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• Why rho matters in SIDIS and DIS?

• Understanding of physics backgrounds→ need for multidimensional 

measurements critical for JLab and beyond

• Understanding the exclusive rho from identification and observables to SDMEs

• Understanding the Diffractive rho, impact on DIS  and the need for MC

• Summary

Harut Avakian (JLab)

The role of the exclusive VMs in leptoproduction
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Set a focus group to study 

exclusive VMs 

(JLab/HERMES/COMPASS/EIC)

Organize a dedicated workshop  

“Exclusive Vector mesons and 

SIDIS”

• Set a CPHI prize for theoretical 

description of exclusive  vector 

meson observables (SSA/DSA)

Proposal for an EMMI Rapid Reaction Task Force meeting on rho in preparation

H. Avakian, IWHSS_CPHI2024, Oct 1
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Polarized Leptoproduction

JLab12

HERMES/JLab24

COMPASS

JLab7/9/11

xF>0 (current fragmentation, CFR)xF – fractional momentum 

in the CM frame

z

x

y

z

xF<0 (target fragmentation,TFR)

h

h

P

in eN→e’hX

6D (x,Q2,z,PT,f,fS) 



Beam SSAs as a tool to separate regions and contributions

Negative sign of the SSA (plateau) 

defines the TFR dominance

H. Avakian, CERN, Feb 3
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ep→e’pX

With beams in polarized SIDIS typically 

always polarized, beam SSA can serve 

as a tool to separate 

1) kinematical regions (CFR/TFR)

2) Higher the Q2, less prominent is rho

F. Benmokhtar & Duquesne U.

Major difference only for protons at small t!

Separating Target Fragmentation Region 

TFR from Current fragmentation region 

(CFR)



Beam SSAs as a tool to separate regions and contributions

Negative sign of the SSA (plateau) 

defines the TFR dominance
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ep→e’pX

With beams in polarized SIDIS typically 

always polarized, beam SSA can serve 

as a tool to separate 

1) kinematical regions (CFR/TFR)

2) dynamical contributions 

3) cut on MX eliminate exclusive VMs

F. Benmokhtar & Duquesne U.

Major difference only for protons at small t!

2) Separating Target Fragmentation 

Region TFR from Current fragmentation 

region (CFR)

SIDIS



Addressing PAC/theory comments

H. Avakian, CERN, Feb 3
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2) Diffractive VMs (r0)

Studies of exclusive processes 

require high resolution and 

multidimensional measurements !!!

CLAS12 measurements indicate the 

2hadron exclusive sample is dominated by 

“diffractive rho0”produced at very small t

JLab provides possibility of detailed studies 

of those rhos, crucial for interpretation in 

terms of TMDs of SIDIS data in general, 

and for EIC in particular.

x=0.2
Q2=2 GeV2

CLAS12COMPASS 2h

Estimated ~20% contributions from rho to 

charged pion SIDIS, consistent with 

~10% of diffractive DIS in inclusive DIS

indication: most longitudinally polarized r0

note: higher the Q2 lower is e



Separating the “diffractive” kinematics

H. Avakian, CERN, Feb 3
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Diffractive VMs (r0)

At higher energies (COMPASS/HERMES)  

no major effect were observed, as high 

resolution and multidimensional 

measurements are critical !!!

+preliminary data on ep→e’pf (ALU=-

0.084+/-0.038)

• Beam SSA can be used to separate 

dynamical contributions

• Comparison with  exclusive r+ and 

other non-diffractive channels 

clearly indicates the kinematics 

where the “diffractive rho0” shows 

up (increases at higher energies)

• Comparison with other exclusive 

states, including the r0 at higher t, 

indicate the contributions from 

quark exchange mechanisms 

negligible in large z kinematics 

Beam SSA for exclusive states



“diffractive” VMs: rapidity gap

H. Avakian, CERN, Feb 3
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Diffractive VMs (r0)

Significant rapidity gap between protons 

(backward) and rho (forward)

What is the fraction of VMs in DDIS?

