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Outline

• Drell-Yan process: a time-like approach to explore 
the partonic structures of hadrons

• TMDs:

– Boer-Mulders (BM): 𝜈 (unpolarized), 𝐴𝑇
sin 2𝜙𝐶𝑆−𝜙𝑆 (polarized)

– Sivers: 𝐴𝑇
sin 𝜙𝑆 (polarized)

• GPDs: measurements with hadron beam at J-PARC

– Exclusive pion-induced DY (10-20 GeV 𝜋− beam)

– 2-3 hard hadronic process (30 GeV proton beam)

• Summary
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Drell-Yan Process
S.D. Drell and T.M. Yan, PRL 25 (1970) 316
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Dimuon Invariant Mass Spectrum
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Drell-Yan Process with

the 𝑂(𝛼𝑠
1) QCD Effect
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Quark-antiquark (qത𝑞) annihilation with the virtual gluon correction 

Quark-antiquark (qത𝑞) annihilation

with one real gluon 

Quark-gluon (𝑞𝐺) Compton scattering



Drell-Yan Process with

the 𝑂(𝛼𝑠
2) QCD Effect
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*qq G→

*qq GG→

*qq qq→

*qq qq→
NPB319 (1989) 37



Fixed-order pQCD Calculations
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PRL 128, 252001 (2022)

5-10% accuracy



Proton PDFs
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Leading-Twist Transverse-momentum 

Dependent Parton Density Function (TMDs)
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SIDIS vs. Drell-Yan
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DIS 2021, Y.H. Lien

https://indico.bnl.gov/event/9726/contributions/46025/


Boer-Mulders Effect (ℎ1
⊥) in SIDIS
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HERMES, AIP Conf. Proc. 1149, 423 (2009).

Barone et al., PRD 81, 114026 (2010) [arXiv:0912.5194]



Decay Angular Distributions
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Collins-Soper frame

 and  are the decay polar 

and azimuthal angles of the 

μ+ in the dilepton rest-frame

0
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NA10 @ CERN: Violation of LT
Z. Phys. 37 (1988) 545 
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Boer-Mulders Effect (ℎ1
⊥) in Drell-Yan

Boer, PRD 60, 014012 (1999)
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• ℎ1
⊥ represents a correlation 

between quark’s 𝑘𝑇 and 

transverse spin 𝑆𝑇 in an 

unpolarized hadron.

• ℎ1
⊥ could lead to an azimuthal 

dependence with 
𝜈

2
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┴(p) are of the same sign. - J.C. Peng, Transversity 2014



Fixed-order pQCD Contribution

151 2;: ( : () )s sNNLO O NLO O 

The pQCD contribution accounts for the majority of non-zero 𝜈!

W.C. Chang, R.E. McClellan, J.C. Peng, O. Teryaev, PRD 99, 014032 (2019) 



COMPASS @ CERN: Violation of LT

16DIS 2021 proceedings, Y.H. Lien

−+W 190-GeV2015 runs

https://scipost.org/SciPostPhysProc.8.028


Nonzero Sivers 

Asymmetries in SIDIS
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Sivers Functions

PRD 86, 014028 (2012) 

[arXiv:1204.1239]

COMPASS, PLB 744 (2015) 250
TS

Signals of flavor-dependent Sivers functions in SIDIS



Sign Change of T-odd Sivers/BM Functions
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Sivers/BM | *Sivers/1 BM |DY SIDIS−=

Drell-Yan SIDIS

• QCD gluon gauge link (Wilson line) in the initial state (DY) vs. final 
state interactions (SIDIS).

• Fundamental predictions from perturbative QCD and 
TMD physics will be tested.

