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Leakage above seven liters/hour 
from any one chamber shall be 
mitigated

Fist measurement of transverse-spin-dependent 
azimuthal asymmetries in the Drell-Yan process
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Paris-Saclay University, CEA/IRFU, France
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Kinematics in the high mass range 
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Polarised target 
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Two target cells of NH3 

Polarised in the transverse mode wrt 
beam and in opposite directions 

1st sub-period 

2nd sub-period 

55 cm 20 cm 55 cm 

Re
ve

rs
ed

 
po

la
ris

at
ion

 
Polarisation~73% 

with 5% scale uncertainty 
1000 mm

Hadron absorber 
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Located downstream of the polarised target: 
•  Stops hadrons and non interacting beam 
•  Degrades resolutions 

In 2015 was also added a thin lithium foil 
downstream of the absorber: 
•  Stops the slow neutrons produced in the 

absorber and reduce the radiation level in the 
first detectors 

NOTE: For unpolarised studies, not 
covered in this talk, in addition to NH3 

target we have Al and W targets 
Al target 

W plug 
(works also 
 as a target) Li foil 

DY and SIDIS cross-sections in terms of 
leading twist asymmetries 
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Fig. 46: Micromegas detector principle. The ionisation electrons coming from the incoming particle are ampli-
fied in the gap between strips and micro-mesh and read on the strips.

additional amplifying GEM foil is added above the micro-mesh in order to decrease the gain of the Micromegas
stage, and thus to reduce the probability of discharge. A concurrent solution using resistive layer structure
(buried resistors) deposited on top of the read-out anodes was studied, but the performance of that solution
were not as good as the hybrid solution, in particular concerning the time resolution.

The new detectors are read by 400 µm-pitch strips on the central part (40% of the surface) and 480 µm pitch
strips on the sides, which cover the 40 ⇥ 40 cm2 active area. The centre of the detectors, blind on the old ones,
were equipped with a pixelised read-out (Fig. 47) with rectangular pixels which keep the same 400 µm pitch
and thus the same spatial resolution as the strips.

Fig. 47: Scheme of the pixel area (right) and position in the detector (left). Rectangular pixels have the same
400 µm pitch as the strips.

Full size hybrid prototypes were built and tested in nominal conditions in the Compass spectrometer in 2011–
2012. They are equipped with read-out electronics based on highly integrated APV chips, which are also
used on other COMPASS detectors like Silicon, GEMs and RICH MWPCs. The detectors shown very good
performance, with particle detection efficiencies above 96% with high intensity muon and hadron beams, spatial
resolutions below 70 µm and time resolution around 9 ns (see Fig. 48 and Fig. 49).

Fig. 48: Spatial resolution of a new hybrid pixelised Micromegas detector, measured in high flux muon beam.
Strips (left) and pixel resolutions (right) are in the order of 60 µm

Discharge rate stays very low, with a probability by incoming hadron reduced by a factor larger than 100
compared to old Micromegas detectors. New Micromegas detectors were partially installed in 2014, where
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How are the quarks and gluons distributed inside the nucleon?

n Longitudinal structure 
n Longitudinal momentum, xBj

n With DIS

n Transverse distributions
n Transverse distance, bT

n With DVCS

n Transverse momentum kT

n With SIDIS, Drell-Yan
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PDF

TMD

GPD

COMPASS experiment investigates the multidimensional structure of the nucleon
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How to access TMD PDFs

u Goal of nucleon structure studies: distributions of partons inside the nucleon; understand 
their internal dynamics
n Study PDF as a function of both x and b⊥ (GPDs) or x and kT (TMDs) 
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see talk of Mathias Gorzellik 
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J.-C. Peng, J.-W. Qiu / Progress in Particle and Nuclear Physics 76 (2014) 43–75 45

Fig. 1. Schematic view of a partonwith longitudinalmomentum fraction x, transversemomentum kT , and transverse position bT in a hadron ofmomentum
pmoving along z-direction.

partons’ confined transverse motion inside the nucleon [28]. More recently, the prospect of using polarized hadronic beam
colliding with possibly polarized beam/target has attracted much attention. Measurements of the Drell–Yan process and
other observables could be pursued in existing facilities such as the polarized p � p collider at RHIC, COMPASS at CERN, as
well as other hadron machines around the world. The novel TMDs obtained in hadron collisions are expected to provide
unique and critical tests of TMD factorization in QCD, such as the sign change of the Sivers and Boer–Mulders functions
measured in SIDIS and Drell–Yan.

Understanding the characteristics and physics content of the extracted PDFs, such as the shape and the flavor dependence
of the distributions, is the first necessary step in searching for answers to the ultimate question of QCD on how quarks and
gluons are confined into hadrons. Furthermore, going beyond the PDFs by extracting information on the parton’s confined
transverse motion (its transverse momentum kT -distribution) and its spatial bT distribution of a fast moving hadron, as
sketched in Fig. 1, necessarily yields a complementary picture of the hadron in both momentum and coordinate space, and
pushes our investigation of hadron structure to a new frontier.