What is the relative fraction of VMs as a 

function of  W and Q2?

Beam SSA for exclusive states

p

r0

t<1

t<0.5

ep→e’pr0



Excluding the “diffractive” rho from SIDIS

H. Avakian, CERN, Feb 3
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Depending on how we exclude the exclusive rho we can have several versions of 

experimental samples of inclusive hadrons, each with their own bias:

1) Standard SIDIS (eN→ehX, h=p,K,..) within the full accessible kinematics, corrected for 

acceptance and RC, measured in the multidimensional space

→epX biased with respect to theory by presence of contributions from diffractive rho, 

contributing to ~20% of counts, in low PT, with contributions to SSA ~10 times higher

2) Standard SIDIS (eN→epX) within the full accessible kinematics, corrected for acceptance and 

RC, measured in the multidimensional space, with subtracted in multi-D bins for rho0 contributions 

(“rho-subtracted SIDIS”)

→requires measurements of pions from diffractive rho in multidimensional space, means 

detailed studies of SDMEs of rhos, requiring good precisions and huge statistics, develop MC 

(ex. HEPGEN) also for all polarization observables, extensive validation needed, little known 

RC

3) SIDIS subsamples (eN→eppX, eN→eppX) within the full accessible kinematics, allowing 

clear eliminiation of rho0 contributions using cuts on missing masses of epX or eppX

(“rho-free SIDIS”)

→biased by the presence of additional hadron in TFR (epX) or CFR (eppX), may need a 

new phenomenology

requires measurements of dependence on MX to understand the bias,

Theory should be able to evaluate the bias from the presence of an additional hadron
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Understanding exclusive rhos and SDME validations
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Understanding exclusive rhos and SDME validations

corr. with r1-1
8 ,r00

8 (Hermes, COMPASS) 

corr. with r1-1
5 , r1-1

6 ,r00
5 (Hermes, COMPASS) 



H. Avakian, CERN, Feb 3
12

Understanding exclusive rhos and SDME validations

corr. with r1-1
8 (Hermes) no corr (COMPASS) 

corr. with r10
5 (Hermes) no corr (COMPASS) 
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CLAS12 Experiments involved: RGA superiority

Exclusivity condition  defined by the missing Energy: 

CLAS12 (width <0.1GeV) HERMES(width ~0.6GeV) COMPASS(width ~2GeV)

• Guarantying the “exclusivity” requires good resolutions (get worse at higher energies)

• Subtraction procedure relays on normalization, based on exclusive limit of LUND-MC

• All distributions have have tails, indicating the RC may not be negligible

• Extraction of SDMEs, will require validation in the multi-D space (significant samples)

~20% of data
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“diffractive rho0s” in SIDIS multiplicities

H. Avakian, CERN, Feb 3

The “diffractive” rho will bias extractions of TMDs, unless properly 

subtracted in multidimensional space of SIDIS measurements. 

G.Matousek (Duke) & N.Trotta (UCONN) 0.18<x<0.22

0.5<z0.7

Q2=2 GeV2

Estimated ~20% contributions from rho, 

mainly show up at low PT in SIDIS

total ep+X



0.1<PT<0.3, 

0.4<z<0.6

r-free 

SIDIS

Exclusive r contributions to p: PT-dependence

H. Avakian, CERN, Feb 3
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• The same sign and size of p+ and p- SSA indicates the rho0 may not be properly 

subtracted(require detailed MC studies, which require proper SDMEs)

• While VM contributions are ~20% in multiplicities in SSA they can be >100%

• Detection of the target proton introduces much smaller bias on the inclusive 

charged pion SSA, than the exclusive rho contributions

p- and p+ show similar behavior

COMPASS→“Positive trend”

COMPASS→“Positive trend” also reproduced 

when additional proton in TFR detected (red)



Longitudinally polarized quarks in B2B SIDIS

• Differences in ALL , due to different weights on PDFs  can 

provide additional info on impact of possible ingredients

• Measurements of ALL for r0 indicate very small values, and 

can be one of the reasons for higher ALL with protons with 

a MX cuts above 1.5 GeV (excluding exclusive r0 )

• Higher ALL will change the phenomenology used 

last 40 years in DIS and SIDIS studies!!!

xF<0

ep→e’pp0

ep→e’pr0 /w

f f2

SIDIS (“r free”)HEMP

N/q

H. Avakian, CERN, Feb 3

MX
2(ep→e’pX)

B
e
a
m

 S
S

A

Detection of proton allows elimination of exclusive rho!

