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• Main achievements of CLAS12 in SIDIS
• Limitations in theory description
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• JLab24 vs HERMES 27
• Summary
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SIDIS kinematical coverage and observables
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Electro-production of  hadrons  
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Hadronization
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A.Kotzinian FF2019

Hadronization Function 
à conditional probability to 
produce hadron !

Quark Fragmentation Functions

Where this works?
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Observation of  SSAs in  epàe’p+p-X
T. Hayward et al. Phys. Rev. Lett. 126, 152501 (2021)

Engelhardt: TMDs from JLab to EIC 

Doubling the JLab beam energy, opens the phase space 
for SIDIS dihadrons
Quark gluon correlations may be very significant

clas6

clas12

Bacchetta&Radici: arXiv:hep-ph/0311173



Sources of inclusive pions: CLAS12 vs MC

• Dominant fraction of inclusive pions come from VM decays
• Detection of p0s opens a new avenue to study charged r multiplicities
• Experimentally study relative fractions of p from  r (default in JETSET ~50%)

CLAS12

Very important to have multidimensional TMD Fragmentation Functions!
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CLAS12 Multiplicities: high PT & phase space 
G. Angelini (GW) 

At low z,  and high PT there is no enough energy in the 
system even for reproducing the Gaussian fall of 
(problem for studies of high PT tails)

• Phase space 
limitations for direct 
pion production more 
significant at low W, 
and low z

Generate direct pions with Gaussian

Higher W

Lower W

epàe’p+X
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CLAS12 high PT : impact of vector mesons 
G. Angelini (GW) 

Decay pions from w have 
significantly lower transverse 
momentum for the same z

• The low PT sample of pions
is dominated by VM decays

Generate pions from w
produced with the same  
Gaussian
Phase space effects more 
pronounced

Higher W

Generate direct pions with Gaussian

epàe’p+X

epàe’wX

epàe’p+(w)X



Disecting the  SSA in epàe’pX
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SSA from CLAS12

0.7<zp-<0.8

0.6<zp-<0.7

0.5<zp-<0.6

0.2<zp-<0.5

Observed SSA for the inclusive p+ changes 
significantly with the p- z
The polarization of the r itself may be relevant  
(no SSA for symmetric case)

VM contributions may change 
significantly the interpretation of 
Collins analyzing power
A. Kerbizi: TMD Studies: from JLab to EIC

COMPASS
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B2B hadron production  in SIDIS: First measurements  
M. Anselmino, V. Barone and A. Kotzinian, 
Physics Letters B 713 (2012)

Significant single-spin asymmetries observed by CLAS12 (talk by 
T. Hayward)  indicating strong correlations between hadrons
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kinematics Correlation

modulation

e16

e1f

CLAS12
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Nucleon structure,  TMDs and SSAs

what

• Large effects observed at relatively large x, 
relatively large PT and relatively low Q2

• Theoretical framework  works better, and is 
“trustworthy” at higher Q2 and lower PT

• TMD Fragmentation functions poorly known and 
understood, systematics not controlled well

• Higher twist SSAs are significant, indicating 
strong quark-gluon correlations, issues theory 
has, may become a key to resolve the problems

• Real experiments have “phase space limitations” 
due to finite energies, introducing correlations 
between kinematical variables

• Impact of radiative corrections with full account 
of  azimuthal moments in the polarized x-
sections  still in development   

The main goal is the study of non-perturbative QCD, through spin-orbit correlations,  
where they are significant enough to be measurable
Understanding of the limitations of the current TMD framework with all its assumptions and 
approximations,  is important for predictions, and projections for future experiments

theory

experiment



Current theory limitations (qT/Q )
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PT/(zQ)<1

PT/(zQ)<0.5

PT/(zQ)<0.25

The qT=PT/z cut, as formulated:  
1) Enhances large z region (ex. Exclusive 

Events)

2) Suppresses high PT (sensitive to kT), 
where all kind of azimuthal modulations 
are large 

3)  Cuts not only most of the JLab data, 
but practically all accessible in 
polarized SIDIS large PT samples , 
including ones from HERMES (Schnell) 
COMPASS (Martin) and EIC(Dilks).