In this review article, we focus on the recent progress and future prospect on using hadronic beams to explore the novel
parton distributions in the nucleons, while the tremendous and complementary potential to explore hadron structure by
using a lepton–hadron collider can be found in the newly released White Paper on future prospects of an Electron–Ion
Collider [29].We examine, in particular, the unique features of themassive lepton-pair production (theDrell–Yan process) in
hadronic collision in extracting the spin and flavor dependences of PDFs and TMDs.With themeasurement of both invariant
mass of the lepton pair Q and its transverse momentum qT , Drell–Yanmassive lepton-pair production in hadronic collisions
is an excellent laboratory for theoretical and experimental investigations of strong interaction dynamics, and has been a
valuable and constant pursuit since 1970s. With a large invariant mass Q to localize the probe to ‘‘see’’ a parton (a quark or a
gluon), the natural small transverse momentum of the most lepton-pairs produced, qT ⌧ Q , is an ideal scale to be sensitive
to the parton’s confined motion inside the hadron. The Drell–Yan process in this kinematic regime is ideal for extracting
the TMDs. On the other hand, for events with qT ⇠ Q , or with qT integrated, the cross section of Drell–Yan lepton-pair
production has effectively one hard scale, and is themost suited for extracting PDFs. Since QCD factorization for both of these
regimes are proved to be valid, the Drell–Yan massive lepton-pair production is a unique and clean observable to extract
both TMDs and PDFs, and the transition between them by varying the transverse momentum of the lepton pair, qT . The
same idea has been applied to production of any kind of lepton pair from decay of an electroweak gauge boson (� ,W , Z),
as well as to production of Higgs boson and any color-neutral heavy bosons beyond the Standard Model. In addition, by
measuring angular distribution of the lepton in the rest frame of the lepton pair, the Drell–Yan process is a unique one to
study quantum interference between two scattering amplitudes with the intermediate vector boson in different spin states.
The measurement of Drell–Yan massive lepton-pair production not only was performed in almost all high-energy hadronic
facilities ever existed, but also is taking place now in an on-going fixed-target experiment (E906) at Fermilab and all major
experiments at the LHC. Several future Drell–Yan experiments are also being planned at facilities around the world.

The rest of the article is organized as follows. In the next section, we review the role of inclusive Drell–Yanmeasurements
in probing PDFs and hadron’s partonic structure, and QCD factorization for Drell–Yan process, which is necessary for
connecting themeasuredmassive lepton pair to the dynamics of quarks and gluons inside the colliding hadrons. To illustrate
the complementary nature of the Drell–Yan and DIS in probing nucleon’s parton structures, we focus on the flavor structure
of the parton distributions in the nucleons and nuclei. The striking observation of the large up and down sea quark flavor
asymmetry in the proton from the Drell–Yan and semi-inclusive DIS experiments continues to motivate new theoretical
interpretations, and further experimental studies for testing the various theoretical models are currently underway or being
planned. The Drell–Yan process could also probe the flavor dependence of parton distributions in nuclei, and provide a
sensitive test for theoreticalmodels explaining the famous EMC effect.We then discuss the strange quark and gluon contents
in the nucleons, as they could provide new insight on the flavor structure of the nucleon sea. We examine the x-dependence

Assumption: the TMDs are universal (process-independent)  ?
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Collinear factorization (a pedestrian view) 

n Factorization of short distance hard cross-section ⊗ the long-distance PDFs.
n Active partons are on shell and collinear: 

► pA, pB << Q2 ;  
► pTA, pTB << Q2

n Non-perturbative PDFs are universal 

u Factorization theorems 

IRFU/SPhN, S.Platchkov GDR, Dec 4-6, 2017 4

Collins, Soper, Sterman, Adv. Ser. High En Phys. 5, 1988 + arXiv:hep-ph/0409313v1

“The factorization formalism … is proved in the sense that all identified sources of leading power 
contributions are either factorizable or canceled in perturbative calculations to all orders in 
powers of α.” 

Peng and Qiu, PPNP 76 (2014) 43 



COMPASS

TMD factorization (a pedestrian view) 
n Collinearity no longer satisfied; transverse momentum to be taken into account 
n The gauge links in TMDs are process-dependent (non universality)
n Gauge link are necessary to restore gauge invariance
n SIDIS vs DY:  only a sign change --> modified universality for Sivers and Boer-Mulders 
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Measurement of the sign-change: prove that the TMD factorization is correct 

e1

e2

+

-
e2

-

-

DIS DY
Attractive, opposite-sign 
rescattering potential 

Repulsive, same-sign 
scattering potential 

�e1

++

��

��

Figure 2: The underlying physics of the sign change of the lensing interactions in SIDIS and
DY reactions for QED. Dashed lines denote the photon propagators. The final-state interaction
in SIDIS is attractive whereas the initial state interaction is repulsive in DY.

the scattering amplitude due to the condition (ii) above. Establishing a clear connection in the
Feynman diagram language between the spin asymmetries in SIDIS and DY will greatly aid
future (model) diagrammatic calculations for the processes.

