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Transverse Momentum Dependent Parton Distribution Functions (TMD PDFs) at twist-2

Correlations between quark transverse momentum and the parton/nucleon polarization
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Probing nucleon structure via Drell-Yan process
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Differential cross section of pion-induced Drell-Yan (DY) lepton-pair production
off a transversely polarized nucleon
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Probing nucleon structure via Drell-Yan process
Unpolarized part of the differential cross-section
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TMD PDFs in Drell-Yan and SIDIS

DIS SIDIS
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COMPASS SIDIS-DY “Bridge”
Based on (pseudo-)universality of the TMD PDFs
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SIDIS measurements: Collins and Sivers asymmetries
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• Complementary measurements with proton and
deuteron targets (COMPASS, HERMES)

• Significant non-zero Sivers and Collins asymmetries
• COMPASS vs. HERMES: compatible results for

Collins effect, lower amplitude at COMPASS for
Sivers effect (TMD-evolution effect?)

• Extensive phenomenological studies and various
global fits by different theory groups

0.2 0.4 0.6 0.8 x
0.0

0.2

0.4

x
h

1
(x

) u

0.2 0.4 0.6 0.8 x

0.0

−0.1

−0.2 d

0.2 0.4 0.6 x

0.00

−0.02

−0.04

x
f
⊥

(1
)

1
T

(x
)

u

JAM20

0.2 0.4 0.6 x0.00

0.02

0.04

d

Echevarria et al ‘14

Anselmino et al ‘17

0.4 0.6 0.8 z

0.1

0.2

0.3
z
H
⊥

(1
)

1
(z

)

fav

Anselmino et al ‘13

Anselmino et al ‘15

Kang et al ‘15

0.4 0.6 0.8 z

0.0

−0.4

unf

Radici, Bacchetta ‘18

Benel et al ‘19

D′Alesio et al ‘20

JAM Collaboration, PRD 102 (2020) 5

6 / 18 | SPIN 2021 | 18 October 2021 | Alexandr Chumakov



COMPASS experiment

• Fixed target experiment in SPS North Area
(CERN)

• 25 participating institutions from 13
countries

• First data taking in 2002
• Two phases

Phase I
◦ 2002 – 2011

◦ Hadron spectroscopy

◦ Nucleon spin structure
using L/T P/D targets

Phase II
◦ 2012 – 2018

◦ Primakoff + DVCS pilot run (2012)

◦ Drell-Yan (2015, 2018) ← this talk!

◦ DVCS + Unpolarized SIDIS(2016-2017)

◦ T-polarized SIDIS (D target) (2021-2022)

COMPASS Drell-Yan Programme

• π− beam scattered off a transversely
polarized proton target

• 190 GeV/c, intensity 108 π−/s
• two cells of the polarized NH3 target +

hadron absorber
• ∼350 tracking planes (SciFis, GEMs, DCs,

MWPCs, MicroMegas, Straws, Muon Walls
etc.)

• 2015: 4 months of data taking
• 2018: 5 months of data taking

7 / 18 | SPIN 2021 | 18 October 2021 | Alexandr Chumakov



COMPASS Drell-Yan Programme
Polarized target and hadron absorber
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• Protons in the two NH3 cells were polarized in opposite directions
• Periodic reversal of polarization directions once in 1-2 weeks:

(1st cell ↓; 2nd cell ↑) ←→ (1st cell ↑; 2nd cell ↓)

• Target polarization ∼70%
• Events collected in the W and Al material are also used for unpolarized studies
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Pion-induced Drell-Yan production at COMPASS
Dimuon mass spectrum
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High DY cross section,
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valence quark region with ∼96% purity of
DY events
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Spin independent asymmetries
in pion-induced DY production at COMPASS
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• Results are consistent with past pion-induced
DY measurements on W targets

• Preliminary COMPASS results for ν:
a room for possible Boer-Mulders effect?

• Indication of possible violation of the
Lam-Tung relation
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DYNNLO: W-C. Chang et al., PRD 99, 014032 (2019); NA10: ZPC 31, 513(1986); E615: PRD 39, 92(1989);
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Drell-Yan transverse spin asymmetries at COMPASS
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Drell-Yan transverse spin asymmetries at COMPASS

1.3. SPIN INDEPENDENT EFFECTS
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Figure 1.9: Left: f ū1,π−(x) from LFCQM [138] and SPM [135] LO-evolved to the scale Q2
0 = 2.4 GeV2

in comparison to MRSS parameterization [103]. Right: Predictions from LFCQM [138] and SPM [135]

for the pion Boer-Mulders function (with the sign for DY) for which no parameterizations are currently

available. Plots are taken from Ref. [131].
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Figure 1.10: Leading-twist TSAs as a function of xp (left), xπ (middle) and qT (right) compared to

COMPASS results [79]. Plots are taken from Ref. [131].

CHAPTER 1. INTRODUCTION 16

S. Bastami et al., JHEP 02 (2021) 166;
Red points: COMPASS, PLB 770(2017), 138.
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Drell-Yan transverse spin asymmetries at COMPASS
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Spin dependent asymmetries
from J/ψ production in pion-nucleon collisions at COMPASS

Two subprocesses for J/ψ production at the LO:

• qq̄ annihilation – impact on quark TMD PDFs

• gg-fusion – sensitive to gluon TMD PDFs
M. Anselmino et al. / Physics Letters B 770 (2017) 302–306 305

Fig. 1. Plots of A J/�
N (π−; xN , qT ) (left) and A J/�

N (π+; xN , qT ) (right) versus xN , at qT = 1 GeV/c. These estimates are obtained according to Eqs. (16)–(19) of the text 
(x2 ≡ xN ), using the parameters of the Sivers function given in Ref. [12]. The uncertainty of these parameters generates the shaded areas.