https://arxiv.org/pdf/1709.07374.pdf

JLab/HERMES/COMPASS/EIC talks

PT
2

JLab12

https://indico.jlab.org/event/439/



Limitations of current TMD theory
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• Crucial to extend the theory 
to large qT

• Higher Twist account may 
help

• Linking SIDIS with exclusive

13

Sea is not divided to perturbative 
and non-perturbative

SIDIS 
only

SIDIS+DY

Non 
perturbative

Full

Fixed order

Log divergent

Semi-exclusive 
production

Non 
perturbative
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Aybat, Prokudin & Rogers C12-11-111 

• Large acceptance of CLAS12 allows studies of PT and  Q2-dependence of 
SSAs in a wide kinematic range (most critical for TMD studies)

• Comparison of JLab12 data with HERMES, COMPASS and EIC will pin 
down transverse momentum dependence and  the non-trivial Q2 evolution of 
TMD PDFs in general, and Sivers function in particular.

Aybat, Prokudin & Rogers 

C12-11-111 

CLAS12: Evolution and kT-dependence of TMDs

kT-dependence of Q2-dependence of Sivers, CLAS12 kinematical coverage f?
1 (x, kT )g1(x, kT )

E12-07-107

~10 years old

http://www.jlab.org/exp_prog/proposals/07/PR12-07-107.pdf


X vs Q2 from JLab to EIC
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Non overlapping ranges of EIC (machine dedicated to 
gluon studies) and JLab may be a problem for evolution 
studies, which are most critical for the 3D structure  

JLab12

EIC 5x41

EIC 10x275

ymin>0.05

y F
>0

.0
1

y F>
0.

05

yF

Large x events all in region 
of small yF=1.0-E’/Ebeam

All



EIC: Major challenges at large x 
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Mean relative deviation in pT

Significant loss 
of events in 
relevant PT
range at large x

Mean relative deviation in z 

Resolutions out of control for 
large x, and relatively low Q2

dominated by small y

T. Liu et al,arXiv:2008.02895 
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p,n

Exclusive p/r production  at large t

• x-section of measured exclusive process at large t 
exhibit similar pattern

• r+>r0 àDiffractive production suppressed 
at large t production mechanism most 
likely is similar to SIDIS 

• Slightly higher rho x-sections indicate the fraction of 
SIDIS pions from VM > 60%

• consistent with LUND-MC in fraction of pions from 
VMs 

• Integrating in total counts (different Q2-dependence)? 
• …......

Implications

?



Opportunities with 24 GeV

– Enhance the range in transverse momentum PT of 
hadrons

• Access to PT-region where the dependence of the kT-
dependences of different flavors (valence and sea) and 
polarization states is most significant

– Enhance the Q2 range
• Increase significant the range of high Q2, where the theory 

is supposed to work better, and allow studies of evolution 
properties

– Enhance the x-range
• Access the the full kinematical range (x>0.03-0.04) where 

the non-perturbative sea is expected to be significant

H. Avakian, CCM, June 2, 2021 18

Significantly wider phase space would allow



Hadronic long-range correlations

xF - momentum 
in the CM frame

xF=pL(CM)/pLmax>0 
(current 

fragmentation)

xF<0 (target 
fragmentation)

h
q̄q

L

q̄q

L
Karliner, Kharzeev , Ellis & Kotzinian
Strikman,Weiss & Schweitzer
Anselmino, Barone, Kotzinian

X. Artru & Z. Belghobsi

FSI
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2-hadron correlations 
in CFR studied in 
EMC(1986) and 
COMPASS(2015)
CLAS6&CLAS12

What is a “pion tornado”?
Modeling of q-q-bar correlations with spins and momenta in the process 
(not in PYTHIA) will be important for understanding of the dynamics



Measuring Spin-Orbit correlations
• Spin-Orbit correlations  so far were 

shown (measurements and model 
calculations) to be significant in the 
region where non-perturbative effects 
dominate
– Relatively large x (x>0.02)
– Relatively low Q2  (Q2<40-50 GeV2 )
– Relatively large z of hadrons (z>0.2-0.3)
– Medium PT of hadrons  (0.3<PT<1.5)

