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Massive Dimuon Pairs in Hadron Collisions 
J.H. Christenson et al., PRL 25 (1970) 1523
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 Target: p+UV+X

 Found: p+U +X

 Observation:

◦ Shoulder-like structure 
around 3 GeV. 

◦ Evidence of J/ was absent 
due to bad momentum 
resolution.

◦ Rapid fall-off of cross section 
with the dimuon mass 
(~1/M5).



The Drell-Yan Process
S.D. Drell and T.M. Yan, PRL 25 (1970) 316
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Drell-Yan “naïve” Parton Model
T.M. Yan, hep-ph/9810268

 Sid and I got interested in the process for 
two reasons: 
(1) we were looking for application of the 
parton model outside deep inelastic 
lepton scatterings, and 
(2) we wanted to understand if the rapid 
decrease of the cross section with the 
muon pair mass could be reconciled with 
the point-like cross sections observed in 
the deep inelastic electron scattering.
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Drell-Yan “naïve” Parton Model
T.M. Yan, hep-ph/9810268

 The key idea in our approach was the 
impulse approximation.

 In infinite momentum frame, 
probe≪initial state . The constituents could 
be treated as free.

 The cross section in the impulse 
approximation is a product of the 
probability to find the particular parton
configuration and the cross section for 
the free parton(s).
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Drell-Yan “naïve” Parton Model
T.M. Yan, hep-ph/9810268

 It is interesting to note that our original 

crude fit did not even remotely resemble 

the data. Sid and I went ahead to publish 

our paper because of the model’s 

simplicity and our belief that future 

experiments would be able to definitively 

confirm or demolish the model.
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Formalism (1)

8F. Olness, CTEQ 2004 Summer School



Formalism (2)

9F. Olness, CTEQ 2004 Summer School



Formalism (3)

10F. Olness, CTEQ 2004 Summer School



Formalism (4)

11F. Olness, CTEQ 2004 Summer School



Formalism (5)

12F. Olness, CTEQ 2004 Summer School



Predictions for Drell-Yan Process
I.R. Kenyon, Rep. Prog. Phys. 45 (1982) 1261

 Scaling: cross sections scales with 𝜏 =
𝑄2/𝑠

 Decay angular distributions: 1 + 𝑐𝑜𝑠2𝜃

 A-dependence of cross sections: ~𝐴1

 Transverse momentum distributions: 

intrinsic parton pT should be small (~300-

500 MeV).
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Drell-Yan Experiments
http://hepdata.cedar.ac.uk/review/dy/
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http://hepdata.cedar.ac.uk/review/dy/


Massive Dimuon Pairs in Hadron Collisions 
J.H. Christenson et al., PRL 25 (1970) 1523
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Hadron absorber
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Dimuon Invariant Mass Spectrum
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Indium-Indium collisions at 158 GeV/nucleon

NA60, PRL 99 (2007) 132302

Random 

Background



Scaling
T.M. Yan, hep-ph/9810268

17

proton induced pion induced



A-dependence of Cross Sections
CIP, PRL 42 (1979) 944
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( )A A 

=1.12 =1.02

The quark-antiquark annihilation that produces dileptons is a point-like electromagnetic 

interaction; the cross section on a nucleus is the incoherent sum of the cross section 

on its component nucleons and will be proportional to A, the atomic number.
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Angular Distribution
I.R. Kenyon, Rep. Prog. Phys. 45 (1982) 1261
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Angular Distributions
CIP, PRL 42 (1979) 948
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Angular Distribution
CDF, PRL 77 (1996) 2616
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Transverse momentum distributions
T.M. Yan, hep-ph/9810268
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A clear increase of  pT of lepton pairs with s.



Absolute Cross Sections

23F. Olness, CTEQ 2004 Summer School



Success and Failure of 

the “naïve” Drell-Yan parton model
 Success:

◦ Scaling of the cross sections (depends on x1 and 
x2 only)

◦ Nuclear dependence (cross section depends 
linearly on the mass A)

◦ Angular distributions (1 + 𝑐𝑜𝑠2𝜃 distributions)

 Failure:

◦ Absolute cross sections (a factor of 2-3 larger 
than expected)

◦ Transverse momentum distributions (much larger 
<pT> than 200-300 MeV) 
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Drell-Yan Process with QCD
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Drell-Yan Process with QCD

 Scaling: The logarithmic corrections in Q2

can be absorbed by Q2-dependent quark and 
antiquark distribution functions of the 
hadrons. Scaling is violated but only 
logarithmically

 Absolute cross section: LO, NLO.

