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Understanding the QCD: from observables to QCD dynamics 
–  Projections as motivation for future studies 
–  Extending  the phase space in PT, Q2 and x 
–  Studies of evolution properties 
–  Future studies of 3D  
Summary 
 

Aug 29, 2022, CERN 

Aug 29 – 31, 2022 
CERN 



 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, 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 
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quark-gluon 
correlations  
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parton 
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0h  DIS 

1h SIDIS/DVMP 

2h  SIDIS/DVMP  
 
production in SIDIS provides access to correlations inaccessible in simple SIDIS (dihadron 
fragmentation, correlations of target and current regions, entanglement....) 

     target 
fragmentation
entanglement 
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Motivating the  JLab 20+ upgrade 
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1) Identify the flagship measurements that can be done only with 20+ GeV 
 
2)Identify the flagship measurements with 22 GeV that can extend,  
improve the 11 GeV, helping interpretation, multidimensional bins in  
extended kinematics 
 
3)Identify the measurements with 22 GeV that can set the bridge between  
JLab12 and EIC (complementarity) 
 
 •  Produce sets of event for relevant observables (SIDIS, DVCS, Large x,….) and 

process them using existing detector reconstructuion chains  (ex. CLAS12, 
SoLID,Hall-A/C/D), evaluate count rates, define kinematical coverage and resolutions 
•  Identify observables that can provide critical input without detector upgrades 
•  Identify critical observables, that require certain detector upgrades 

Need to classify observables, summarize the set of projection for key observables  

Projections summarize what we learned, teach us what we can do with our  data, and 
where we need to combine it with higher energy data,  
•  Making the case it will be relevant in future 
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 SIDIS kinematical coverage and observables 

EIC JLab12 

HERMES/JLab24 

COMPASS 

JLab7/9/11 
•  Studies of azimuthal modulations give access to 

underlying 3D partonic distributions 
•  QCD predicts only the Q2-dependence of 3D PDFs 
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What we learned so far from JLab data 
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What we learned: missing parts of the mosaic 
•  SIDIS, with hadrons detected in the final state, from experimental point of view, is 

a measurement of observables in 5D space (x,Q2,z,PT,φ) 
 Collinear SIDIS, is just the proper integration, over PT,φ

•  SIDIS observations relevant for interpretations of 
experimental results: 

1.  Understanding the kinematic domain where non-perturbative effects of interest are 
significant (ex. x,PT-range) 

2.  Understanding of PT-dependences of observables in the full range of PT dominated by 
non-perturbative physics is important 

3.  Understanding of phase space effects is important (additional correlations) 
4.  Understanding the role of vector mesons is important 
5.  Understanding of evolution properties and longitudinal photon contributions 
6.  Understanding of radiative effects may be important for interpretation 
7.  Overlap of modulations (acceptance, RC,…) is important in separation of SFs 
8.  Multidimensional measurements with high statistics, critical for separation of different 

ingredients 
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•  QCD calculations may be more applicable at lower energies when 1)-7) clarified 
•   Need  a realistic  chain for MC simulations of SIDIS to produce realistic 

projections with controlled systematics 



Opportunities with 20+ 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) where the non-perturbative sea 
is expected to be significant 
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Significantly wider phase space would allow 

CLAS12 

CLAS22 

CLAS12 

CLAS22 ratio 



MC simulations: Why LUND works? 
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So why the LUND-MCs are so successful in description of 
hard scattering processes, and SIDIS in the first place? 
 
• The hadronization into different hadrons, in particular Vector 
Mesons is accounted (full kinematics) 
• Accessible phase space properly accounted  
• The correlations between hadrons, as well a as target and 
current fragments accounted 
• …. 

•  A single-hadron MC with the SIDIS cross-section where 
widths of kT-distributions of pions are extracted from the 
data is not reproducing well the data. 

•  LUND fragmentation based MCs were successfully used 
worldwide from JLab to LHC, showing good agreement 
with data. 

To understand the measurements we should be able to simulate, at least  
the basic features we are trying to study (PT and Q2,-dependences in particular) 
The studies of correlated hadron pairs in SIDIS may be a key for proper interpretation !!! 

subsamples 
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Multiplicities of hadrons in SIDIS  
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•  What is the origin of the 
  “high” PT (0.8-1.8) tail? 
1) Perturbative contributions? 
2) Non perturbative contributions?  