H. Avakian, CCM, June 2, 2021 20

q̄q

L
“pion tornado”



From JLa12 to JLab24 Larger Q2 at large PT
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PT/(zQ)<1

PT/(zQ)<0.5

PT/(zQ)<0.25

JLab12

Cleaner pion sample 
at large PT

fq
1 (x, kT )⌦Dq!h

1 (z, pT )

Events in the same 
time interval in 
CLAS12 acceptance

JLab12
JLab24

JLab24 will significantly increase the the Q2

range, allowing detailed separation of higher 
twist SFs, needed for understanding the QCD

p+

p-



The large PT dominated by direct pions

H. Avakian, CCM, June 2, 2021 22

Cleaner pion 
sample at large PT

generated

reconstracted

Not enough phase space 
to produce high PT pions

JLab24 will significantly increase the 
phase space providing access to 
complete PT range where spin-orbit 
effects are significant (0.4<PT<1.5)

CLAS24

CLAS11



Extending to small x and large PT
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d̄ > ū
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T
)

P.Schweitzer et al. 
arXiv:1210.1267

kT (GeV )

Non-perturbative sea in nucleon is a key 
to understand  the nucleon structure 

• Spin and momentum of struck quarks are correlated with remnant
• Correlations of spins of q-q-bar with valence quark spin and 

transverse momentum will lead to observable effects 
• Spin-Orbit correlations  so far were shown (measurements and 

model calculations) to be significant in the region where non-
perturbative effects dominate

Relatively large x (x>0.02)
Relatively low Q2  (Q<5-7 GeV2 )
Relatively large z of hadrons 
(z>0.2-0.3)
Medium PT of hadrons  
(0.3<PT<1.5)

JLab24 will fully cover 
the kinematical range 
where the non-
perturbative sea  is 
relevant



CLAS24 as HERMES++
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HERMES, out for 10 years, still dominates the 3D landscape
https://arxiv.org/pdf/1212.5407.pdf (2013) Max<Q2>~3-4 GeV2

https://arxiv.org/abs/1006.4221

•e-Print: 1204.4161

• Due to limited luminosity HERMES was not able to collect enough statistics in the region most 
relevant for understanding of non-perturbative structure of the nucleon (PT>0.8 GeV)

• CLAS24 could collect years of HERMES data in days, even without a major detector upgrade

https://arxiv.org/pdf/1212.5407.pdf
https://arxiv.org/abs/1204.4161


Summary
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CLAS12 measurements of dihadron multiplicities and asymmetries provide  

qualitatively new possibilities for understanding the  structure of the nucleon and 

the process of hadronization,  allowing  experimental studies of the fractions and 

distributions of pions coming from vector meson decays

Studies of JLab at large x will be the main source of the information on the 

kinematical dependences of spin-orbit correlations in the valence region, and the 

underlying non-perturbative functions, also in the EIC era.

The spin-orbit correlations, providing access to the 3D structure of the nucleon 

are significant in the kinematics of large x (x>0.03-0.04), low Q2 (Q2<20-30) and 

medium PT (PT<1.5) accessible at  JLab12, and significantly improved at JLab24.

Upgraded to 24 GeV JLab will increase dramatically the phase space, providing the 

missing part of the mosaic, accessing much wider range of Q2 and PT allowing 

studies of evolution properties and flavor dependence of transverse momentum 

distributions, allowing access to kinematical region, where the non-perturbative sea 

is measurable, and  also providing important information  on kaon SIDIS. 



Support slides
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CLAS12 Multiplicities: the role of high PT

G. Angelini (GW) 

At low z, only the high PT

shows the  generated 
Gaussian transverse 
momentum distribution.