J.C. Collins, Phys. Lett. B 536 (2002) 43

A.V. Belitsky, X. Ji, F. Yuan, Nucl. Phys. B 656 (2003) 165

D. Boer, P.J. Mulders, F. Pijlman, Nucl. Phys. B 667 (2003) 201

Z.B. Kang, J.W. Qiu, Phys. Rev. Lett. 103 (2009) 172001



COMPASS Polarized NH3 Target
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(0.6 T)

Polarization: 70%

Relaxation time: 1000 hrs Target cell: 55 cm (L) * 4 cm (R)



COMPASS Polarized NH3 Target
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Magnet



Tungsten 

beam plug

AlNH3

COMPASS 2015 Transversely 

Polarized Drell-Yan Run 
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COMPASS, PRL 119 (2017) 112002



Dimuon Invariant-mass Distributions 

(2015 Trans.-pol. Drell-Yan Runs)
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COMPASS, PRL 119 (2017) 112002
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Transverse Spin Asymmetries 

in Trans.-pol. Drell-Yan: Sivers
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Sivers in Polarized Drell-Yan
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sign change

no sign change
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Supporting sign change!



Transverse SSA of W production 

in polarized pp collisions at RHIC
STAR, PRL 116 (2016) 132301
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Global Analysis of Sivers Functions
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M. G. Echevarria, Z.-B. Kang, and J. Terry, JHEP01(2021)126, arXiv: 2009.10710



Global Analysis of Sivers Functions
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M. Bury, A. Prokudin, and A. Vladimirov, PRL 126, 112002 (2021), arXiv: 2012.05135



Sivers in Polarized Drell-Yan
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Statistics:

2015: 35K

2018: 37K

COMPASS, PRL 133, 071902 (2024)

Agreeing with the sign-change of Sivers function!
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Transversity in Polarized Drell-Yan
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Statistics:

2015: 35K

2018: 37K

COMPASS, PRL 133, 071902 (2024)
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Berger, Diehl, and Pire, EPJC 23, 675 (2002)
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Muller et al., PRD 86 031502(R) (2012)

Deeply Virtual Meson Production 

(DVMP)
2 0q 

 channel crossings u

2 0q  2 0q 

 channel crossings u

+

-
Deeply Virtual Compton Scattering 

(DVCS)

Time-like Compton Scattering 

(TCS)

𝜋

𝛾∗

𝛾∗

𝛾∗

𝛾 𝛾

Experimental Approach

Collins, Frankfurt and Strikman, PRD 56, 2982 (1997)

Ji, PRL 78, 610 (1997); Radyushkin, PLB 380, 417 (1996)

+

-𝜋

𝛾∗

Exclusive meson-induced DY

2 0q 

𝑁′, Δ𝑁′, Δ

𝑁′, Δ 𝑁′, Δ

CLAS12, PRL 127, 262501 (2021)

q2<0, space-like q2>0, time-like

q2<0, space-like q2>0, time-like



𝜋𝑁 → 𝑙+𝑙−𝑁 (handbag diagram)
E.R. Berger, M. Diehl, B. Pire, PLB 523 (2001) 265
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Cross sections increase toward 
small s (→ low beam energy)

Production is dominant at forward 
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Differential Cross Sections of 𝜋𝑁 → 𝑙+𝑙−𝑁
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Beyond the Leading Twist
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Transversity GPDs: 𝐻𝑇, ത𝐸𝑇

S.V. Goloskokov, P. Kroll, PLB 748 (2015) 323

http://dx.doi.org/10.1016/j.physletb.2015.07.016
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J-PARC Facility
(KEK/JAEA）

Bird’s eye photo in January of 2008

South to North

Experimental
Areas

Neutrino Beams
(to Kamioka)

JFY2009 Beams

Hadron Exp. 
Facility

Materials and Life 
Experimental Facility

JFY2008 Beams

3 GeV 
Synchrotron

JFY2007 Beams

Linac



J-PARC Hadron Hall 

(Current Status)

35

A-line 

B-line 

C-line 

https://kds.kek.jp/event/44086/contributions/232014/attachments/165527/215424/hd-facility.pdf

E16

30 Gev

https://kds.kek.jp/event/44086/contributions/232014/attachments/165527/215424/hd-facility.pdf


Hadron Hall Extension

36https://www.rcnp.osaka-u.ac.jp/~jparchua/en/hefextension.html

https://arxiv.org/abs/2110.04462

Hadron extension project was selected as the top priority in the KEK mid-term plan (KEK-PIP2022)!

https://www.rcnp.osaka-u.ac.jp/~jparchua/en/hefextension.html
https://arxiv.org/abs/2110.04462