• Formalism based on fracture functions (Anselmino, Barone, 

Kotzinian (back-to-back, b2b, hadron production, DSIDIS)

• Semi-exclusive processes, involving GPDs/GTMDs on proton 

side (TFR)  and FFs on pion side (CFR)  Yuan and Guo

ep→e’ppX

Possible theory formalisms:



ALL studies of exclusive  r0 : HERMES

H. Avakian, CERN, Feb 3

1D plots can be really misleading need multi-D

For a proper extraction of multiplicities and 

spin-azimuthal modulations of  exclusive rs, 

clean separation  is needed for r0, and 

longitudinally polarized r0 signal, in particular

A1ρ=0.23 ± 0.14±0.02

At low PT, where the background is smaller, 

the asymmetry indeed tend to be negative

Accounting of r0 will change the phenomenology of helicity distributions 



Exclusive r0: extending the Q2with JLab22 

H. Avakian, LNF, Dec 10
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Longitudinal photon contributions 

enhanced at higher energies

• Wider in t the range of integration, less will be relative fraction from asymmetric decays

• Range in Q2 increases significantly allowing detailed studies at beyond 10 GeV2

CLAS12

CLAS22

0.26<x<0.32, (decay pions in 0.4<PT<0.6, 0.35<z<0.45)



CLAS12 studies of  r0 using longitudinally polarized NH3 target

• Require the angle of negative pions is within a 

degree from calculated from e’,p,p+ assuming 

exclusive e’,p,p+p- event.

H. Avakian, CERN, Feb 3

Separating exclusive dihadrons

• Angular cuts remove the non-exclusive 

background and most importantly the nuclear 

contribution

• Measurements of exclusive  rhos with polarized 

nuclear targets, ALL in particular, require detection 

of the recoil proton (large positive asymmetry 

~40% for “non-diffractive” component)

cut on Dq <1o beetween

measured and calculated p-

measured
calculated

CLAS12 Preliminary

ep->e’p’p+p-



Radiative effects: impact on missing mass

H. Avakian, CERN, Feb 3
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solid→ reconstructed values

dashed→ e- generated

dotted/dash-dotted

→p generated

Energy loss of final state particles creates a shoulder (mainly e- for CLAS12)

LUND-MC description of the 

exclusive limit will be important in 

evaluation of the tail. 

HERMES

Claim RC is negligible



Measured x-section: DDIS vs DIS

H. Avakian, CERN, Feb 3
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ZEUS

No dependence on W, decrease with Q2 

indicating the rho can be the main contributor

At higher W there seem to be no Q2-dependence 

MX in DDIS and MX in exclusive rho different
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Exclusive dihadrons from CLAS12

H. Avakian, CERN, Feb 3

Q2=3 GeV2 Q2=4 GeV2 Q2=5 GeV2

x=0.2

Q2=2 GeV2 Q2=3 GeV2
Q2=4 GeV2

Q2=3 GeV2 Q2=4 GeV2
Q2=5 GeV2

x=0.3

Q2=2 GeV2

x=0.4

Q2=2 GeV2

Fraction of rho 

decreases with Q2
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SDMEs from theory

+polarized targets: Using the helicity basis for both photon and meson

polarized beam unpolarized target
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SDMEs from photoproduction
D. Glazier: https://indico.jlab.org/event/829/contributions/14273/attachments/10776/16321/PolarisedTwoPion.pdf