• Corrections  due to phase space (energy needed 
to produce a hadron with a given z,PT at given 
x,Q2) are detector and model independent

• Corrections due to fraction of fragmentation VMs 
and diffractive VMs are model dependent, but can 
be extracted from MC (work in progress)

LUND MC at 12 GeV using a single Gauss for all hadrons



COMPARISON WITH DRELL-YAN DATA 
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Bacchetta Vladimirov

Fitting STAR data seem to 
require leaving out all high PT

SIDIS data with qT/Q<0.25!!
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PAC request for reevaluation
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…the [DIS/SIDIS] proponents should come back to the PAC after the 
significance of the different experiments addressing PDFs, helicity 
PDFs and TMDs has been reevaluated.

From PAC  review of CLAS12 Long.Pol. experiment: 

Understand the source, and evaluate the impact of qT limitations!
Indication of a gap between theory and experiment?

Discussed in the workshop TMD Studies: from JLab to EIC--> need a 
development of theory and more realistic projections

https://indico.jlab.org/event/439/



CLAS24 as HERMES++
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HERMES out for 10 years, still dominates the 3D landscape

• e-Print: 0907.2596 (pi+)

1508.07612 (omega)

Huge asymmetry sinfS (higher twist)

https://arxiv.org/abs/0907.2596
https://arxiv.org/abs/1508.07612


Projections from 1D to 4D

32

Projected error 

on Sivers?

Projections should 

contain the size of the 

effect and the counts for 

a given interval of time

For SIDIS the x-section 

is defined by FUU, for 

Sivers effect FUT/FUU

H. Avakian, CCM, June 2, 2021

“affinity”à how well theory works



Low Q2 and large x kinematics in  EIC: PT-distributions
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For large x(x>0.05) large y cuts can significantly change  PT-distributions

EIC 5x41
x>0.01



Experimental data: Collins
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No indication of  significant effects for x<0.05

https://arxiv.org/pdf/1005.5609.pdf



RC in the low y region (large x and low Q2)
EIC-white-paper.1108.1713

What are the RC in the region of y<0.05 (x>0.02) for SIDIS case ?

H. Avakian, CCM, June 2, 2021 35



CLAS12 ehhX mutliplicities in a wide range

H. Avakian, CCM, June 2, 2021

• Most of the single hadron sample ( from 50-70%) is coming from VM decays
• Pion counts for normalized e’X events are consistent with clas12 LUND MC (VM 70%)
• Simulation describes well both single (e’hX) and di-hadron (e’hhX) counts in CLAS12
• MC data can be used to make conclusions about the source of hadrons

epàe’hX (RGB/RGA CLAS12 Data/MC normalized 
to the same number of electrons) 

CLAS12

LEPTO

36

O.Soto
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From JLab12 to EIC

•Understanding of quark-gluon correlations is crucial for precision studies of the structure of the nucleon. 
•At medium energies all experiments measure very significant HT contributions
•Large HT effects may indicate the breakdown of the theory
•Overlap of EIC and JLab12 in the valence region will be crucial for the TMD program

JLab@12GeV (25/50/75)
à0.1<xB<0.7 : valence quarks
EIC   √s = 140, 50, 15 GeV 
à10-4<xB<0.3: gluons and quarks, higher PT and Q2. 

CLAS12 (2018 Spring) vs MC



Low Q2 and large x kinematics in  EIC
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Small y are critical to access wide range in Q2 for   large x, where the non-

perturbative effects are relevant

The same binning covers JLab and EIC

EIC 5x41

y>0.01

y>0.03 y>0.02



Low Q2 events for evolution studies

H. Avakian, CCM, June 2, 2021
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EIC 5x41 

Large x events all in region of 
small y=1.0-E’/Ebeam*cos2(qe/2)

Large x are washed out with y cut

blue y>0.01

red y>0.05
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JLEIC (5x50) 2-hadron mass spectra

Sin-1/spin-0=0.3 Spin-1/spin-0=0.7

all
zp+>0.15

zp+>0.35 zp+>0.15
zp->0.15

zp+>0.15
zp->0.15

The rho peak is not increasing visually 
with increase of the fraction of VMs, as 
most of the background comes from
low momentum particles at large Mpp

zp+>0.35

zp+>0.15



TMDs and sensitivity for high energy
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SoLID DOE review (H. Gao)

