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The proton in multiple dimensions

Wigner distributions
W (x, ~kT ,~b?)

Generalized transverse  
momentum distributions   

GTMDs

Fourier  
transform

Z
d2~b?

transverse-momentum  
dependent PDFs (TMDs)

Z
d2~kT

impact-parameter 
distributions

Generalized parton  
distributions  GPDs

Fourier  
transform
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Transverse Momentum Distributions Ð 3D!

3D Maps of partonic distributions
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SIDIS measurements - unpolarized [Andrew Puckett, Marcin Stolarski ,  
  Anselm Vossen]

Brand new! Hall A SIDIS cross sections: 3He(e,eÕ! +/-)X 

! X. Yan et al., published March 24, 2017: Phys. Rev. C 95, 035209 (2017): E = 5.9 GeV, 0.12 < 
x < 0.45, 0.45 < z < 0.65, 0.05 < pT < 0.55 GeV/c, 1 < Q2 < 4 GeV2

! Data in qualitatively good agreement with a factorized, LO, 
leading-twist parton-model picture. 

4/4/17 DIS 2017, Birmingham, UK 11

! Hall A: e+3He       eπ±X cross section
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Results

Multiplicities of Kaons on Iso-Scalar Target

COMPASS extracted
Kaon multiplicities

More than 620 data points

Recently published in
PLB 767 (2017) 133
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K+/K - multiplicity ratios @ large z !  LO  
large "  dependence 

Constrain spin-independent FF 

! COMPASS π± and K± multiplicities

! New di-hadron measurements in e+e- from Belle



Transverse !  polarization measurements: 
polarized FFsZL, PT DEPENDENCE OF OBSERVED L  

POLARIZATION

• Polarization rises with 'O in the lowest %Y and highest %Y bin. But the dependence reverses 
around 1 GeV in the intermediate %Y binsàUnexpected!

• Results are consistent between Λ and ΛB and Λ	- ΛB data ratio.

• Correlation with opposite hemisphere light meson àquark flav/charge dependence

• Sign of asymmetry dependent on quark charge cf Sivers
Asymmetries corrected for feed-down contributions from S and Lc

15

[Anselm Vossen, Jincheng Mei]

behaviour at intermediate  
z unexpected

DIS17,  Jincheng Mei

Results of DTT

! < 0! > 0

✦ Most precise measurement on    (   ) polarization in p+p collision at RHIC, which reach pT 
~8 GeV/c with statistical uncertainty of 0.04 .

✦ The dominant source of systematic uncertainty is from relative luminosity in low pT.

✦ DTT  of     and    are consistent with each other and consistent with zero at the current 
precision.

✦ Results of transverse spin transfer DTT of    and     in p+p collision at 200 GeV.

STAR Preliminary STAR Preliminary

14

⇤ ⇤̄

⇤ ⇤̄

⇤ ⇤̄

feed-down contribution included feed-down contribution included 
3.4% beam polarization uncertainty included 3.4% beam polarization uncertainty included 

#, # consistent with zero
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! Belle

! STAR



Sivers SIDIS and Drell Yan [Bakur Parsamyan, James Drachenberg]
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Drell-Yan TSAs – Sivers 
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New! 03 April 2017! COMPASS CERN-EP-2017-059,  arXiv:1704.00488[hep-ex]  ! COMPASS: first Sivers Drell-Yan measurement

5 April 2017 Bakur Parsamyan 62 

Sivers asymmetry in Drell-Yan: sign change 

sign change 
 
 
 
 
 
 
 
 
no 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 

New! 03 April 2017 
COMPASS 
CERN-EP-2017-059   
arXiv:1704.00488[hep-ex]  
 

Weak&Boson&Asymmetries&at& '� = 500 GeV

29Recent.Transverse.Spin.Developments.at.RHIC.; Drachenberg

First&Measurement&of&1G for&Weak&Bosons!
Global&fit&to&the&(unevolved)&KQ&prediction:
• solid&line:&assume.Sivers sign.change:.HI/J = 7.4/6
• dashed&line:&assume.no.sign.change: HI/J = 19.6/6
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PRL.116,.132301.(2016)

Exploratory&Measurement&from&a&small&dataset! STAR: exploratory Sivers sign-change measurement

! Measurements from PHENIX to come

f ! q
1T |SIDIS = ! f ! q

1T |DY



More TMDs [Marie Boer,Adam Szabelski, Bakur Parsamyan, 
Gaku Mitsuka, Mike Skoby]
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2) Open heavy flavor transverse spin asymmetry (vs xF)

arXiv:1703.09333

New result !

decay into µ- decay into µ+

M. Boër, LANL Transverse spin physics at PHENIX DIS 2017, Birmingham, UK 14/18

Twist 3 model: Y. Koike, S. Yoshida, PRD84:014021 (2011) 

AN calculations for D mesons provided by S. Yoshida.