Link between partial waves and SDMEs
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SDMEs from photoproduction
A. Austregesilo:https://indico.icc.ub.edu/event/180/contributions/2528/attachments/1234/2479/QNP24_Austregesilo.pdf

Clear dominance of transverse rhos in photoproduction at low t

t~0.2
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SDMEs from photoproduction
A. Austregesilo:https://indico.icc.ub.edu/event/180/contributions/2528/attachments/1234/2479/QNP24_Austregesilo.pdf
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SDMEs from photoproduction

While at small t (dominant part of the statistics) the transverse 

rhos dominate, at large t the contribution from transverse 

photons going to longitudinal rho becomes more significant

JLab/GlueX, S. Adhikari et al, Phys.Rev.C 108 (2023), 055204: ArXiv:2305.09047

-t~0.2

GlueX preliminary
-t~0.8
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SDMEs from photoproduction

JLab/GlueX, S. Adhikari et al: https://arxiv.org/pdf/2305.09047

The SDMEs for transverse photons with 

sin2q (to transverse rho?) at Q2>0 seem to 

be smaller (detailed comparison vs Q2). 

vanish after f-integration

vanish after f-integration

vanish after f-integration
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SDMEs from photoproduction

JLab/GlueX, S. Adhikari et al: https://arxiv.org/pdf/2305.09047

The SDMEs for transverse photons with 

cos2q (to longitudinal rho?) at Q2>0 

different, in particular r00
1 (relevant for BM). 

COMPASS more 

consistent with JLab
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SDMEs from photoproduction

JLab/GlueX, S. Adhikari et al: https://arxiv.org/pdf/2305.09047

The SDMEs for transverse photons with 

sin2qcosf (to longitudinal rho?) at Q2>0 

consistent with HERMES/COMPASS

vanish after f-integration

vanish after f-integration
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Ongoing activities in SIDIS, “rho-subtracted”/”rho free” SIDIS

Measurements of multiplicities, single-spin and double spin dependent observables 

of forward “current” dihadrons with separation of exclusive  and semi-inclusive 

fractions

Measurements of multiplicities, single-spin and double spin dependent observables 

of back-to-back hadron “current” and baryon “target” with separation of exclusive  

and semi-inclusive fractions

Comparison of the SDMEs extracted in photoproduction with SDMEs for 

electroproduction at low Q2, to see if we can efficiently use part of their t-

dependences.

Development of exclusive VM MC including beam and target polarizations, 

longitudinal and transverse (need for preparation of the proposal for clas12) 

describing the photoproduction, and electroproduction data on exclusive rho in the 

full kinematical range of x,t,Q2

Comparison of SIDIS observables for “rho-subtracted” and “rho-free” samples
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Studies of QCD dynamics with controlled systematics involving Semi-Inclusive DIS, 

requires multidimensional measurements of cross 

sections/multiplicities/asymmetries as a function of all involved kinematical variables 

(including PT and f). 

• For interpretation of the SIDIS data it is critical to separate contributions from 

different structure functions, as well as separation of different production 

mechanisms in a given structure function (including VMs)

• The diffractive VM contributions, violate the factorized picture of SIDIS based 

on the dominance of the leading twist contributions,  and the “rho free SIDIS” 

may help to address the challenges of phenomenology (cross checking “rho-

subtracted SIDIS”)

• Need a generator to describe the exclusive rho in the accessible kinematic 

phase space accounting for all possible combinations of polarizations of 

beam, target and the final rho (Diehl: arXiv:0704.1565)

SUMMARY

H. Avakian, CERN, Feb 3

Understanding the diffractive rho contribution will help to sort out the diffractive DIS 

and possible impact on PDFs, helicity PDF in particular 
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support slides



Multiplicities of hadrons in SIDIS 

34H. Avakian, CERN, Feb 3

Anselmino et. al: hep-ph/0606286

Early attempts to use collinear and pQCD

contributions (solid line) to fit EMC data
quark transverse momentum, assuming a 

direct link with pion transverse momentum

Gonzalez-Hernandez et al, 

PRD 98, 114005 (2018)

Perturbative contributions underestimate the multiplicities by an 

order of magnitude for all accessible kinematics at COMPASS

non-perturbative
perturbative

2007 2018



SIDIS of ehX: qT-crisis in TMD theory
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Perturbative approach: TMD region = where the log divergence of the 

fixed-order calculation dominates (resummation is required)

How far in PT or qT =PT/z, extends the TMD region

i

Significant fraction of polarized SIDIS data is currently considered by 

phenomenology to be outside of the TMD region

What data input exactly drives down the nonperturbative  part?