“Incredible extractions and projections” with EIC at large x, providing 
more sensitivity to TMDs without even covering the large x region
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The role of PDFs in the systematics (Vladimirov)
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(G.Schnell)

JLab25 will provide the same 
kinematics x100 more events

https://indico.jlab.org/event/439/contributions/8353/attachments/6927/945
9/JLab2EIC-2021_gunar.schnell.pdf
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COMPASS transversity
https://arxiv.org/pdf/1408.4405.pdf

x>0.03

No significant effects for x<0.05, and PT<0.5



A. Martin COMPASS vs qT-cuts

qT/Q<0.25

H. Avakian, CCM, June 2, 2021 45
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PID at smaller PT
Large x at smaller y

Chris Dilks

H. Avakian, CCM, June 2, 2021
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J.C. Peng

No significant effects expected below x~0.03 (within JLab25 )



1) Discussions on details of TMD extractions, and validation of parameterizations, in 
particular in the kinematics used for projections for the new measurements

a) The role of PDFs and TMD FFs in the systematics of TMD PDF extraction
b) assumptions and cuts (ex. q_T/Q<0.25 leading to dominance of DY in the large x,PT-kinematics
c) the role MC can play in understanding different limitations and approximations
d) comparison  of parameterizations used for projections, and availability of grids in public access

2) The Radiative Corrections in hard scattering
a) advantages and disadvantages of "old RC"
b) advantages and disadvantages of new RC (JLab)
c) impact of RC on the SIDIS at small y of EIC (y<0.05)
d) impact of RC on large y for EIC and JLab
e) impact of RC on e+e- extractions at large P_T
d) impact of radiative photons on detector performances, which may require having the radiative 

photons properly accounted in MC, both for internal and external radiation
3) The scope of events to be considered when studying x-sections, multiplicities, and 
asymmetries. The main items could be:

a) Diffractive exclusive vector mesons, may or may not be properly accounted for in the 
fragmentation functions

b) Does the current SIDIS framework allow to properly account for exclusive processes, and 
diffractive VMs, in particular, Nobuo and Ted are suggesting to keep in the data sample?

b) The role of VMs, and possibilities to study  experimentally VMs separately from pions, and 
using the VM multiplicity and SSA data in the interpretation of the pion data

summary
To address in details some of the raised question there was a proposal to have 3 dedicated meetings

H. Avakian, CCM, June 2, 2021 48



SIDIS at JLab12 
p

49
H. Avakian, CCM, June 2, 2021

CLAS12

Complementary measurements with different targets

E12-09-018 

SOLID

Combination of high resolution measurements from spectrometers combined with large acceptance 

data from CLAS12 and SOLID would allow to pin down all TMDs in the valence region



Multiplicities in SIDIS 

50

Lower the beam energy, less 
phase space for high PT, 
Impact can be simulated, more 
significant for heavier VMs

COMPASS:1709.07374

Main question: What is 
the origin of the tail 
starting at PT~0.6-0.7?

Theory only describing  low PT

H. Avakian, CCM, June 2, 2021
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COMPASS Sivers
https://arxiv.org/pdf/1408.4405.pdf

x>0.03



Experiment measure the full x-section with RC

Due to radiative corrections,  f-dependence of x-section will get more contributions
•Some moments will modify
•New moments may appear, which were suppressed before in the x-section

� = �UU + �cos�
UU cos�+ ST�

sin�S

UT sin�S + .....

�ehX
Rad (x, y, z, PT ,�,�S) ! �ehX

0 (x, y, z, PT ,�,�S)⇥RM (x, y, z, PT ,�) +RA(x, y, z, PT ,�,�S)

H. Avakian, CCM, June 2, 2021 52

R(x, z,�h) = R0(1 + r cos�h)
Simplest rad. correction

Correction to normalization

Correction to DSA

Correction to SSA
�0(1 + sST sin�S)R0(1 + r cos�h) ! �0R0(1 + sr/2ST sin(�h � �S) + sr/2ST sin(�h + �S))

�0(1 + g�⇤+ f�⇤ cos�h)R0(1 + r cos�h) ! �0R0(1 + (g + fr/2)�⇤)

�0(1 + ↵ cos�h)R0(1 + r cos�h) ! �0R0(1 + ↵r/2)

Simultaneous extraction of all moments is important also because of correlations!