- Main contribution to single muons: D-meson decay (~ 60% to 92% at lower p
T
)

- Decay into µ+ and µ- comparison

- Results consistent with zero within uncertainties

- Model predictions at twist 3 within collinear factorization framework consistent with 
measurement. Original calculations for D meson translated to single µ decay.

! Phenix gluon Sivers:  
Heavy flavour - D meson decay into µ+

! COMPASS - gluon Sivers 
! COMPASS - full set of single/di-hadron SSAs 

on longitudinally polarized target 
! factorization-breaking and color-

entanglement studies at PHENIX

 (atomic mass number)A
0 100 200

N
A

0

0.2

0.4

p Al Au

3% scale uncertainty not shown

=200 GeVNNs n+X at →+A ↑p
 < 2.2 mradθ > 0.5, 0.3 < Fx

PHENIX
  

 ZDC inclusive 

1.2 Inclusive AN for forward neutrons

Prediction before the measurement: 
weak A-dependence 
(Reggeon exc. and/or nuclear effects) 

Surprisingly strong A-dependence 
→ whats mechanisms do produce  
      such strong A-dependence?  
→ hint: how does AN behave with  
      the other triggers?

5

PHENIX, arXiv:1703.10941

! Large pA →nX asymmetries PHENIX

ultra-peripheral collisions



Fits and extractions
[Cristian Pisano, Marco Radici, Leonard Gamberg,  
Emanuele Nocera, Nobuo Sato] 

SIDISh!

COMPASS data
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SIDIS (HERMES & COMPASS) Drell-Yan  

(Fermilab)
Z-boson (CDF & D0)

old fit

new fit (pp STAR data added)

Soffer bound

Drell-Yan data
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The peak is now at about 1 GeV, it was at 0.4 GeV
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Z-boson production
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CDF

I The peak is now at 4 GeV

I Most of the �2 is due to normalization
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! First global fit - unpolarized TMD PDFs & FFs

! Transversity from di-hadron production in 
SIDIS, e+e-, pp

! Matching collinear and TMD  
    factorization 
! NNFF1.0: fragmentation functions 
! First Monte Carlo analysis of  

fragmentation functions 
! Test of fragmentation functions  
     in Pythia 

! Validation of TMD factorization 
and evolution
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Helicity PDFs
[Barbara Badelek, Wally Melnitchouk , Qinghua Xu, Bernd Surrow]
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Results on A

p
1(x) and g

p
1(x)

A

p
1(x) and g

p
1 (x) shown at the measured values of Q2

Bands of systematic uncertainties for each energy separately
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PLB 753 (2016) 18

Good agreement of Ap
1(x) and g

p
1 (x) with world data

g

p
1 (x) clearly positive at lowest measured values of x

B. Badelek (Warsaw ) Final COMPASS results on gp
1 and gd

1 DIS2017 16 / 34

g1p(x)>0 at low x  
g1d(x)! 0 at low x

Q2>1 GeV2

W AL results Ð STAR 2013��

Qinghua Xu (Shandong U.) 18 

¥!  New preliminary AL results
 at near-forward rapidity !  

  
¥!  STAR 2013 results are the

 most precise measurements
 of W AL so far. 

    ��

 

DIS2017 

W-��

W+��

! MC analysis of PDFs! STAR! COMPASS 
full data set for g1p(x) and g1d(x)  
at Q2<1 GeV2 and Q2>1 GeV2

" u and " d similar to earlier results 
" s <0 
" g similar to recent DSSV fits
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!  Global fit to SIDIS and e+e- experimental data 

!  Covers wide region in x – important for transversity and  
  tensor charge extraction

!  Relatively large P
T
 range – important for testing TMD 

factorization approach

Z. Ye, N. Sato et al., 
Phys. Lett. B 767C (2017) 

Transversity

 Collins Asymmetry (+)

4

'

P
T
 vs. x for one (Q2, z) bin

Total > 1400 data points

SOLID

Sivers

Near future
[Andrew Puckett, Kalyan Allada,  
 Edward Kinney, James Drachenberg]