Fig. 2. Plots of A J/�
N (π−; xN , qT ) (left) and A J/�

N (π+; xN , qT ) (right) versus qT , at xN = 0.1. These estimates are obtained according to Eqs. (16)–(19) of the text (x2 ≡ xN ), 
using the parameters of the Sivers function given in Ref. [12]. The uncertainty of these parameters generates the shaded areas.

of the J/� . Measurements of A J/�
N (π−; x2, qT ) and A J/�

N (π+; x2, qT ) give a direct access, respectively, to Nu(x2) and Nd(x2), and the 
corresponding Sivers functions, Eq. (14).

As a possible test of the (non)universality of the Sivers function we give an estimate of A J/�
N (π−; x2, qT ) and A J/�

N (π+; x2, qT ), based 
on the Sivers functions extracted from SIDIS data. All quantities necessary to compute the two asymmetries can be found in Ref. [12]
(Eq. (40) and third column of Table III), taking into account only the valence quark contributions.

The process we are considering is, at the partonic level, more complicated than the usual continuum D–Y lepton pair production via a 
qq̄ → γ ∗ annihilation. The arguments based on initial versus final state interactions in SIDIS and D–Y processes [6–9] might not hold in 
this case. Thus, we do not change the sign of the SIDIS Sivers functions. Our estimates are actually made assuming the universality of the 
Sivers effect, thinking of it as generated by intrinsic properties of the nucleons; one might think, for example, of the Sivers asymmetric 
distribution (1) as a typical feature of quarks orbiting inside the nucleon. Comparison with data will confirm or not this assumption.

In Fig. 1 we plot A J/�
N (π−; xN , qT ) (left plot) and A J/�

N (π+; xN , qT ) (right plot), at qT = 1 GeV/c, as functions of xN in the expected 
kinematical region of the COMPASS experiment. For a better reading we denote by xN the longitudinal momentum fraction of the nucleon 
carried by the quark, defined as x2 in the text. The uncertainty bands correspond to the uncertainty in the knowledge of the Sivers 
functions from Ref. [12]. Similarly, in Fig. 2 we plot the asymmetries, for xN = 0.1 (corresponding to x1 ≡ xπ = 0.3 and xF = 0.2), versus qT .

In both cases the Sivers asymmetries can be large, with a well defined sign, driven by the sign of the Sivers functions of the proton 
valence quarks, u quark for A J/�

N (π−) and d quark for A J/�
N (π+). Notice that within the uncertainty bands the expected magnitudes of 

A J/�
N (π−) and A J/�

N (π+) might sizeably vary, keeping however a definite sign.
In order to obtain a better statistics, one could gather data over the full range of qT for which Eq. (6) holds; then the asymmetries are 

given by Eqs. (11) and (12) with numerator and denominator integrated over qT from 0 up to, say, 2 GeV/c.
In conclusion, we propose a simple measurement of the single transverse spin asymmetry AN in the channel π± p↑ → J/� X →

�+�− X , for which abundant data have been already collected by the COMPASS Collaboration. If, as we expect at the kinematics of the 
experiment, the asymmetry is mainly generated by the Sivers distribution of unpolarized valence quarks inside the polarized proton, its 
sign reveals the sign of the corresponding Sivers function.

We give some estimates for the asymmetry in a simplified factorized scheme which avoids the complications of the actual knowledge 
of the partonic interactions which couple a q ̄q pair to the J/� . We do not attempt, and cannot give, any prediction for the cross section 
of the process, but the expression of the asymmetry is much simpler and well defined, due to cancellations of unknown quantities. Our 
main assumption is indeed the dominance of the q ̄q channel. Admittedly, our results for the asymmetry might be too optimistic as other 
production mechanism might increase the denominator of Eq. (7): however, we do believe that any measured asymmetry should be 
related to the quark Sivers effect.

Our estimates are given assuming the same Sivers functions as those extracted from SIDIS, without any sign change. We do not take 
into account their possible TMD evolution: the Q 2 region of the SIDIS data, a few GeV2, is not far from the M2

J/� value relevant here. 
Moreover, we expect that, while TMD evolution might be relevant for cross sections, it does not affect much the value of their ratios, 
which appear in the asymmetries. A detailed study of the issues related to the phenomenological implementation of TMD evolution in 

Anselmino et al., PLB 770(2017), 302-306.

Large Sivers asymmetry in COMPASS J/ψ

production assuming only qq̄ annihilation
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Sivers asymmetry for gluons is ∼ 2σ below

zero in photon-gluon fusion from COMPASS

SIDIS data

Possible dominant gg-fusion at COMPASS (Chang et al., PRD 102(2020), 054024)

COMPASS analysis on transverse asymmetries in J/ψ-production is in progress!
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Summary

• COMPASS DY measurements on azimuthal asymmetries offer a unique
opportunity, when comparing to corresponding COMPASS SIDIS results,
to investigate the process dependence of TMD PDFs at practically the same hard
scale, thereby minimising possible bias introduced by TMD evolution.

• COMPASS preliminary results on DY spin-independent azimuthal asymmetries on
the W target:
◦ possibly hint at a non-zero Boer-Mulders effect;
◦ possibly indicate violation of the Lam-Tung relation.

• Various analyses on azimuthal effects are ongoing:
◦ final (using full 2015+2018 data sample) transverse spin-dependent azimuthal

DY asymmetries;
◦ transverse spin-(in)dependent azimuthal asymmetries in J/ψ production;

◦ final results on spin-independent azimuthal asymmetries on the W and the
NH3 targets, EMC effect etc.

Thank you for your attention!
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Monte-Carlo agreement with data
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