TMD region we currently have 



SIDIS in JLab: comments from theory
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Statement:

“… SIDIS data has shown that there are basic open questions concerning the 

semi-inclusive pion/kaon production mechanisms at few-GeV energies, regarding 

e.g vector mesons and longitudinal photons.... 

Meaning:

JLab has problems specific for  low energies, which should be solved, before  THE 

theory of TMDs could be applied 

Possible conclusion:

All problems are due to “few-GeV”, will magically vanish at higher energies, and 

TMDs can be studied in the valence region [in multidimensional space] at higher Q2 

using THE theory [no need to deal with higher twists/correlations of 

quarks/hadrons/…....]



Addressing PAC/theory comments
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What exactly are identified so far sources of 

“factorization breakdown” in SIDIS and where 

is the evidence that  “few GeV” matters?

1) Longitudinal photon

x=0.3

JLAB12

JLab24/HERMES

EIC18x275

EIC5x41

• For a given x&Q2 the contribution from 

longitudinal photon increases at  higher 

energies (ex. at EIC 5 times bigger at 

Q2~10, x~0.3 than at JLab )

• JLab studies of impact of longitudinal 

photons critical for interpretation of  

polarized SIDIS, including EIC data



Longitudinal Beam  SSA in CFR/TFR

H. Avakian, CERN, Feb 3
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N/q

Longitudinally polarized quarks most likely responsible 

for observed Single Beam Spin asymmetries

CFR→Higher Twist TMDs TFR→Higher Twist Fracture Functions TFR/CFR→Leading Twist Fracture Functions

LT longitudinally pol. 

quarks in Unp. proton

Fatiha’s talk



qT-crisis or misinterpretation

H. Avakian, CERN, Feb 3
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https://arxiv.org/pdf/1709.07374.pdf

PT
2

Challenging for theory to explain the correlation of PT and Q

need experimental subtraction of rhos (proton detection will help)

at higher Q2 the slope in PT changes, why? 

Higher the Q2 lower the e

→ less diffractive rho at higher Q2 filling the low 

PT  in pion SIDIS.

“Nanga Parbat”

Fit

Ararat-Fit

New procedure: Fit from PTmin up

PTmin can be lower at higher Q2, 

as the contributions from diffractive 

rho decreases with Q2

8km

5km
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• Studies of QCD dynamics with controlled systematics involving Semi-Inclusive 

DIS, requires multidimensional measurements of cross 

sections/multiplicities/asymmetries as a function of all involved kinematical 

variables (including PT and f). Need reform in  theory-phenomenology-

experiment coordination

• For interpretation of the SIDIS data it is critical to separate contributions 

from different structure functions, as well as separation of different 

production mechanisms in a given structure function (including VMs)

• The diffractive VM contributions, violate the factorized picture of SIDIS 

based on the dominance of the leading twist contributions,  and the “rho 

free SIDIS” may help to address the challenges of phenomenology

• Need better coordination of efforts in theory-phenomenology-experiment

• New tools, such as AI,ML,… combined with enhanced hardware resources 

would allow qalitatively new methods for data analysis (LoI suggested). The 

JLab current and incoming data is absolutely critical for future studies of 3D 

and can be utilized to test the new approaches.