 Angular distribution: Lam-Tung relation.

 Transverse momentum distribution:  A 
large transverse momentum of the lepton 
pair can be produced by recoil of quarks or 
gluons.

26



Absolute Cross Sections
C. Anastasiou et al., PRL 91 (2003) 182002
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Drell-Yan decay angular distributions

28

Collins-Soper frame

 and  are the decay polar 

and azimuthal angles of the 

μ+ in the dilepton rest-frame
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Transverse Momentum Distribution

of Lepton Pairs with Gluon Effects
F. Halzen and D.M. Scott, PRD 18 (1978) 3378
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Transverse Momentum Distribution

of Lepton Pairs with Gluon Effects
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Need of resummation of soft gluons

J.W. Chiu, CTEQ 2014 Summer School



Vector Bosons

31J.W. Chiu, CTEQ 2014 Summer School



Basics of vector bosons

32J.W. Chiu, CTEQ 2014 Summer School



Parton Distributions in Protons
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Wigner Distribution

Transverse Momentum 

Dependent PDF

Generalized Parton Distr. 

PDF Form Factors

GPD

Ji, PRL91,062001(2003)
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Main Processes in Global PDF Analysis
Eur. Phys. J. C (2009) 63: 189–285
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Complementarity between DIS and Drell-Yan
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Naïve Expectation of Nucleon Sea: 

SU(3) Symmetric
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F.E. Close, “An Introduction to Quarks and Partons”
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Parton Distribution Functions (PDF) 

of Protons
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Constraint of x(  𝑑 −  𝑢) in Global 

Analysis

38

E. Pereza and E. Rizvib, arXiv:1208.1178



Is              in the Proton? 
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Gottfried Sum Rule 
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Experimental Measurement of 

Gottfried Sum

New Muon Collaboration (NMC), Phys. Rev. D50 (1994) R1

SG = 0.235 ± 0.026

( Significantly lower than 1/3 ! )

S. Kumano, Physics Reports, 303 (1998) 183



x-dependence of Sea Quarks
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Acceptance for fixed-target experiment: 

xbeam >> xtarget



 Naïve Assumption:

 NMC (Gottfried Sum 

Rule):

 NA51 (Drell-Yan, 1994):

Light Antiquark Flavor Asymmetry:  

Drell-Yan Experiments
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NA 51 Drell-Yan 

confirms 

d(x) > u(x)



 Naïve Assumption:

 NMC (Gottfried Sum 

Rule):

 NA51 (Drell-Yan, 1994):

 E866/NuSea (Drell-Yan, 

1998):

Light Antiquark Flavor Asymmetry:  

Drell-Yan Experiments
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Origin of u(x)d(x)?

 Pauli blocking of valance 
quarks

 Meson cloud in the 
nucleons (Thomas 1983, 

Kumano 1991): Sullivan process 
in DIS.

 Chiral quark model 
(Eichten et al. 1992; Wakamatsu 
1992): Goldstone bosons couple 
to valence quarks.
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Momentum Dependence of the Flavor 

Structure of the Nucleon Sea: NMC vs E866
J.C. Peng et al., PLB 736 (2014) 411 
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E906/SeaQuest Experiment

( ( ) / ( )) up to 0.45d x u x x
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Tevatro

n 800 

GeVMain 
Injector 

120 
GeV

Fermilab E906

 First round of data taking: 

Nov, 2013 – July, 2015.


1H, 2H, and nuclear targets

 Unpolarized Drell-Yan using 

120 GeV proton beam

KEK, RIKEN, Tokyo Tech, Yamagata
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E906/SeaQuest Experiment

48
Shou Miyasaka (Tokyo Tech) 

/2014



E906/SeaQuest Experiment

49
Shou Miyasaka (Tokyo Tech) 

/2014



50
Joint APS/DNP and JPS Meeting , Oct. 7, 2014, Jen-Chieh Peng

50-GeV proton beam



 Vud
2 = Vcs

2 ~ 0.95, Vus
2 = Vcd

2 ~ 0.05, Vub
2 ~ 10-5, Vcb

2 ~ 10-3



⇒ The W charge asymmetry is mainly from u-d quark interactions.