Although the time-reversal symmetry argument allows one to confidently predict the sign flip
between the Sivers functions in the two processes, a detailed diagrammatic model calculation
demonstrating the origin of this sign reversal appears to be lacking in the literature. A model
calculation for the SSA in SIDIS was first constructed in [9] by some of the authors; however,
an analogous calculation for DY outlined in [4] assumed that the relative phase arises in DY
due to putting the same propagators as in SIDIS on mass shell. As we will show below, one
can think of the relative phase from the condition (ii) as a cut through an amplitude (or a
complex conjugate amplitude), in addition to the standard final-state cut one obtains when the
scattering amplitude is squared. In terms of the cuts, the calculation of [4] assumed that the
cut generating SSA in SIDIS was equivalent to the cut in DY. While this assumption allows
one to obtain the correct answer with the sign flip in the Sivers function between SIDIS and
DY, as we shall discuss below, it is not easy to justify. In fact, the explicit calculation of the
SSA in the SIDIS and DY processes given in this paper demonstrates that the cuts are, in
fact, different, as illustrated in Figures 4 and 6. In Feynman diagram language this means that
different propagators are put on the mass shell in order to extract the asymmetry in the two
processes. In light-front perturbation theory (LFPTH) [42, 43] language this corresponds to
putting different intermediate states (that is, intermediate states involving different particles)
on the P� LF energy shell.

4

𝑓"#$ (SIDIS)  =  −𝑓"#$ (DY)

Sivers TMD

Brodsky et al., PRD 88, 014032 (2013)
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Transverse Momentum Dependent PDFs

IRFU/SPhN, S.Platchkov GDR, Dec 4-6, 2017 6

Sivers and BM TMDs are process-dependent ( they have a “modified universality”) 

Boer-Mulders

Sivers

n 8 TMDs at leading twist
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TMDs and spin-momentum correlations

IRFU/SPhN, S.Platchkov CSTS, April 19, 2017 7

Hadron Structure from Drell-Yan                                      IWHSS 2015, Suzdal, May 20, 2015

TMDs in Spin-Dependent Drell-Yan

23

• Are Sivers function and Boer-Mulders universal?
- Observed to be clearly different from zero in SIDIS.
- Expect sign switch of these time-reversal-odd TMDs in DY wrt SIDIS: 
fundamental QCD prediction due to gauge invariance 

• Experimental verification: crucial test of non-perturbative QCD and TMD physics
- origin of large SSAs?
- validity of QCD factorization?
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Simultaneous measurement of all asymmetries
✦ Drell-Yan ✦ SIDIS

Leading twist asymmetries in transversely polarized DY/SIDIS

IRFU/SPhN, S.Platchkov GDR, Dec 4-6, 2017 8

Leading twist asymmetries in DY and SIDIS 
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DY and SIDIS cross-sections in terms of 
leading twist asymmetries 
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SIDIS measurement of the Sivers asymmetry 
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COMPASS : a large, fixed-target, versatile setup

u Beams: µ+ and µ−, π+ and π−, p, … − only place in the world!
u Built for detecting several particles in the final state
u Two spectrometers: Small-angle and Large-angle – large and flat acceptance
u Large polarized target 

IRFU/SPhN, S.Platchkov GDR, Dec 4-6, 2017 10

Energy: 100 – 225 GeV
Intensity: up to 109 /spill
Large acceptance, PID detectors
Several particles in the final state
Large (1.2 m) polarized target

Setup shown is used during SIDIS measurements
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Polarised target 
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Two target cells of NH3 

Polarised in the transverse mode wrt 
beam and in opposite directions 

1st sub-period 

2nd sub-period 

55 cm 20 cm 55 cm 

Re
ve

rse
d 

po
lar

isa
tio

n 

Polarisation~73% 
with 5% scale uncertainty 

1000 mm

COMPASS polarized target 

u Polarized target with two 55 cm long cells (for DY); three cells for SIDIS 
u Superconducting magnets: solenoid + dipole
u Target filled with ammonia (NH3) solid beads;  also available: 6LiD
u Polarization in longitudinal mode, data is taken in transverse mode
u Polarization is periodically reversed

IRFU/SPhN, S.Platchkov GDR, Dec 4-6, 2017 11

Polarised target 
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Two target cells of NH3 

Polarised in the transverse mode wrt 
beam and in opposite directions 
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Polarisation~73% 
with 5% scale uncertainty 

1000 mm

Largest polarized target in the world
Coldest place at CERN 

T = 60 mK
Bs = 2.5 T, Bd = 0.6 T
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Semi-Inclusive DIS – Modulations and structure functions
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Semi-Inclusive Deep Inelastic Scattering 