! Hall A 
e+3He      eX# ±,0, eXK±  
AUT Collins, Sivers, Pretzelosity 
  
SOLID detector - large acceptance 
  SSA from longitudinally pol. neutron 
  SSA from transversely pol. neutron 
  SSA from transversely pol. proton 
  4D (x,Q2,Ph" ,z) of Collins, Sivers, Pretzelosity

DIS2017 University of Birmingham 4 April 2017          E.R. Kinney 12

Example of Expected Charged Kaon Precision

CLAS12 ProjectionsÑ Sivers Q2 evolution

4/4/17 DIS 2017, Birmingham, UK 19

Projected Sivers AUT precision from CLAS12 w/predicted Q2 evolution in a single x bin 

Sivers evolution

! Hall C: 
     precision measurements of  
     # ±, # 0, K± SIDIS cross sections at low Ph"  

        L/T separation of # ± cross section 

! STAR: 
Sivers/twist-3 in W, $, Drell-Yan 
More on Collins and IFF 
Collins from p%+A 

! CLAS12 - large acceptance 
&UU and ALU from H/D 
AUL and ALL from NH3/ND3 
transversely polarized proton target



Possible future measurements
[Jian Zhou, Tom van Daal, Shohini Bhattachary, 

Wim Cosyn, Brian Page,  
Yong Zhao, Asmita Mukherjee]
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FIG. 1: LO diagrams for the exclusive double Drell-Yan process ⇡N ! �⇤
1�

⇤
2N

0.

this region one can use TMD-type factorization. The longitudinal momentum transfer to the nucleon can be written
as ⇠a = (q+1 + q

+
2 )/(2P

+
a ). The LO diagrams for this process are shown in Fig. 1. The scattering amplitude depends

on the helicities of the nucleons and photons,

T �1,�2

�a,�0
a
= T µ⌫

�a,�0
a
"

⇤
µ(�1) "

⇤
⌫(�2) , (6)

where "

µ(�1) and "

µ(�2) are the photon polarization vectors. One finds
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, (7)

where eq and e

0
q are the quark charges in units of the elementary charge e, and Nc is the number of quark colors. The

expression in (7) describes the double Drell-Yan process for all possible pion and nucleon charge states. Note that �q0q
⇡

is defined as in (4), but with the operator q̄

0
�

�
�5 q. Isospin symmetry provides �du

⇡+ = �ud
⇡� =

p
2�uu

⇡0 = �
p
2�dd

⇡0 .

Likewise, W qq0[�] is given by (1) with the operator q̄ � q

0. With this notation one can also describe transitions between
di↵erent nucleons. Like in the case of transition GPDs, for the GTMDs one has Xdu

p!n = X

ud
n!p = X

u
p �X

d
p [41]. In

Eq. (7) we use the vector �~q? = ~q1?�~q2?. The transverse momenta of the photons can be expressed by �~q? and the
transverse momentum transfer to the nucleon ~�a? = �(~q1?+~q2?). While the amplitude contains an integration upon
the transverse momenta of the quarks, their longitudinal momenta are fixed according to xa = (q+1 �q

+
2 )/(2P

+
a ), xb =

1� q

�
1 /p

�
b = q

�
2 /p

�
b . The value for xa implies the so-called ERBL region [42, 43], characterized by �⇠a  xa  ⇠a, in

which the GTMD matrix element describes the emission of a quark-antiquark pair from the nucleon. The amplitude, a
priori, depends on both the F1,i and the G1,i (i = 1, . . . , 4). From (7) one readily sees that the dominant contribution
to the amplitude is for transversely polarized photons. In this context note that gµ⌫? = g

µ⌫ � n

µ
an

⌫
b � n

⌫
an

µ
b , with the

light-like vectors na = (1, 0, 0,�1)/
p
2, nb = (1, 0, 0, 1)/

p
2.

The relation between the scattering amplitude in (6) and the cross section in the center-of-mass frame reads

d�

�1,�2

�a,�0
a
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⇡
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, (8)

where we have already integrated over the phase space of the outgoing nucleon. Below we consider the unpolarized
cross section, single-spin asymmetries (SSAs), and double-spin asymmetries (DSAs). It is convenient to introduce

⌧UU =
1

2

X

�,�0

|T�,�0 |2 , (9)

⌧LU =
1

2

X

�0

⇣
|T+,�0 |2 � |T�,�0 |2

⌘
, (10)

⌧LL =
1

2

⇣�
|T+,+|2 � |T+,�|2

�
�
�
|T�,+|2 � |T�,�|2

�⌘
, (11)

! Double Drell Yan: access to quark GTMDs in 
the ERBL region 

              quark orbital angular momentum

! TMDs at small x 
! gluon TMDs at small x for spin-1  

hadrons: deuterons at EIC. 
! gluon helicity at EIC via jets 
! gluon OAM via exclusive dijet production
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The proton in multiple dimensions

Wigner distributions
W (x, ~kT ,~b?)