I. Akushevich et al (LDRD-2018)

Due to radiative corrections,  f-dependence of x-section will get 
multiplicative RM and additive RA corrections, which could be calculated 
from the full Born (s0) cross section for the process of interest
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MC Generator to simulate  SIDIS output

SIDIS MC in 7D (10D)

53H. Avakian, CCM, June 2, 2021

step-1 xi, Q
2
i ziP

i2
hT�

i
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P el
i , Ph

i
step-2 (for a given Ebeam,l,L)

step-3 (detected for a given Detector configuration)

xj , Q
2
jzjP

2
hT,j�

j
h�

j
l�

j
s

Provide a set of SFl

For a given model/theory based 
on underlying non-perturbative
input and assumptions 
calculate SFl

d�eN!e0hX
�⇤

dxdQ2dzdP 2
hT d�hd�ld�s

=
PL

l=1 SFl Theory

Need criteria to compare 
the input and output 
parameter spaces (validate)

Fl(x1, x2, x3, ...xN , P1, P2, ...PM )

Fl(x1, x2, x3, ...xN , P ⇤
1 , P

⇤
2 , ...P

⇤
M )



3D PDF Extraction and VAlidation (EVA) framework

Development of a reliable techniques for the extraction of 3D PDFs and fragmentation 
functions from the multidimensional experimental observables with controlled 
systematics requires close collaboration of experiment, theory and computing

Data Counts
(x-sections, 
multiplicities,….)

QCD 
fundamentals

Library for 
Structure 
Function (SF) 
calculations

3D PDF and  
FF (models,
parametrizations)

Hard Scattering MC 
(GEANT, FASTMC,…)

Extract 3D PDFs

TED meetings at JLab to finalize 
goals and coordinate efforts

Radiative 
x-section

SIDIS,DY,e+/e-)
experiments

x-section  
calculations

SF 
calculations

Defined set of 
assumptions

Extract 
SFs Validation of extracted 

SFs or 3D PDFs (for a 
given set of assumptions)

H. Avakian, CCM, June 2, 2021 54

Defined set of 
assumptions

extract 
x-section

Grid operationsevent selection
e’hX, e’hhX,..

?



Studies of 1D PDFs

• Strong model and parametrization dependence observed already for 1D PDFs
• Different assumptions (positivity requirement,…) may change significantly the PDF 

(need self consistent fits of polarized and unpolarized target data!!!)
55

F. Aaron et al., JHEP 1001 (2010) P. Jimenez-Delgado et al (2014), 1403.3355.

JAM (standard)

inspired by the OAM
Avakian et al

�2 ⇡ 1
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QCD: from testing to understanding  

Testing stage: 
pQCD predictions, observables in the kinematics 
where theory predictions are easier to get 
(higher energies, 1D picture, leading twist, 
current fragmentation, IMF)

Understanding stage: 
non-perturbative QCD, strong interactions, 
observables in the kinematics where most of the data 
is available (all energies, quark-gluon correlations, 
orbital motion)

nucleon in 
3D

quark-gluon 
correlations 

spin-orbit 
correlations 

evolution,
factorization

hadronization
parton 

distributions

strong 
interactions

&
quark gluon 
dynamics

spectroscopy,
excited states

0h  DIS

1h SIDIS/DVMP

2h  SIDIS/DVMP 

production in SIDIS provides access to correlations inaccessible in simple SIDIS (BEC,dihadron
fragmentation , correlations of target and current regions, entanglement....)

target 
fragmentation
entanglement
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Dihadron production 

What is the origin of 
dihadrons?
What is a single 
hadron?

Matevosyan et al, arXiv:1312.4556

R. Seidl et al. arXiv: 1706.08348

HERMES-note-96.059

Matevosyan et al  arXiv:1307.8125(NJL-jet) 