COMPASS:1709.07374 TMDs universal, so what is the origin of the differences observed ? 
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Gaussian Ansatz  

High PT 

JLab: not enough energy to        
 produce large PT 

HERMES: not enough luminosity 
 to access large PT  
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CLAS12  Multiplicities: high PT & phase space  

For some kinematic regions,  
at low z, the high PT  distribution appear  
suppressed: there is no enough energy 
in the system to produce hadron with high  
transverse momentum (phase space 
effect). 
If the effect is accounted, the CLAS 
data  follows global fits. 
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PDF & FF used: 
CTEQ PhysRevD.103.014013  & 
DeFlorian-Sassot PhysRevD.91.014035 

PDF & FF used: 
CTEQ PhysRevD.103.014013  & 
DeFlorian-Sassot PhysRevD.91.014035 

<Q^2> = 1.8 GeV^2  
<x>= 0.13 

<Q^2> = 1.8 GeV^2  
<x>= 0.13 PRELIMINARY 
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Finite energy: Kinematic limitations 

Kinematic correlations, due to trivial 
energy and momentum conservation, 
may mask the real dependences 
•  Can be easily accounted 

May be smeared further for 
different z,PT bins 

x>0.2 

x>0.5 

x>0.7 

CLAS@22 
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Most critical with JLab20+: access to large PT 

Possible sources of large PT in SIDIS 

Non perturbative sea 
 
 
 
 
 
Wider in kT u- distributions (need long.pol.target) 
 
 
 
Wider in kT  d-quark distributions  
 
 
 
Wider in PT longitudinal photon contributions (FUU,L) 
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P.Schweitzer et al. arXiv:
1210.1267 
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Large PT-coverage 
critical for all those 
measurements!!! 

q̄q
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Azimuthal distributions in  SIDIS (unpolarized) 

EMC-1983 (PL,v130,118) 
Observables: - Azimuthal Moments   - Multiplicity  

- Quark-gluon correlations are significant in electro production experiments (even at high energies). 
- Large cosφ modulations observed in electroproduction (EMC, COMPASS, HERMES) may be a key 
 in understanding of the QCD dynamics. 
- What we know about the PT-dependence of the FUU,L (most likely increasing fast with PT)? 

H.T. H.T. 

H.T. 



Attempts to understand Q2-dependence of HT 

The ratios of SFs (to FUU) are not  decreasing with Q!!! 
The HT observables, don’t look much like HT observables, something missing in understanding  
Understanding of these behavior can be a key to understanding of other inconsistencies 

COMPASS 

CLAS12(preliminary) 
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EMC 
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Relevance of RC in studies of complex azimuthal modulations 
N.Sato(CPHI-2022) 

In the presence of QED 
radiation, the q direction is 
not fixed 
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Overlap of modulations from RC 
(SiversàCollins) 



 From JLab to EIC: complementarity 
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•  The radiative effects in SIDIS may be very significant  and measurements in 
multidimensional space at different facilities will be crucial for understanding the 
systematics in evolution studies. 

•  Most sensitive to RC will be all kind of azimuthal modulations sensitive to cosines 

The ratio of radiative cross (σRC) section to Born (σB) in SIDIS 
T. Liu et al 
JHEP 11 (2021) 15
7 
Gaussian FUU 
(φh=0) 

Cross section at low Q2 
suppressed at higher 
CM energies 



h 

FSI 

xF>0 (current 
fragmentation) 

xF<0 (target fragmentation) 

q̄q

L 

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

X. Artru & Z. Belghobsi 

Correlations of the spin of the target or/and the momentum and the spin of 
quarks, combined with final state interactions  define the azimuthal 
distributions of produced particles (different in CFR and TFR) 

xF – fractional momentum in 
the CM frame 
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Cahn, Sivers, (no Collins type)… 

Kotzinian-2009 

Collins SSAs, sin(φ+φS),sin2φ 

q’ 

Hadron production in hard scattering 

q̄q

L 
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clas6 

clas12 

18 

 2 hadron correlations in CFR  epàe’π+π-X 
T. Hayward et al. Phys. Rev. Lett. 126, 152501 (2021) 