Generalized transverse  
momentum distributions   

GTMDs

Fourier  
transform

Z
d2~b?

transverse-momentum  
dependent PDFs (TMDs)

Z
d2~kT

impact-parameter 
distributions

Generalized parton  
distributions  GPDs

Fourier  
transform

13

Z
d2~kT

PDFs



Generalized Parton Distributions
Accessed through exclusive processes: DVCS, DVMP, WACS

� DVCS is the cleanest way to probe GPDs

� Need good understanding of reaction mechanism
–QCD factorisation for mesons
–Can be verified experimentally through L/T separated cross sections

� Quantum numbers in DVMP probe individual GPD components selectively
–Vector : ρº/ρ+/K* select H, E
–Pseudoscalar: π,η,K select the polarised GPDs,     andH~ E~
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First Measurements
[Daria Sokhan, Carlos Munoz-Camacho, David Hamilton, Tanja Horn, 
Charlotte van Hulse, Andrea Ferrero, Franck Sabatie]

� DVCS at 6 GeV JLab and COMPASS: 
(un)polarised cross sections, ALU, AUL, ALL, 
measuring the energy dependence of the x-
section allows for Rosenbluth type 
separation, t-slope of x-section related to 
transverse squared radius

DVCS2 substantial in cross section

� DVMP at 6 GeV Jlab, COMPASS, 
HERMES: p+ x- sections demonstrate 
method for QCD factorisation studies, p0

data from proton and neutron show 
substantial contribution of transverse 
photons, r0 helicity amplitude ratios 
small/consistent with zero, new SDMEs 
partial agreement with GK model

Substantial contribution of sT in p0 cross section

QCD factorization appears to work in p+

� Also, access GPDs at large t from nucleon 
form factors measured in Wide-Angle 
Compton Scattering (WACS) at 6 
GeV JLab through Sum Rules

Models in fair agreement with 
WACS data 15
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�‰PARTONS (PARtonic Tomography 
Of Nucleon Software): platform 
being developed for GPD studies, 
see: arXiv:hep-ph/1512.06174

�‰Fits to DVCS data : successful first 
attempt to fit high-precision JLab
data

�‰Compton Form Factors : developing 
new way of fitting with encoded 
access to tomography, small number 
of parameters capability to work over 
wide kinematic range
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E12-07-105: �S+

E12-13-010: �S0

Neutral Particle Spectrometer
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� Scaling tests in DVCS at 12 GeV JLab : 
earlier data consistent with scaling over limited 
Q2 range, extended Q2 reach at JLab 12 GeV –
50% of the experiment completed

� QCD Factorization tests in DVMP at 12 
GeV JLab : earlier data demonstrated the 
technique of measuring the Q2 dependence 
of L/T separated x-sections, extended reach 
at JLab 12 GeV for �S+/�S0 and first time K+

factorisation tests

� Verifying dominance of transverse 
photons in DVMP at 12 GeV JLab : 
would allow access to transversity GPDs
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153E")@%#29#%87%#62%F>G1%54899%925#"8)

17



!"#$%&'('$"%)"#*'$"+",(* -.#$/#%0123#,4%5#$61*%)',1785#+#9314%.#:/;%<#+/6(1,=

�‰DVCS cross sections and 
asymmetries at 12 GeV JLab : 
Hall A/C precision cross sections 
to disentangle higher twist 
contributions, Hall B longitudinal 
and transverse asymmetries over 
wide kinematic range with large 
acceptance 

�‰Wide-Angle Compton Scattering at 12 GeV 
JLab : complementary measurements of 
nucleon form factors at large t will constrain 
GPDs, uses Neutral Particle Spectrometer in 
Hall C
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�‰Quark flavour separation through neutrino 
production of D-mesons: calculations show 
that within reach of planned medium and high 
energy neutrino facilities, gluon contribution 
important

�‰GPDs for exotic hadrons: Use GDA and s-t 
crossing to access GPDs, first trial to extract 
GDAs from data, possible at KEKB

�‰Polarisation dependence of chiral-even and 
chiral-odd components: measurements may 
be possible at JLab and/or COMPASS, EIC

�‰Exclusive DY with pion beams: access 
GPDs through time-like processes, feasibility 
studies JPARC !"#$%&'&()*(+,$$,(-#.#()"(�J�J�
/0�S1�S1
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