 Anna Martin 

18 structure functions 

unpol target 

↑ pol target 

→ pol target 

Semi-Inclusive Deep Inelastic Scattering 

¦ �o�o vV
q

h
q

qqhXN (z)Dσq(x) """"

 Anna Martin 

Semi-Inclusive Deep Inelastic Scattering 

 Anna Martin 

18 structure functions 

unpol target 

↑ pol target 

→ pol target 

å
å

Ä

Ä
^

»
q

h
q

q
q

q
h
q

q
Tq

Dfe

Dfe

11
2

11
2

Asiv

SIDIS : measurement of all 14 structure functions.  
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SIDIS – Sivers Asymmetries on a proton target 
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7 November 2017 Bakur Parsamyan 20 
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PLB 744 (2015) 250 

• Measured on proton and deuteron 
• Gluon Sivers paper: submitted to PLB 

CERN-EP/2017-003, hep-ex/1701.02453 
 

• Sivers effect at COMPASS is slightly 
smaller w.r.t HERMES results  
(Q2  is different by a factor of ~2-3) 

• Q2-evolution? Intriguing result! 
 

• Global fits of available 1-D SIDIS data 
• Different TMD-evolution schemes 
• Different predictions for Drell-Yan 

 
• First experimental investigation of  

Sivers-non-universality by STAR 
• Different hard scale compared to FT 
• Evolution effects may play a substantial 

role 

pions 

kaons 

Sivers asymmetries have been clearly observed   
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Sivers function – as extracted from the the data

IRFU/SPhN, S.Platchkov GDR, Dec 4-6, 2017 14

(x
)

(1
)

 f
N ∆x

u
d

u
d

 f 
(x

, k
  )

N ∆x
T

u
d

u
d

x k  (GeV)T

3−10 2−10 1−10 1

0

0.02

0.04

3−10 2−10 1−10 1

0.06−

0.04−

0.02−

0

3−10 2−10 1−10 1

0.01−

0

0.01

3−10 2−10 1−10 1

0.01−

0

0.01

0 0.5 1

0

0.05

0 0.5 1

0.1−

0.05−

0

0 0.5 1

0.01−

0

0.01

0 0.5 1

0.01−

0

0.01

Figure 1. Extracted Sivers distributions for u = uv + ū, d = dv +

¯

d, ū and ¯

d at Q

2
= 2.4 GeV2.

Left panel: the first moment of the Sivers functions, Eqs. (2.16) and (2.17) of the text, versus x.
Right panel: plots of the Sivers functions, Eq. (2.14) of the text, at x = 0.1 versus k?. The solid
lines correspond to the best fit. The dashed lines correspond to the positivity bound of the Sivers
functions. The shaded bands correspond to our estimate of 95% C.L. error.

It means that we assume the anti-quark Sivers functions to be proportional to the cor-
responding unpolarised PDFs; we have checked that a fit allowing for more complicated
structures of Eq. (2.14) for the anti-quarks, results in undefined values of the parameters ↵
and �.

The Sivers asymmetry measured in SIDIS can be expressed using our parameterisations
of TMD functions from Eqs. (2.12-2.15, 3.4) as

A

sin(�h��S)

UT (x, y, z, PT ) =

[z

2hk2?i+ hp2?i]hk2Si2
[z

2hk2Si+ hp2?i]2hk2?i
exp

"
� P

2

T z

2

(hk2Si � hk2?i)
(z

2hk2Si+ hp2?i)(z2hk2?i+ hp2?i)

#

⇥
p
2 e z PT

M

1

P
q e

2

q Nq(x)fq(x)Dh/q(z)P
q e

2

q fq(x)Dh/q(z)
· (3.6)

Thus, we introduce a total of 9 free parameters for valence and sea-quark Sivers functions:
Nuv , Ndv , Nū, N ¯d, ↵u, �u, ↵d, �d, and M

2

1

(GeV2). In order to estimate the errors on the
parameters and on the calculation of the asymmetries we follow the Monte Carlo sampling
method explained in Ref. [8]. That is, we generate samples of parameters ↵i, where each
↵i is an array of random values of {Nuv , Ndv , Nū, N ¯d,↵u,↵d,�u,�d,M

2

1

}, in the vicinity of
the minimum found by MINUIT, ↵

0

, that defines the minimal total �2 value, �2

min

. We

– 6 –

Anselmino et al., JHEP1704 (2017) 046 
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SIDIS Sivers TMD in the COMPASS Drell-Yan Q2 range
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SIDIS Sivers TSA in COMPASS Drell-Yan Q2-ranges 
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COMPASS, Adolph et al., PL B770 (2017) 138
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SIDIS asymmetry in the Drell-Yan mass range
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TSAs: Sivers 
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Asymmetry from SIDIS: 
Measurement positive for 

both hadron charges in 
the range  

16 < Q2 < 81 (GeV/c)2 

Asin(�S)
UT / fq

1,⇡ ⌦ f?q
1T,p

unp. PDF Sivers 

COMPASS collaboration arXiv:1609.07374 
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Sivers asymmetry is positive in the Drell-Yan Q2 range
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Drell-Yan measurement of the Sivers asymmetry 
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n Convolution of two PDFs

n At order (αs
0) : a purely electromagnetic process

n NLO and NNLO corrections are well known

Drell-Yan cross section

IRFU/SPhN, S.Platchkov GDR, Dec 4-6, 2017 18

d 2σ
dM 2dxF

=
4πα 2

9M 4
x1x2
x1 + x2

ea
2

a
∑ qa (x1)qa (x2 )+ qa (x1)qa (x2 )[ ]