•  Spin-azimuthal correlations in hadron pair 
production are very significant 

•  Hadron pairs in SIDIS (true from JLab to LHC) 
are dominated by VM decays 
(therefore single hadron channel too) 

•  Direct pions dominate only at relatively high 
PT, (PT >0.6-0.7 GeV)  

clas12 

ρ0 

ω string 
ρ+ 

Large Mππ pions 
with PT >0.5 GeV 

MC 
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Contributions to π+  in e’π+π-X  
sample from different channels 

theory 
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 CFR/TFR correlations  in 2 hadron production 
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M. Anselmino, V. Barone and A. Kotzinian, 
Physics Letters B 713 (2012) 

Submitted to PRL 
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CLAS12 Preliminary 

0.25<x<0.35 

•  Correlation asymmetry is linked to Leading Twist(LT) 
distributions of longitudinally polarized quarks 

•  SSA significant at large x where the valence quarks (non-
perturbative sea)? 

•  First indication in large x  SIDIS of a LT observable 
•  Multidimensional measurements crucial for evolution 

studies 

3 independent methods used 

<latexit sha1_base64="TA/z81DlRwRnaPgiRcaaKpz5nCI="></latexit>

ALU / C[w5 l̂?h
1 D1]

C[û1D1]
sin��

Twist-2 table 



Beam SSA: Where is the struck quark? 

•  CFR is defined by the kicked out quark, and in 
case the quark is polarized the SSA can define its 
signature 

•  Polarized d-quark, is hard to locate, and one 
obvious process where we can guarantee it was 
hit,  is the production of Δ++ 

twist-3, inclusive proton 

CFR 

TFR 

π+ from u-quark 

epàe’π+n 

A
LU

si
nφ

epàe’π-Δ++ 

S. Diehl (CLAS12) 

mixed 

Negative sign of the SSA (plateau) defines the TFR dominance 

zπ- 

zπ+ 
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Dissecting the beam SSA (ALU)  in epàe’pX 
•  SIDIS is a sum over multiple exclusive states, 

but has to keep an eye to make sure it is not 
dominated by some dominant channel 
(extraction of Q2-dependence critical) 

•  The cut on the missing mass of the proton 
eliminates obvious exclusive channels, which 
tend to have higher positive or negative 
SSAs(ex. epàe’pπ0 or e’pρ0) 

•  MX>1.5  no structures and SSA goes to plato 
(no single channel dominates it) decreasing 
as the correlations get suppressed with 
multiple hadron production 

Significant beam spin SSAs observed for 
exclusive epàe’pπ0 (~8%) and  
epàe’pρ0 (~-20%) MX

2 

xF<0 

epàe’pπ0  

epàe’pρ0  

F. Benmokhtar & H.Valenty 
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“Only JLab20+” measurements    
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ALL = FLL/FUUTwist-2 

Twist-3 

Double spin asymmetries in  hadron 
production CFR and TFR at large x 

Beam spin asymmetries in correlations of 
CFR and TFR 

Beam spin asymmetries in CFR (single and dihadron) 

Exclusive processes in the x>0.1 domain, may most be in this category, due to resolutions and 
rapidly decreasing x-sections at higher energies 
Much higher range in Q2, compared to HERMES, may help with applicability of GPD formalism 

Measurements at relatively large x, where non-perturbative effects are 
expected to be significant,  at lower energies will not cover kinematics, at 
higher energies will not have significance in multidimensional bins 



Beam SSAs & Kinematic suppression at large x 
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•  Fixed target experiments are sensitive to all SSAs 
•  Higher energy opens up the phase space allowing access to, sea and large Q2  
•  Measurements of beam SSAs (+some others) at large x, will be challenging at EIC 

x=0.3 

CLAS12 

CLAS24/HERMES 

EIC18x275 

EIC5x41 

EIC5x41 

EIC18x275 

In current CLAS12 
acceptance  

clas12 

clas22 

clas22 

clas12 clas12 

clas22 
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Unknown “known” f1,g1  TMDs 
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•  Models and lattice predict very significant spin and flavor dependence for TMDs  
•  Large transverse momenta are crucial to access  the large kT of quarks 
•  Several CLAS12 proposals dedicated to g1(x,kT)-studies CLAS12 
•  Understanding of kT-dependence of  g1 will help in modeling of f1  