),()( xcxc  )()( xbxb ),()( xsxs 

W+ and W- Production at Colliders
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W+,W-,Z Production at Colliders
A. Kusina et al., PRD 85 (2012) 094028
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Lepton Charge Asymmetry at LHC

53

CMS, PRD 90 (2014) 032004ATLAS, PRD 85 (2012) 072004
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Lepton Charge Asymmetry at LHC
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LHCb, JHEP 12 (2014) 079
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Sea–quark polarization from  W 

production in polarized pp collision
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Parity-violating asymmetry



Parity-violating spin asymmetries in 

W production

56

PHENIX, PRL 106, 062001 (2011)



Parity-violating spin asymmetries in 

W production

57

STAR, PRL 113, 072301 (2014)STAR, PRL 106, 062002 (2011)



Parity-violating spin asymmetries in 

W production

58

PHENIX, arXiv:1504.07451



Longitudinal Polarization of Sea-

Quarks in NNPDFpol1.1
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( ) 0u x 

( ) 0d x 

NPB 877 (2014) 276



Parton Distributions in Protons
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Wigner Distribution

Transverse Momentum 

Dependent PDF

Generalized Parton Distr. 

PDF Form Factors

GPD

Ji, PRL91,062001(2003)
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Quark Distribution Functions
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Quark Momentum Distribution

Quark Helicity Distribution

Quark Transversity Distribution

At leading twist
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Prehistory of Transverse Spin Effect

 1966 Christ and Lee: transverse single-spin 

asymmetry (SSA), a chiral-odd quantity, is 

prohibited by time-reversal invariance in DIS.

 1975 Large SSA in ppX

 1976 Large transverse polarization of  in 

ppX

 1978 Kane, Pumplin and Repko: SSAs shall 

vanish in the massless limit.
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History of Transverse Spin Effect

 1990 Sivers: SSAs originating from the intrinsic 
motion of quarks in a transversely polarized 
hadron.

 1993 Collins: a spin asymmetry in the 
fragmentation of transversely polarized quarks, 
correlating with pt, into an unpolarized hadron, 
which enables the measurement of SSAs in 
SIDIS.

 1993 Collins: Sivers function should vanish due 
to parity and time reversal invariance.
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History of Transverse Spin Effect

 2002 Brodsky, Hwang and Schmidt: SSAs in 

SIDIS might be finite taking account of orbital 

motion of quarks and multiple gluon scattering.

 2002 Collins: Sivers function could be non-

zero due to the gauge link. The Sivers

functions for SIDIS and Drell-Yan processes 

are of opposite sign.
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Transverse momentum dependent 

(TMD) PDF

65

Sivers function
correlation between the 

transverse spin of the nucleon 

and the transverse momentum 

of the quark.

sensitive to orbital angular momentum

Boer-Mulders 

function
correlation between the 

transverse spin and the

transverse momentum 

of the quark in unpolarized

nucleons

1 ( , )T Tf x k

1 ( , )Th x k

arXiv:1212.1701



How to measure SSAs?

 Semi-Inclusive DIS: ambiguity associated with 
fragmentation process

◦ Single-hadron (Collins fragmentation function, Sivers
function)

◦ Two hadrons (Interference fragmentation function)

◦ Vector meson polarization

◦ Λ – polarization

 Drell-Yan: small cross sections but free from fragmentation

 Proton-proton collision: inclusive single-hadron, prompt 
jet, prompt photon production
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Chiral-odd → not accessible in DIS

Require another chiral-odd object



High energy spin experiments
C.A. Aidala, S.D. Bass, D. Hasch, G.K. Mallot, Rev. Mod. Phys. 85, 655–691 (2013)
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Semi-Inclusive DIS (SIDIS)

68

2 2( )W P q 
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Collins and Sivers Asymmetries in SIDIS
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Global Analysis of Sivers Functions from 

SIDIS
M. Anselmino et al., PRD 86 (2012) 014028
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Global Analysis of Sivers Functions from 

SIDIS
M. Anselmino et al., PRD 86 (2012) 014028
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Global Analysis of Sivers Functions from 

SIDIS
M. Anselmino et al., PRD 86 (2012) 014028
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Non-Universality of Sivers Functions
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
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Sivers | Sivers |1*DY SIDIS 

Drell-Yan SIDIS

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

• Experimental confirmation of the sign change will be a 
crucial test of perturbative QCD and TMD physics.