Drell-Yan is a well understood process

Dimuon sample - Different contributions 

4 April 2017 Márcia Quaresma - IWHSS 2017 13 

Data/reconstructed MC 
comparison shows a good 

agreement  

35 000 pairs will be used  
in the TSAs analysis 
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COMPASS – Drell-Yan setup

u Large hadron absorber, with a central Tungsten plug 

IRFU/SPhN, S.Platchkov GDR, Dec 4-6, 2017 19

36 6 DRELL–YAN

NH3 Polarized Target
Hadron Absorber

SM1

Muon Wall 1

Muon Wall 2

SM2

Hodoscopes

Fig. 30: Side view of the COMPASS DY set-up. Not visible in the figure are the beam telescope detectors,
hidden by the Veto hodoscopes (in blue), and the CEDARs, upstream along the beam line. The vertex detector,
located in the middle of the absorber, upstream the part represented in pink, is also not visible.

Fig. 31: The DY setup in the target and absorber regions.

polarisation loss at several occasions. The CPU of the magnet control PLC was suspected to fail due to radiation
damage. Single Event Effects (SEE) were pointed out by PH/DT, EN/ICE and the supplier Schneider. The
control system of the cold box for liquefying helium also had a failure for the same reason. The CPUs of both
PLCs were replaced by more radiation resistant ones.

The typical operation of the target was as follows. Polarisation was built up with the 2.5 T superconducting
solenoid magnet in about one day to reach typically ±80% of proton polarisation in the upstream cell, and
⌥75% in the downstream one, and then rotated to the transverse direction with the 0.6 T dipole magnet to
hold the polarisation for one week physics data taking. The relaxation time of the proton polarisation at 0.6 T
in the upstream cell was about 1000 hours, thus after one week the remaining polarisation was 68%. In the
downstream cell a faster relaxation was observed, especially in the most downstream end of the cell (500
hours), because the secondary particles produced by the high intensity beam led to a temperature rise in the
target material. The target was re-polarised making use of the Machine Development time to be efficient for
another week of physics data taking with transverse polarisation.

Hadron absorber 
4 April 2017 Márcia Quaresma - IWHSS 2017 8 

Located downstream of the polarised target: 
•  Stops hadrons and non interacting beam 
•  Degrades resolutions 

In 2015 was also added a thin lithium foil 
downstream of the absorber: 
•  Stops the slow neutrons produced in the 

absorber and reduce the radiation level in the 
first detectors 

NOTE: For unpolarised studies, not 
covered in this talk, in addition to NH3 

target we have Al and W targets 
Al target 

W plug 
(works also 
 as a target) Li foil 

Al  +  W targets

SM1 dipole

NH3 target

Drell-Yan data taking: 2015 and 2018 
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Vertex distribution 

Vertex distribution 
4 April 2017 Márcia Quaresma - IWHSS 2017 15 

NH3 Al 

W 

For TSAs analyses:!
Only events from NH3 cells are 
polarised!
!
For unpolarised analyses:!
Events from all 3 target types are 
useful!

~1/3 of the dimuons 
are originated in NH3 

W is 120 cm long but the 
majority of the beam 

interacts in its beginning 
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Di-muon sample – some results from 2015

u Drell-Yan data from 2015:  4.3 – 8.5 GeV/c2

IRFU/SPhN, S.Platchkov GDR, Dec 4-6, 2017 21
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First Transverse Spin Asymmetries (TSA) results

u Averaged TSAs for 2015 data

IRFU/SPhN, S.Platchkov GDR, Dec 4-6, 2017 22
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Higher twist asymmetries

Adolph et al. PRL 119, 112002 (2017).  

Integrated Sivers asymmetry is positive (within one sigma)
Transversity is negative (two sigma), Pretzelosity positive (one sigma) 

syst. 
error
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Drell-Yan : Transversity asymmetry 

IRFU/SPhN, S.Platchkov GDR, Dec 4-6, 2017 23

TSAs: transversity 
4 April 2017 Márcia Quaresma - IWHSS 2017 24 

Asymmetry from SIDIS: 
Measurement positive 
for h- and negative for 

h+ 

Asin(2���S)
UT / h?q

1,⇡ ⌦ hq
1,p

Boer-Mulders transversity 

A. N. Sissakian et al.,  
Phys. Part. Nucl. 41 (2010) 64 

Compatible with our 
measurement 

Twice larger than what we 
measured since the theta 

acceptance was assumed flat 
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Drell-Yan : pretzelosity asymmetry 
TSAs: pretzelosity 
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Asin(2�+�S)
UT / h?q

