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Inclusive DIS: only the scattered leptons are measured
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DIS and SI-DIS

Inclusive DIS: only the scattered leptons are measured

Semi-Inclusive DIS: at least one  final state  hadrons are measured 

as well as the scattered leptons
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TMD PDFs
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The Major Experiments
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HERMES

Recoil

Proton

Detector

for DVCS 

measurements

data taking: 1996-2007

shutdown : 2007

data analysis on going 

DIS & SI-DIS experiment 

Pol. e- & e+

in HERA at 27 GeV

Detector:

p/p~2%, q<1 mrad
hadron ID (p, K, p)
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SM1 SM2

Pol.

 beam

160-200 GeV,

pol. 80% 

MuonWall

MuonWall

E/HCAL

E/HCAL

RICH

Polarised

solid 

Target

SciFi

Silicon

Micromegas

GEMs

Straws

SDC

MWPC

W45

COMPASS at CERN

two stage spectrometer 

• Large Angle Spectrometer (SM1)

• Small Angle Spectrometer (SM2)

tracking, calorimetry, PID
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data taking: 2002-

running experiment

COMPASS-II in future 

DIS & SI-DIS experiment 
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JLab Experiments

6 GeV polarized

electron beam

Pol=85%, 180A

Hall A

to be upgraded

up to 12 GeV

by 2014

CLAS

in Hall B

Hall C

several types 

of  polarized 

targets

 various 

polarization 

experiments
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Kinematical Coverage

These experiments are complementary
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Longitudinal

Spin

Structure
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g1 from  Polarized Inclusive DIS 

・ Photon nucleon asymmetry ・ Structure functions with  PDF
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Deuteron
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Proton
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Bjorken sum rule

(QCD exact) well satisfied

COMPASS; Phys.Lett. B

690(2010) 466-472

World Data of g1

arXiv:hep-ex/0609038

QCD works well !
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Semi-Inclusive  DIS Asymmetry

for proton target 

 flavor decomposition
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deuteron  data also available 

DIS
SIDIS SIDIS

SIDISSIDIS

p+

p
-

K+

K
-
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Flavor Decomposition  by COMPASS

Takahiro IWATA

curves: DSSV fit at NLO

PRL 101 (2008) 072001,

PR D 80 (2009) 034030

COMPASS/ PL B 693 (2010) 227

from DIS and SI-DIS  for proton and deuteron

LO analysis 
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@0.003 0.3

s SIDIS

x

    

 

2 (Incl.) 0.08 0.02 0.02s    

small 

sea distributions 

strange sea 

not polarized  

arXiv:hep-ex/0609038 choice of FF ?
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Helicity Distributions from Global Analysis

u and d well

determined

Sea quark  distributions small

positive gluon 

distribution can 

not be ruled out

negative gluon 

distribution

(with node)

0.316 0.19Gdx 0.339 0.458Gdx

x

xu

xd

xG
gluon distribution shows 

large uncertainty,

even sign not determined

G x G x G x

by LSS

Q2=4GeV2

xu-bar

xd-bar

xs=xs-bar

x x

NLO QCD Analysis  with DIS and SI-DIS data only,

with gA, F,D constraints 
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Direct Measurement of Gluon Polarization  

compatible  with 

zero-polarization 

in this range.    

SMC

HERMES,

COMPASS

Double Spin Asymmetry 

for  Photon-Gluon fusion
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NLO Analysis

LO analysis 

COMPASS, Phys.Rev. D (2013) 052018

The process is identified  by

high Pt hadron pair events

(COMPASS, SMC)

high Pt single hadron events

(HERMES)

open charm events

(COMPASS)

COMPASS Open charm (NLO)
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ALL for Inclusive Single High PT Hadron

2002,2003,2004,20062007,2011

• 0.1 < y < 0.9

• Q2 < 1 GeV2

• PT > 0.7 GeV/c

• z < 0.8 

Low Q2 (photo production)

based on the pQCD framework

allowing a NLO extraction of G  

theoretical framework based on  JSVJSV

VERY NEW !  
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Transverse Spin Effects
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Angular Modulation in SIDIS & PDFs

s: nucleon spin 
(initial quark spin)

s’: struck quark spin

hadron （Breit frame）
quark direction

Collins angle: Azim. angle of a hadron
wrt struck quark spin

FC = fh - fS’ (= fh +fS- p)

Sivers angle:Azim. angle of a hadron

wrt nucleon spin

FS= fh - fS

Scattering plane

SIDIS for transv. pol. target gives angular modulation: 

 1 21 sin sin ....SIDID C Sd a a f f     

Collins

Sivers
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fS = azim. angle of nucleon spin (initial quark spin)

fS’ = azim. angle of struck quark spin

fS= p  - fS’ （due to helicity conservation)

fh = azim. angle of leading hadron

Transversity

Sivers PDF

Collins F.F.
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Collins Asymmetry 

non-zero

asymmetry

Deuteron  data  also available  from COMPASS
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p+

p
-

22



Transversity Global Analysis

• fit to   Acoll
p,d from COMPASS,  AColl

p from HERMES 

and BELLE data (e+e-
 h1 h2 X)

Transversity
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u

d

Opposite signs

Similar shapes to Helicity PDF

But intensities slightly smaller

xu

xd

Helicity PDF
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M. Anselmino et al., PRD87 (2013) 094019 