“Opposite Sign of SSA for SIDIS and DY” NLO QCD
Z-B Kang, B-W Xiao and F. Yuan, PRL 107, 152002 (2011)
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•Ji-Ma-Yuan factorization
•Collins-Soper-Sterman resummation

q Q

T T

q q
DY SIDIS

C C  

q Q



Single transversely-polarized Drell-Yan cross-section in LO 

QCD Parton Model
S. Arnold, et al., Phys. Rev. D79 (2009) 034005 
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Transversely-polarized 
Drell-Yan experiments !!!

TS
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experiment particles energy x1 or  x2 luminosity timeline

COMPASS
(CERN)


± +  p↑ 160 GeV

s = 17.4 GeV
xt = 0.2 – 0.3 2 x 1033 cm-2 s-1 2014, 2018

PAX
(GSI)

p↑+ pbar

collider
s = 14 GeV

xb = 0.1 – 0.9 2 x 1030 cm-2 s-1 >2017

PANDA
(GSI)

pbar + p↑ 15 GeV
s = 5.5 GeV

xt = 0.2 – 0.4 2 x 1032 cm-2 s-1 >2016

NICA
(JINR)

p↑ + p
collider
s = 20 GeV

xb = 0.1 – 0.8 1 x 1030 cm-2 s-1 >2018

PHENIX
(RHIC)

p↑ + p
collider
s = 500 GeV

xb = 0.05 – 0.1 2 x 1032 cm-2 s-1 >2018

RHIC internal
target phase-1

p↑ + p
250 GeV
s = 22 GeV

xb = 0.25 – 0.4 2 x 1033 cm-2 s-1 >2018

RHIC internal
target phase-1

p↑ + p
250 GeV
s = 22 GeV

xb = 0.25 – 0.4 6 x 1034 cm-2 s-1 >2018

FNAL Pol tgt
(E1039)

p + p↑ 120 GeV
s = 15 GeV

xt = 0.1 – 0.45 3.4 x 1035 cm-2 s-1 2016

FNAL Pol beam 
(E1027)

p↑ + p
120 GeV
s = 15 GeV

xb = 0.35 – 0.85 2 x 1035 cm-2 s-1 2018

Planned Polarized Drell-Yan Experiments

Wolfgang Lorenzon



COMPASS Collaboration
(Common Muon and Proton Apparatus for Structure and Spectroscopy)
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• 24 institutions from 

13 countries –

nearly 250 

physicists

• Fixed-target 

experiment at SPS 

north area

• Physics programs:

• Nucleon spin 

and partonic

structures

• Hadron 

spectroscopy



CAMERA recoil proton detector 

surrounding the 2.5m long  

LH2 target

18 -10- 2012

ECAL0

ECAL2

ECAL1
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COMPASS Setup (Drell-Yan Runs)

80

Beam:

Target:

Polarized lepton beam : μ+, μ- 50-280 GeV/c

Hadron beam : π+, π+, K+, K-, p

Polarized NH3 and 6LiD target

Liquid hydrogen target

Nuclear target

Target Region

Small Angle 

Spectrometer

(SAS)

Large Angle Spectrometer (LAS)



Polarized NH3 Target
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Cryogenic


3He-4He dilution refrigerator
 T~50mK

Magnet
Superconducting solenoid : 2.5 T
Dipole filed: 0.5 T

Target
Materials: p(NH3)
Dilution factor: 0.22
Polarization: >90%Two 55 cm long target cells spaced by 20 cm



Polarized NH3 Target
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Magnet



Hadron Absorber & Nuclear Targets

83

• Absorber: 236 cm long, made of 
Al2O3.

• Beam plug: 120 cm long, made of 
tungsten.