1,⇡ ⌦ h?q
1T,p

Boer-Mulders pretzelosity 

Asymmetry from SIDIS: 
Measurement 

compatible with zero 
within uncertainties  

C. Lefky and A. Prokudin,  
PRD 91 (2015) 034010 

pretzelosity function  
for u quark extracted from 

a fit to COMPASS, 
HERMES and JLab SIDIS 
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Transversity and pretzelosity TMDs have the same sign in SIDIS and DY 

Adolph et al. PRL 119, 112002 (2017).  
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Sivers asymmetry  : SIDIS vs Drell-Yan 

IRFU/SPhN, S.Platchkov GDR, Dec 4-6, 2017 25

SIDIS data Compass, 
same Q2 range as in DY

TSAs: Sivers 
4 April 2017 Márcia Quaresma - IWHSS 2017 25 

Asymmetry from SIDIS: 
Measurement positive for 

both hadron charges in 
the range  

16 < Q2 < 81 (GeV/c)2 

Asin(�S)
UT / fq

1,⇡ ⌦ f?q
1T,p

unp. PDF Sivers 

COMPASS collaboration arXiv:1609.07374 
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Asymmetry from SIDIS: 
Measurement positive for 

both hadron charges in 
the range  

16 < Q2 < 81 (GeV/c)2 

Asin(�S)
UT / fq

1,⇡ ⌦ f?q
1T,p

unp. PDF Sivers 

COMPASS collaboration arXiv:1609.07374 
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Asymmetry from SIDIS: 
Measurement positive for 

both hadron charges in 
the range  

16 < Q2 < 81 (GeV/c)2 

Asin(�S)
UT / fq

1,⇡ ⌦ f?q
1T,p

unp. PDF Sivers 
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Sivers asymmetry in SIDIS : used to predict the Drell-Yan asymmetry

IRFU/SPhN, S.Platchkov GDR, Dec 4-6, 2017 26
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Sivers asymmetry in Drell-Yan: sign change 
TMD-2 (2013) 
P. Sun, F. Yuan, PRD88, 114012 

TMD-1 (2014) 
M. G. Echevarria et al. PRD89,074013 

DGLAP (2016)  
M. Anselmino et al., arXiv:1612.06413 

SIDIS                                        SIDIS                            SIDIS 
 
 
 
 
 
 
  
 
                                                                                           DY 

All theoretical calculation take into account the sign change
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Final Drell-Yan Sivers asymmetry 

IRFU/SPhN, S.Platchkov GDR, Dec 4-6, 2017 27

DGLAP: Anselmino et al. arXiv:1612.06413
TMD1:   Echevarria et al. Phys Rev D89, 074013 (2014)
TMD2:   Sun and Yuan, Phys Rev D88, 114012 (2013)

The measured Sivers asymmetry is consistent with the sign-change prediction
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Summary

u The Sivers asymmetry measured in Drell-Yan in 2015 is found to be above zero    
(within 1 std dev.) 

u The result is consistent with a sign change of the Sivers TMD
u The Transversity asymmetry is found to be below zero (within 2 std dev.) 
u A number of additional results are expected to come soon (analysis ongoing): 

n unpolarized Drell-Yan cross sections and angular distributions for NH3, Al, W
n unpolarized J/psi production cross section and angular distributions
n Polarized J/psi asymmetries 

u One more year of Drell-Yan data taking in 2018 –
should allow to triple our statistical accuracy  
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STAR results for W production – Sivers 

IRFU/SPhN, S.Platchkov GDR, Dec 4-6, 2017 30

6

 (GeV/c)W
T P

2 4 6 8 10

N
 A

-1

-0.5

0

0.5

1

)-1 p-p 500 GeV (L = 25 pbSTAR
| < 1W|y

3.4% beam pol. uncertainty not shown

ν + l→ +W
ν - l→ -W

0Z y
-1.5 -1 -0.5 0 0.5 1 1.5

N
 A

-1

-0.5

0

0.5

1

)-1 p-p 500 GeV (L = 25 pbSTAR
 < 10 GeV/c

0Z
T0.5 < P

3.4% beam pol. uncertainty not shown

- l+ l→ 0Z

W y
-0.5 0 0.5

N
 A

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1
)-1 p-p 500 GeV (L = 25 pbSTAR

 < 10 GeV/cW
T0.5 < P

3.4% beam pol. uncertainty not shown

ν + l→ +W
KQ - no TMD evol.
EIKV - TMD evolved

W y
-0.5 0 0.5

N
 A

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

W y
-0.5 0 0.5

N
 A

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1
)-1 p-p 500 GeV (L = 25 pbSTAR

 < 10 GeV/cW
T0.5 < P

3.4% beam pol. uncertainty not shown

ν - l→ -W
KQ - no TMD evol.
EIKV - TMD evolved

W y
-0.5 0 0.5

N
 A

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

FIG. 3. [Color online] The amplitude of the transverse single-spin asymmetry for W± and Z0 boson production measured by
STAR in proton-proton collisions at

√
s = 500 GeV with a recorded luminosity of 25 pb−1. The solid gray band represent the

uncertainty on the KQ [11] model due to the unknown sea quark Sivers function. The crosshatched region indicates the current
uncertainty in the theoretical predictions due to TMD evolution.