Collins F.F.

up+

up
-

favoured 

dis-favoured 
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Sivers Asymmetry

positive pion gives

positive asymmetry

negative pion gives

zero asymmetry

Deuteron  data  also available  from COMPASS
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p
-
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Sivers PDF Global Analysis

P

k


S

d-quark

u-quark

Sivers PDF

(kT
2 integrated)

fit to   ASiv.
p,d from COMPASS, 

ASiv.
p from HERMES
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u-quark and d-quark 
give opposite kT
w.r.t. the proton spin

M.Anselmino, QNP2012

u

d
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Asymmetry related to Boer-Mulders  PDF

Boer-Mulders PDF : transverse spin &  transverse momentum of the quark

 access through SIDIS on  un-polarized nucleon

BM x Collins FF +

Cahn effect (kinematical effect from kT)

BM x Collins FF

+ twist4 Cahn effect

P

k


 


 2

 1
, 0qh x k

26



Meeting of the Japan Physical Society,  March 27-30, 2014, Hiratsuka, Japan

COS f Asymmetry from HERMES

Takahiro IWATA

Phys. Rev. D 87, 

012010 (2013) 
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p+/p- difference 

 may be due to BM effects

(Cahn expected to be flavor blind)

K+ :larger than p+

K- : compatible with 0
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p
-

K+

K
-

BM Cahn

for proton & 

deuteron targets
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Phys. Rev. D 87, 

012010 (2013) 

COS 2f Asymmetry from HERMES
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for proton & 

deuteron targets
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COMPASS 2004 6LiD

negative for h+/h-

strong z dependence

positive for h+/h-

strong dependence

on kinematical variables

Asymmetry on deuteron from COMPASS

similar trends to 

HERMES data 

in overlapping region
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GPD Studies
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GPD & DVCS 

access through Deeply Virtual Compton Scattering (DVCS)  
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ep ep

pGPDs

* Q²

x+ x-

p



t

P P   2t  

GPDs: (in twist-2 level)

Vector 

Tensor

Axial vector 

Pseudo scalar 

 , ,qH x t

 , ,qE x t

 , ,
q

E x t

 , ,
q

H x t

Generalized Parton Distribution (GPD)  a key concept  for nucleon structure
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give total angular momentum of quarks

   
1

, 0
1

1
lim , , , ,  

2

q q q

t
x H x t E x t dx J


 

 


   

x 
P x

y

b

z boost

quark distribution 

as  a function of 

transverse position

and longitudinal 

momentum  

 3D picture

relation to 

Impact 

Parameter 

Dependent  

PDFs 

 In experiments,  hard exclusive photon production should be studied  
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DVCS  Data Accumulated by  HERMES 
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Courtesy: G.Shnell, DVCS 2014

Beam-charge 

Asymmetry

Beam-helicity 

Asymmetry

Transverse 

target spin 

Asymmetry 

Longitudinal 

target spin 

Asymmetry 

Double spin 

Asymmetry 

Double spin 

Asymmetry 

 GPD H

 GPD H

 GPD H

 GPD E

 GPD E

Beam-charge  Asymmetry

Resonant fraction :epe

Hard Exclusive Photon Production 

identified with missing mass technique
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The Recoil Detector at  HERMES 
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＊Selection of pure BH/DVCS(epep) with high efficiency

＊Allows to suppress background to a negligible level (<0.2%)

Courtesy: G.Shnell, DVCS 2014

33



Data with Recoil Detector at  HERMES 
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Courtesy: G.Shnell, DVCS 2014

The data with the recoil detector  are   

slightly larger than those without it
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GPD Studies  in  JLab 
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Beam-Spin asymmetries by CLAS

Ee=5.766 GeV

Jlab experiments are 

playing an important role

to study GPD

Precise data in valence 

region

Hall A: 

high accuracy, 

limited kinematics,

Hall B: 

wide kinematic range, 

limited accuracy
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Further Studies on GPD
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Dedicated GPD  programs at Jlab-12 GeV

・Hall A: E12-06-114  fixed x, several Q2 , several beam energies,

t-dependence,  Im H, Re H

・Hall B: E12-06-119 large kinematic coverage with CLAS

beam energy at 11GeV, high statistics, BSA, TSA

・ Hall B: E12-11-003 CLAS with new recoil neutron detector,

BSA, flavour separation of GPD-H

Takahiro IWATA

GPD  program in COMPASS-II 

polarized + &  - ,  hydrogen target

new recoil proton detector,  new 2.5m hydrogen target, new ECAL0

Beam Charge Spin Sum, Beam Charge Spin Difference

simultaneously  HEMP, SIDIS on proton(FF, TMDs)

data taking: 2016,17 (after the run for pol. DY )
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 Significant progress in the study with lepton scattering was achieved

 u and  d are well determined 

 Polarized sea distributions are small   

 Gluon polarization  is compatible  with 0  in the measured range

 Transversity and Sivers PDF have been extracted

 The asymmetry on un-polarized nucleon gives a hint of BM PDF 

 Wealth of GPD data were accumulated by HERMES and Jlab-experiments

 Exciting GPD programs at COMPASS-II and JLab-12GeV  are planned

Conclusions
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