• Radiation lengths (multiple scattering for 

): x/X0 = 33.53 

• Hadronic interaction lengths 
(stopping power for ): x/int = 7.25

• 7cm Al target 

WAl



Hadron Absorber & Nuclear Targets
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24 9 GeV/cM  
22 2.5 GeV/cM  

Theoretical Predictions vs. Expected Precision

85

Sivers SiversBoer-Mulders Boer-Mulders

BMPretze. BMtransv BMPretze. BMtransv

M. Anselmino et. Al, Eur.Phys.J.A39:89-100,2009. 

V. Barone et al., Phys. Rept. 359 (2002) 1.

B. Zhang et al., Phys. Rev. D77 (2008) 054011,
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Overlapping Kinematic Region

SIDIS and DY have overlapping acceptance at COMPASS

 Consistent extraction of TMD PDFs in the same region.



COMPASS DY Run Schedule

 Oct – Dec 2014: commission runs 

(completed).

 May – Nov 2015: polarized Drell-Yan 

measurement. Physics data-taking started 

from June.
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DimuonVertex Distributions 

(2014 DY)

88



Dimuon Invariant-mass Distributions 

(2014 DY)
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Nucleon Partonic Structure

90

Wigner Distribution

Transverse Momentum 

Dependent PDF

Generalized Parton Distr. 

PDF

d
x

Form Factors

GPD

Ji, PRL91,062001(2003)
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Generalized Parton Distribution 

(GPD)

91

• non-local

• non-diagonal

Deeply virtual Compton scattering (DVCS)

M. Guidal, H. Moutarde and M. Vanderhaeghen, Rep. Prog. Phys. 76 (2013) 

066202.

, , , ( , , )q q q qH E H E x t



Generalized Parton Distribution

92

• 1+2D description of the nucleon structure

• Correlations among longitudinal momenta and transverse positions

• Connection to quark orbital angular momentum

JLAB12 CDR, arXiv:1208.1244 

https://www.jlab.org/div_dept/physics_division/GeV/doe_review/CDR_for_Science_Review.pdf
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The first moments

The orbital angular momentum of quarks can be 

known.



Worldwide Activities for Measuring 

GPD

94
arXiv:1208.1244 



Spacelike vs. Timelike Processes
Muller et al., PRD 86 (2012) 031502
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Deeply Virtual Compton Scattering Timelike Compton Scattering

2 0q  2 0q 

 channel crossings u



Spacelike vs. Timelike Processes
Muller et al., PRD 86 (2012) 031502
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Deeply Virtual Meson Production Exclusive Meson-induced DY

2 0q  2 0q 

 channel crossings u
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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 High-momentum Beam Line
(Hi-P BL)

• High-intensity secondary Pion beam

• High-resolution beam: Δp/p ~ 0.1%
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15kW Loss Target (SM)

30 GeV proton



J-PARC High-momentum Beam Line
(Hi-P BL)

• 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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Positive Hadron Beams
(Prod. Angle = 3.1 deg.)
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N+-N
E.R. Berger, M. Diehl, B. Pire, PLB 523 (2001) 265
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𝑡 = 𝑝 − 𝑝′ 2

𝑄′2 = 𝑞′2 > 0
2 2

2

' '

2 N

Q Q

pq s M
  



( ')

( ')

p p

p p











H, E( , , )x t

x  x 



Differential Cross Sections (Q2,t,)
E.R. Berger, M. Diehl, B. Pire, PLB 523 (2001) 265
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𝑡 = 𝑝 − 𝑝′ 2

𝑄′2 = 𝑞′2 > 0
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GPD  𝐻(𝑥, 𝜂, 𝑡) Double Integration
E.R. Berger, M. Diehl, B. Pire, EPJC 23, 675 (2002)
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 𝐻(𝑥, 𝜂 = 0, 𝑡 = 0)=polarized valance distribution



GPD  𝐸(𝑥, 𝜂, 𝑡) Pion-pole Dominance
E.R. Berger, M. Diehl, B. Pire, EPJC 23, 675 (2002)
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N+-N
E.R. Berger, M. Diehl, B. Pire, PLB 523 (2001) 265
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𝑸′𝟐 = 𝒒′𝟐 = 𝟓 𝑮𝒆𝑽𝟐

2 2

2

' '
0.2

2 N

Q Q

pq s M
   


𝑡 = 𝑝 − 𝑝′ 2=-0.2 GeV2

Cross sections increase toward small s!

|t| (GeV2)



N+-N: 

CERN (190 GeV) vs. J-PARC (15 GeV)
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M > 1.5 GeV

