + µ sin(2✓) cos�+

⌫
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sin

2 ✓ cos(2�)

1� � = 2⌫

Lam-Tung relation

Boer and Mulders 1998: distribution function of the 
unpolarized nucleon with intrinsic kT dependence.
- Describes correlation between 
                quark transverse spin and momentum.
- Induces cos(2Φ) modulation of the DY cross section.
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• Proton-induced Drell-Yan (E866)
- consistent with LT-relation
- no cos(2φ) dependence
- no pT dependence 

• Pion-induced Drell-Yan (NA10, E615)
- violates LT-relation 
    (independent of nucleus: 
     no nuclear effect)
- large cos(2φ) dependence
- strong with pT

• Pionic DY probes BM (valence), target=proton
Protonic DY probes BM (sea), target=proton

BM (sea) ≪ BM (valence)

Lam-Tung in proton- and pion-induced DY

60

1� � = 2⌫

see also: P. E. Reimer, arXiv:0704.3621

☛ study of spin-orbit correlations

☛ One candidate to explain LT violation: 
    BM function 

= 1
 if LT holds
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Spin-orbit correlations from Drell Yan?

• Boer and Mulders 1998: distribution function of the unpolarized nucleon with 
intrinsic kT dependence.
- Describes correlation between quark transverse spin and momentum.
- Induces cos(2Φ) modulation of the DY cross section.

• Other theoretical interpretations: 
- QCD higher-twist effect causes change of virtual-photon polarization from 
transversely (λ=1) to longitudinally (λ=-1) polarized for xπ→1?
   - Data taken at different √s: pion: 11 GeV and 16 GeV; proton: 39 GeV.
   - Such effect should be seen in E906/SeaQuest data.
- Spin correlations between annihilating quark and anti-quark?
- Glauber gluons, QCD instantons, ...

More measurements in wider kinematic range, and kaon/anti-proton beams will 
help to differentiate the interpretations.
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�

pA

�

pd
⇡ uA(x)

uN(x)

● E866
◦ E772

proton-induced DY

E772: PRL 64 (1990) 2479
E866: PRL 83 (1999) 2304

Modification of quark 
distributions in the 

nuclear medium

EMC effect in Drell Yan
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EMC effect in Drell Yan

63

shadowing

anti-
shadowing

EMC effect in DIS

shadowing

no anti-
shadowing

EMC effect in proton-induced DY

• EMC effect: many models with different 
input physics. DIS data sufficient as probe?

• DY: no excess pions! Traditional meson-exchange model? 

• Contemporary models: large effects for anti-quarks as x increases. 
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Flavor-dependent EMC effect in pion-induced DY

64

Dutta, Peng, Cloet, Gaskell, arXiv:1007.3916

- Flavor-dependent modification of quark distributions in the nuclear medium?
- Distinguish between different nuclear models
- Cloet, Bentz, Thomas (CBT) model: 
isovector mean field in a N≠Z nucleus affects u- and d-quarks differently

flavor-dependent 
EMC effect

flavor-independent 
EMC effect
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Flavor-dependent EMC effect in pion-induced DY

65

Important new information from COMPASS-II Drell-Yan data with pion beams

�

DY (⇡+ +A)

�

DY (⇡� +A)
⇡ dA(x)

4uA(x)

�

DY (⇡� +A)

�

DY (⇡� +D)
⇡ uA(x)

uD(x)

160 GeV 
pion beam 

@Q2=25 GeV2

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


criedl@illinois.edu - TMDs at COMPASS and CLAS                                                                   APS 2016, Salt Lake City, April 18, 2016

Hall A Sivers

66

Hall-A neutrons (3He)

Hall A Collaboration PRL 107 (2011) 072003

H. Avakian et al.: Experimental results on TMDs 13
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Fig. 12. HERMES measurements of the Sivers asymmetries on protons [30] for π± (left) and K± (right).
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possibility of a node in the x-dependence of the Sivers
function has been discussed in light of this important
test [153]. As the Sivers function describes a difference
of probabilities it is not necessarily positive definite.

A recent extraction of the Sivers function for u and
d, also based on the SIDIS results from HERMES and
COMPASS, is shown in Fig. 17. The data available cover
the interval between 0.004 < x < 0.3 and the task of the
future JLab12 will be to map precisely the full valence
region, where effects are large and supposed to drop quite
fast.

The high luminosity of JLab should also help to bet-
ter constrain the transverse momentum dependence of the
Sivers function. At large hadron transverse momentum,
i.e. PhT ! ΛQCD, the transverse-momentum dependence
of the various factors in the factorisation formula [26] may
be calculated from perturbative QCD. Following Ji-Qiu-
Vogelsang-Yuan [155], the sin(φ−φS) azimuthal modula-
tion of Sivers should behave as:

〈sin(φ − φS)〉|PhT !ΛQCD
∝

1

PhT
. (10)

in the region ΛQCD & PhT & Q. The above result holds
also when the transverse momentum is compatible with
the large-scale Q. Measurement of the PhT dependence of
the Sivers asymmetry will, thus, allow to check the predic-
tions of a unified description of SSA [26,155,156] and will
study the transition from a non-perturbative to a pertur-
bative description. Measurement of the PhT -dependence
of the Sivers asymmetry with much higher precision that
the existing one would also allow one to determine the
first moment of the Sivers function,which also has a di-
rect connection to so-called soft gluon pole matrix ele-
ments [14,157,158] :

f⊥(1)
1T (x) =

∫

d2k⊥
k2
⊥

2M2
f⊥(1)
1T (x, k2

⊥) . (11)

Making such a cross check is crucial to understand the var-
ious transverse single-spin phenomena in semi-inclusive re-
actions by means of perturbative QCD. The PhT -dependence
will thus provide access to the k⊥-dependence of the Sivers
function, which may be relevant to resolve the so-called
“sign mismatch”, or the observed mismatch between the

Sivers from positive pions off neutron target negative 
=> d-quark Sivers negative
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