• High-intensity secondary pion beam

• High-resolution beam: Δp/p ~ 0.1%

* Sanford-Wang: 15 kW Loss on Pt, Acceptance :1.5 msr%, 133.2 m
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J-PARC E50/MARQ Experiment
(Charmed Baryon Spectroscopy)
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http://www.rcnp.osaka-u.ac.jp/~noumi/puki/E50/


Top View

(0.2m) (2.3 m)

(2.4x1.8 m2)

(3.5x2.5 m2)

Muon-ID Wall

Original Configuration

for Charmed Baryon Spectroscopy
Extension part

J-PARC E50/MARQ Experiment

for Drell-Yan measurement
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𝜋−𝑁 → 𝜇+𝜇−𝑋 Missing-mass MX

40

・ 1.5 < Mμ+μ- < 2.9 GeV

・ |t - t0|< 0.5 GeV2 

Pπ = 10 GeV 15 GeV 20 GeV
𝜋− Beam Momentum

MX (GeV) MX (GeV) MX (GeV)

・ “GK2013” GPDs

Exclusive
Drell-Yan

Random
backgrounds

Inclusive 
Drell-Yan

Total

J/𝜓

The exclusive Drell-Yan events could be identified by the 
signature peak at the nucleon mass in the missing-mass 
spectrum for all three pion beam momenta.

・ Data Taking: 50 days 

Takahiro Sawada, Wen-Chen Chang, Shunzo Kumano, Jen-Chieh Peng, 

Shinya Sawada, Kazuhiro Tanaka, PRD 93 (2016) 114034



|t - t0|  (GeV2) |t - t0|  (GeV2) |t - t0|  (GeV2)

Pπ = 10 GeV 15 GeV 20 GeV

𝜋− Beam Momentum

The statistics sensitivity is good enough for
discriminating the predictions from two
current GPD models.

・ 1.5 < Mμ+μ- < 2.9 GeV

・ |t - t0|< 0.5 GeV2 

GK2013 (red)
BMP2001 (black)

GK2013 (red)
BMP2001 (black)

GK2013 (red)
BMP2001 (black)

・ Data Taking: 50 days 

Sensitivity to N GPDs
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Takahiro Sawada, Wen-Chen Chang, Shunzo Kumano, Jen-Chieh Peng, 

Shinya Sawada, Kazuhiro Tanaka, PRD 93 (2016) 114034



• JLAB, HERMES, COMPASS → Space-like approach
• J-PARC →  Time-like approach

Q
2

o
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Q
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2
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xB or τ (GeV2)

Universality of GPDs
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Staging Plan of π20 Beamline

43https://www.rcnp.osaka-u.ac.jp/~jparchua/en/hefextension.html

https://arxiv.org/abs/2110.04462

Phase 1 (105/spill) : Use the Lamberton magnet as a target.

Phase 2 (a few 106/spill) : Install a production target and 
replace magnet.

Phase 3 (6x107/spill) : Full shield and intensity

https://www.rcnp.osaka-u.ac.jp/~jparchua/en/hefextension.html
https://arxiv.org/abs/2110.04462


T106: First Measurement of Secondary Beams 

at the J-PARC High-Momentum Beam Line (Jan. 2025)

44Hadron 2025, H. Noumi

https://indico.rcnp.osaka-u.ac.jp/event/2402/contributions/15046/attachments/9309/12462/hadron2025-t106.pdf


T106: First Measurement of Secondary Beams 

at the J-PARC High-Momentum Beam Line (Jan. 2025)

45Hadron 2025, H. Noumi

https://indico.rcnp.osaka-u.ac.jp/event/2402/contributions/15046/attachments/9309/12462/hadron2025-t106.pdf


T106: First Measurement of Secondary Beams 

at the J-PARC High-Momentum Beam Line (Jan. 2025)

46Hadron 2025, H. Noumi

https://indico.rcnp.osaka-u.ac.jp/event/2402/contributions/15046/attachments/9309/12462/hadron2025-t106.pdf


GPDs with Proton Beams:

2-to-3 Hard Process

47Kumano, Strikman, and Sudoh, PRD 80, 074003 (2009) 