>5 pb

CERN, P=190 GeV, =0.65 pb
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𝜋−p → 𝜇+𝜇−𝑛
Missing Mass Technique in E-50 Spectrometer + 

MuID
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LH2-target

Ring Image

Cherenkov

Counter

Internal DC

FM magnet

s


K

Fiber tracker

Beam GC

Internal TOF

Internal TOF
DC

TOF wall

2m

Decay 

p()

20 GeV/c

Beam 

Acceptance: ~ 60% for D*,  ~80% for decay +

Resolution: p/p~0.2% at ~5 GeV/c （Rigidity： ~2.1 Tm)

||<60

Scintillator Muon 

trigger device

 

 



Experimental Conditions

 Target :  57cm LH2 (nTGT=4 g/cm2 )

 ε(DAQ, Tracking, PID) = 0.9*0.7*0.9

 Beam momentum resolution:  Δp/p = 

0.1 %

 Detector resolution:  ΔM/M = 1 %

 Exclusive DY: ~ 1.2 events/day/pb for 

Ibeam=107 π/s

 Beam Time: 50 days
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Geant 4.9.3

(E-50 spectrometer + Muon ID)

・ Exclusive Drell-Yan
GPD:

Pire 2001: EPJC 23, 675 (2002)

Kroll 2013: EPJC 73, 2278 (2013)

Kroll 2015: arXiv: 1506.04619

・ Inclusive Drell-Yan 

Pythia 6.4.26

・ Background
JAM 1.132

π π+

10 GeV 2.11 nb 0.323 nb

15 GeV 2.71 nb 0.493 nb

20 GeV 3.08 nb 0.616 nb

-

π-

(Pire 2001)

π-

(Kroll 

2013)

π-

(Kroll 

2015)

10 GeV 6.28 pb 17.53 pb 140 pb

15 GeV 4.66 pb 10.64 pb 20 pb

20 GeV 3.69 pb 7.24 pb

π π+

10 GeV 26.9 mb 24.8 mb

15 GeV 25.8 mb 24.1 mb

20 GeV 25.1 mb 23.5 mb

-

Event Generator
Inclusive Drell-Yan (Mμμ>1.5 GeV)

Exclusive Drell-Yan (Mμμ>1.5 GeV, |t-t0|<0.5 GeV2)

Hadronic Background

Total Cross Section

Particle Transportation 

+ Detector

Yield Estimation

109



𝜋−p → 𝜇+𝜇−𝑛
MX In E-50 Spectrometer + MuID
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1.5 < Mμ+μ- < 2.9 GeV/c2π- beam   50 days 

10 GeV 15 GeV 20 GeV

Beam Momentum
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Missing Mass  MX (GeV/c2) Missing Mass  MX (GeV/c2)

Exclusive DY

Inclusive DY

Exclusive DY

Inclusive DY

BG BG BG

Exclusive DY

Inclusive DY

• The signal of exclusive Drell-Yan processes can be clearly 

identified in the missing mass spectrum of dimuon pairs.

• Because of the low event rate, this program could be 

accommodated into the E50 experiment.

S. Sawada (KEK)

S. Kumano (KEK)

J.C. Peng (UIUC)

T. Sawada (AS)

W.C. Chang (AS)



GPD(xB,t;Q
2) from space-like and 

time-like processes
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• J-PARC: time-like approach and large-Q2 region.

Large-Q2 region



Impacts of GPD measurements at J-

PARC
 Information of GPD at large-Q2 region.

 Test of universality of GPD in space-like 

and time-like processes.

 Test of QCD-evolution properties of 

GPD.

 Test of factorization of exclusive Drell-

Yan process.
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Summary

 Drell-Yan process, based on the EM annihilation of 
quarks and antiquarks from two hadrons,  is a powerful 
experimental tool for exploring nucleon quark 
structures. 

 Unique information of sea quark distributions has been 
obtained with Drell-Yan/W-boson experiments. 

 The coming polarized Drell-Yan experiments will offer 
a clean ground for extracting TMD functions without 
the complication of fragmentation.  A successful 
measurement of Sivers and Boer-Mulders functions in 
Drell-Yan process will mark a milestone of perturbative
QCD and TMD physics.

 The measurement of exclusive meson-induced Drell-
Yan process at J-PRAC will determine GPD in time-like 
process and large-Q2 region.
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