A combined fit on W+ and W− asymmetries, AN (yW ),
to the theoretical prediction in the KQ model (no TMD
evolution), shown in Fig. 4, gives a χ2/ndf = 7.4/6 as-
suming a sign-change in the Sivers function (solid line)
and a χ2/ndf = 19.6/6 otherwise (dashed line). The cur-
rent data thus favor theoretical models that include a
change of sign for the Sivers function relative to observa-
tions in SIDIS measurements, if TMD evolution effects
are small.
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Leading twist asymmetries in transversely polarized DY/SIDIS

u SIDIS

u Drell-Yan 
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u Collinear factorization in DY

u TMD factorization in DY
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Fig. 3. SampleQCDmodification to the scattering amplitudes ofDrell–Yanmechanism: gluon radiation and interaction (left) and gluon interaction between
spectators (right).

d� (0)
A+B!l̄l+X

/dQ 2dy in Eq. (4), can be systematically factorized into a formalism that is effectively the same as the original
Drell–Yan formalism in Eq. (2),

d� (LP)
A+B!l̄l+X

dQ 2dy
=

X

ab

Z 1

0
dxa

Z 1

0
dxb �a/A(xa, µ)�b/B(xb, µ)

d�̂a+b!l̄l(xa, xb,Q , µ,↵s)

dQ 2dy
, (5)

where the superscript ‘‘(LP)’’ indicates the leading power contribution to the full cross section in its 1/Q expansion,
P

a,b
runs over all parton flavors including quark and antiquark, aswell as gluon,µ ⇠ Q is the factorization scale,�’s are universal
PDFs extracted fromQCD global analyses [4–8]. In Eq. (5), �̂a+b!l̄l is the short-distance part of QCD partonic cross section for
two incoming partons of flavor a and b, respectively, to produce a massive lepton pair. Since the �̂a+b!l̄l is insensitive to the
long-distance details of colliding hadrons, the factorization formalism in Eq. (5) should be also valid for the collision between
two asymptotic partons of various flavors. In this case, both the partonic scattering cross section on the left and the PDFs of
colliding partons on the right can be expressed in terms of Feynman diagrams order-by-order in QCD perturbation theory.
As required by the factorization, all collinear divergences of the partonic cross sections on the left should be canceled by
the corresponding collinear divergence of the PDFs on the right, order-by-order in powers of ↵s, to leave the short-distance
hard parts, �̂a+b!l̄l, infrared safe to all powers of ↵s.

The predictive power of QCD improved Drell–Yan formalism in Eq. (5) for the production of massive lepton pairs relies
on the approximation to neglect all power corrections suppressed by (⇤QCD/Q )n, the universality of PDFs and our ability to
calculate the short-distance partonic cross sections, which have been calculated to next-to-next-to-leading order (NNLO)
in powers of ↵s [41]. With the QCD improved Drell–Yan formalism in Eq. (5), and the universal PDFs extracted from QCD
global analysis [4–8], the Kfactor ⇠ 1 for all existing data of Drell–Yan type processes including massive vector boson W/Z
production at collider energies.

The proof of the QCD factorization formalism in Eq. (5) for the inclusive production of Drell–Yan massive lepton pairs
is highly nontrivial involving decades of effort of many people, and is best summarized in Refs. [3,19]. A less technical and
intuitive summary of the key steps of the proof is given in Appendix A. The proof is rigorous in the sense that all identified
sources of leading power contributions are either factorizable or canceled in perturbative calculations to all orders in powers
of ↵s. For example, the contribution involving the quark–gluon correlation of one hadron, as shown in Fig. 3(left) is either
suppressed by power of 1/Q 2 or included into the definition of PDF to make it gauge invariant, while the gluon interaction
between spectators are effectively canceled [3,19].

In addition to the leading power contribution, it was demonstrated [40,42] that the first subleading power corrections,
at 1/Q 2 (or 1/Q ) for unpolarized and longitudinally polarized (or single transversely polarized) Drell–Yan cross section, can
also be factorized into a sum of convolutions of a perturbatively calculable short-distance partonic hard part, a PDF from
one colliding hadron, and a universal twist-4 four-parton (or twist-3 three-parton) correlation function of the other colliding
hadron.