0.25<x<0.35 

Dominated by direct π+ 
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Impact of limitations from theory 
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•  Gain with 22 GeV will 
be more critical with 
additional kinematical 
cuts imposed by theory 

0.25<x<0.35 
0.4<z<0.6 

Dominated by direct π+ 

PT/z/Q<0.5 

More theory limitation, may 
convert the observable from major 
improvement (type 2) to only 
possible with 20+ GeV (type 1) 
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CLAS12 at 22 GeV with longitudinally polarized target   
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•  Studies of evolution of observed double spin asymmetries will be a critical task in 
validating the QCD predictions  g1(x,kT)-studies CLAS12 

•  Asymmetries measured with input polarized and unpolarized PDFs, can be used to test 
the flavor decomposition capabilities 

•  Kinematical correlations, even for small bins relevant (multidimensional bins critical) 

Full simulations using LUND-based generator and full CLAS12 
reconstruction chain !



Measurements of Collins-Soper kernel 
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A. Vladimirov  
Validation of the TMD factorization based framework:Collins-Soper kenel 



Extracting the CS-kernel from data 
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using artemide as input 

Alexey Vladimirov 

Different experiments most 
sensitive to different ranges in b 
•  JLab ~1<b<4 
•  EIC ~0.5<b<1.5 
•  LHC b<0.5 
•  COMPASS overlaps 

Better control over 
systematics requires thin 
slices in Q2, and good 
resolutions 

A. Vladimirov  
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Contributions for 3D structure studies: Sivers 

•  Measurements of Q2-dependence of SSAs will be crucial in validation of the theory 
•  JLab24 will be crucial to bridge the TMD studies between JLab12 and  EIC in the 

valence region 

y>0.05,100 days (corrected for EIC official lumi) 

x=0.3 
z=0.7 
PT=0.3 

Pavia grids 

S
iv

er
s 

H.A./C.Pecar/A.Vossen 
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B2B correlations with longitudinally polarized   target 

•  Target SSA can be measured in the full Q2 range, combining different facilities 
•  Advantages: Higher Lumi for JLab, less suppression at high Q2 for EIC 
•  JLab24 will be crucial to bridge the studies of FFs between JLab12 and  EIC in the valence region 

Lumi: JLab 1035, EIC4x51/5x100/10x275 0.044,0.6,1x1034) N/q 

E12-09-009 

CL AS12 
proposals 
NH3/ND3 

A. Kotzinian et al, arXiv:1107.2292 
E12-07-107 
E12-09-007A 

3He 
C12-20-002 
 
7LiD 
E12-14-001  
 No depolarization, like Sivers! 

y>0.05,100 days  



Summary 
•  Significant single spin asymmetries have been observed in CFR and 

TFR, indicating large correlations between hadrons  
•  Measurements of SFs from the azimuthal distributions of final state 

hadrons in electroproduction, requires high statistics in multidimensional 
bins, also to address kinematical limitations due to finite energies 

•  Better understanding of the systematics in the process of extraction of 
final physics quantities (development of validation mechanism) can help 
to control the systematics, optimize the output format of the data (ex, 
multidimensional binning, providing events…) 

•  Extending JLab measurements  to a wider range in Q2 and PT with 
energy upgrade, will be crucial in studies of evolution properties and 
transverse momentum dependences of underlying PDFs. 

•  The 3D physics with SIDIS and hard exclusive production processes can 
provide a set of flagship measurements, superior at JLab20+, critical for 
understanding of QCD dynamics, and required for validation of different 
QCD based formalisms 
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Support slides… 



FUU,L from JLab and EIC 
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FUU,L  kinematically enhanced, but requires a reasonable range 
and resolutions to be separated from the FUU,T 

x=0.3 

 JLAB12 

JLab24/HERMES 

EIC18x275 

EIC5x41 
FUU,L  (longitudinal photon 
contribution), typically neglected 
in phenomenology,  may be 
important part of systematics in 
certain kinematics, in particular at 
large PT  

σ ∼ FUU,T + ε FUU,L  
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