𝑁 +𝑁 → 𝑁 + 𝜋 + 𝐵(𝑛, Δ0, Δ++)

48

h N (b)

N (d)

𝜋 (c)

Kumano, Strikman, and Sudoh, PRD 80, 074003 (2009) 

2( )b dt p p = −

2( )a ct p p= −

( ) ( )c d

T Tp p −

GPD



𝑁 +𝑁 → 𝑁 + 𝜋 + 𝐵(𝑛, Δ0, Δ++)

49

• Possible measurement within the on-going J-PARC E16 experiment is 

considered. [N. Tomida] 
• The –t’ (~ qT of forward-moving N) dependence could be used to explore the x-

dependence of GPDs. [Qiu & Yu, JHEP 08 (2022) 103, PRD 107 (2023) 014007, 

arXiv:2305.15397]

Kumano, Strikman, and Sudoh, PRD 80, 074003 (2009) 



E16 Experiment at J-PARC

• E16 will measure the 
e+e- decay of ρ, ω, 
mesons produced in 30-
GeV p+A (C, Cu, Pb, 
etc.) reactions.

• Modification of line 
shapes in nuclear matter 
as the evidence of chiral 
symmetry restoration. 

• Commission runs (Run 
0): 
2020,2021,2023,2024.

• Run 1: Nov/2025

50



E16 Acceptance/PID Performance

, 15degp  
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E16: p(30 GeV)p→pπ+n
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The forward opening 

of the current setting 

significantly limits the 

acceptance of t’. 

, 15 deg, 160 degp p   − 

52



“Mini-MARQ”: p(30 GeV)p→pπ+n

53
N. Tomida, Hadron 2025

https://indico.rcnp.osaka-u.ac.jp/event/2402/contributions/14977/attachments/9383/12578/HADRON2025_tomida4_upload.pdf


“Mini-MARQ”: p(30 GeV)p→pπ+n

54
N. Tomida, Hadron 2025

https://indico.rcnp.osaka-u.ac.jp/event/2402/contributions/14977/attachments/9383/12578/HADRON2025_tomida4_upload.pdf


Single Diffractive Hard 2-to-3 Processes

55

12 2( ) ( )( ) ( ) ( )C q DB p h p h pq  + → + +

Jian-Wei Qiu and Zhite Yu
JHEP 08 (2022) 103; PRD 107 (2023) 014007; PRL 131 (2023) 161902

The x-dependence of GPDs can be extracted in these processes!



Single Diffractive Hard 2-to-3 Process

B h C D Process

𝛾∗ N 𝛾 DVCS

𝛾∗ N 𝜋, 𝜙, 𝐽/𝜓 DVMP

𝛾∗ N 𝑙+ 𝑙− DDVCS

𝛾 N 𝑙+ 𝑙− TCS

𝛾 N 𝛾 𝜋, 𝜙, 𝐽/𝜓

𝛾 N 𝛾 𝛾

𝛾 N 𝜋, 𝜙, 𝐽/𝜓 𝜋, 𝜙, 𝐽/𝜓

𝜋 N 𝑙+ 𝑙− Exclusive Drell-Yan

𝜋 N 𝛾 𝜋, 𝜙, 𝐽/𝜓

𝜋 N 𝛾 𝛾

𝜋 N 𝛾 𝜋, 𝜙, 𝐽/𝜓

N N meson Baryon S. Kumano et al., PRD 80 (2009) 074003
56

12 2( ) ( )( ) ( ) ( )C q DB p h p h pq  + → + +



Summary

• Drell-Yan process, complementary to DIS, SIDIS 
,DVCS, and DVMP, is a time-like approach to 
explore PDFs, TMDs and GPDs.

• TMDs:
– Unpolarized Drell-Yan: the cos 2𝜙 angular distribution 

can be used for extraction of BM.

– Polarized Drell-Yan: COMPASS TSAs support the 
predicted sign change of Sivers as well as BM.

• GPDs:
– Universality of GPDs could be checked with the 

exclusive Drell-Yan process and 2-3 hard process 
with the pion/proton beams at J-PARC.
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Thank you and Prof. T.M. Yan
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