On the other hand, several explicit calculations demonstrated that QCD contributions to Drell–Yan cross section beyond
the first subleading power corrections cannot be systematically factorized into convolutions of perturbative hard parts and
universal long-distance parton correlation functions [37–39,43]. The break of factorization is caused by the non-factorizable
power suppressed contribution to the Drell–Yan cross section from the interactions of physically polarized soft gluons
between two colliding hadrons at the power of 1/Q 4 (or 1/Q 2) and higher for unpolarized and longitudinally polarized
(or single transversely polarized) hadronic collisions [40,42].

The QCD factorization formalism in Eq. (5) is also valid for Drell–Yan differential cross section, d�/d4qd⌦ , when qT ⇠ Q ,
where⌦ is the solid angle of lepton in the pair’s rest frame [19]. Because of the nature of electromagnetic orweak interaction
between the observed lepton pair and how the pairwas produced, inclusive Drell–Yan cross section is a hard and clean probe
for PDFs and partonic structure of nucleons and nuclei, as well as pions. It is especially sensitive to the sea quarks of colliding
hadron because of its leading quark–antiquark annihilation subprocess, and complementary to DIS which is more sensitive
to the sum of parton flavors. In addition, when qT > Q/2, inclusive Drell–Yan cross section is dominated by the quark–gluon
‘‘Compton’’ subprocess, and it becomes an excellent probe of glue inside a colliding hadron [44,45].
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Table 2
Values of the integral [S�] = R 1

0 x[s(x) � s̄(x)]dx determined from various
NLO global fits. The values of Q 2 are also listed.

PDF Q 2 (GeV2) [S�]
NuTeV [148] 16.0 0.00196+0.0016

�0.0013
CTEQ6.5 [150] 1.69 0.0018+0.0016

�0.0014
AKP08 [151] 20.0 0.0013 ± 0.0009
GJR08 [152] 20.0 0.0008 ± 0.0005
MSTW08 [6] 10.0 0.0018+0.0018

�0.0012
NNPDF1.2 [149] 20.0 0.0005 ± 0.0086
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Fig. 12. Left (a): x[s(x)� s̄(x)] from three NNPDF sets [7]. NNPDF1.0 assumes s(x) = s̄(x), while NNPDF1.2 and NNPDF2.0 allow s(x) 6= s̄(x). The NNPDF2.0
analysis includes fixed-target Drell–Yan and Tevatron W and Z production data. Right (b): Weak mixing angle determined from the NuTeV data [142],
plus correction using [S�] determined from NNPDF1.2 [149], or from NNPDF2.0 [7]. Only statistical uncertainty is included in the NNPDF2.0 result. The
Weinberg angle from global electroweak fit is also shown. Figures are from [7].

Future experiments such as semi-inclusive DIS with K+ and K� production at the JLab 12 GeV upgrade and at the EIC, as
well as kaon-induced Drell–Yan at COMPASS and J-PARC, could provide new information on the intriguing and yet unsettled
issue of possible flavor asymmetry between the s and s̄ seas.

3. Drell–Yan process with Q 2 � q2
T

The Drell–Yan massive lepton-pair production for Q � qT ⇠ ⇤QCD has attracted tremendous attention from both
experimental and theoretical sides in recent years. It might be one of the best processes to measure transverse motion of
quarks inside a hadron because of its sensitivity to the quark’s confined motion at the scale of ⇤QCD ⇠ 1/fm. It is also
the much needed process to test the predicted sign change of two most interested TMDs, known as Sivers function and
Boer–Mulders function, when they are measured in SIDIS in comparison with that measured in the Drell–Yan process.

3.1. QCD TMD factorization for Drell–Yan process

With the transverse momentum of the massive lepton pair, qT ⌧ Q , Drell–Yan cross section has effectively two
observed, but, very differentmomentum scales. The perturbatively calculated �̂ in Eq. (5) will have ↵s ln2(Q 2/q2T )-type huge
logarithmic contributions from every power of ↵s in its perturbative expansion, which could clearly ruin the convergence
of the perturbative expansion in powers of ↵s. Furthermore, when qT ⇠ ⇤QCD, the approximation to neglect the transverse
momentum of active partons in QCD collinear factorization approach, the approximation in Eq. (35), is clearly not valid,
and the transverse momentum of active partons could directly influence the qT of produced lepton pair. The QCD improved
Drell–Yan formalism in Eq. (5) should not be valid for this kinematic regime of Drell–Yan process.

QCD TMD factorization generalizes the short-distance production of massive lepton pairs by the collision of two on-shell
collinear partons in Eq. (5) to the collision of two on-shell partons with both collinear as well as transverse momentum
components, and the PDFs to transverse momentum dependent PDFs or TMDs [19,154,155],

d�A+B!l̄l+X (ESa, ESb)
dQ 2dy d2qT

=
X

a,b

Z
dxa dxb d2pa? d2pb? �2(qT � pa? � pb?)

⇥ f DYa/A(xa, pa?, ESa, µ) f DYb/B(xb, pb?, ESb, µ)
d�̂a+b!l̄l(xa, xb,Q , y, µ)

dQ 2dy
+ Y (qT ,Q , y) + O

�
(⇤QCD/Q )↵

�
, (11)