SUMMARY

H. Avakian, CERN, Feb 3



Understanding the QCD: from observables to QCD dynamics

• Understanding of hard scattering data at Q2<10 GeV2 critical for multidimensional 

measurements, needed for understanding the QCD dynamics

• The leptoproduction, with hadrons detected in the final state, from experimental 

point of view, in simplest case of a single hadron, is a measurement of observables 

in 5D space (x,Q2,z,PT,f), 6D for transverse target, +fS

– Collinear SIDIS (last 50 years), is just the proper integration of observables, over PT,f,fS

41

JLAB uniqueness: 

The superior luminosity of CEBAF, high resolutions of detectors, and ability for 

multidimensional and multiparticle detection, makes the  JLab unique in disentangling 

the genuine intrinsic transverse structure of hadrons encoded in 3D partonic 

distributions (TMDs and GPDs)  with controlled systematics in the kinematics 

dominated by valence quarks.

Main goal to study the non-perturbative QCD 

dynamics in 3D space in details



TMD theory problems
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Perturbative approach: TMD region = where the log divergence of the 

fixed-order calculation dominates (resummation is required)

How far in PT or qT extends the TMD region

Further steps to increase the coverage of large PT critical for SIDIS, JLab in particular  

i A. Bacchetta

Significant fraction of polarized SIDIS data is currently considered by 

phenomenology to be outside of the TMD region

What data input exactly drives down the nonperturbative  part?

TMD region we currently have TMD region we expect to be extended 



Exclusive r0 (p+p-) contributions

6.5GeV

7.5GeV

10.5GeV

Given detector resolutions and possible backgrounds the best option 

for  studies of ep→e’p r0 will be detection of all 4 particles e’p,p+,p-

One can make invariant masses and missing masses of all combinations

ex. MX (e’p+p-X)  or  Mp+/p- , MX(e’p p+), MX(e’p p-) also cuts calculated vs measured qs

cut on Dq <2o beetween

measured and calculated p-cuts on missing masses cuts on invariant masses

6.5GeV
7.5GeV

10.5GeV

Plans: publish x-sections/multiplicities and SSAs of exclusive r(p+p-)

H. Avakian, CERN, Feb 3
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at higher energies 

r more dominant



Beam SSA in exclusive p+p-

H. Avakian, CERN, Feb 3
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• At large z (small t) the beam SSA of exclusive 

dihadrons goes sharply negative indicating 

dominance of some (non u-quark) contributions

• Most SSA for the  large z dihadron sample 

localized around  the rho-mass (dominated by 

the exclusive rho)

• →The beam SSA is related  to exclusive rho0s
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r-free SIDIS” free: target proton bias

H. Avakian, CERN, Feb 3

ep→e’ppX ep→e’pppX ep→e’pppX
+ MX(epX)>1.05 GeV

While the detected proton introduces slight difference in the kinematic distributions, 

the cut on the proton missing mass makes significant impact (clear at large z). 

+ xFproton<0

x=0.3(0.25<x<0.35)

Q2=2 GeV2

Q2=3 GeV2

Q2=4 GeV2

+ xFproton<0
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Understanding exclusive rhos and SDME validations
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Understanding exclusive rhos and SDME validations
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Understanding exclusive rhos and SDME validations



H. Avakian, CERN, Feb 3
49

Understanding exclusive rhos and SDME validations
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Studies of rhos at COMPASS

tails may be significant, also because of RC



SFs up to twist 3

H. Avakian, CERN, Feb 3
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For SIDIS we have the full set of contributions from twist-2 and twist-3

including (Twist-2TMD x Twist-3FF)  and (Twist-3TMD x Twist-2 FF)

Request to theory to provide similar contributions 

for the exclusive hadron production. So far only 

Twist-3 contributions from Twist-2 GPDs 

(Kroll&Goloskokov,…)

Twist-3 TMD

Most likely dominant in SSA

ex.

Higher Twist TMDs

Twist3 GPDs (also calculated on lattice)



CLAS12 Studies: Data vs MC
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Using PEPSI (LUND) generator

• Kinematic distributions, z,xF,PT-distributions of protons, and widths 

are in good agreement with LEPTO

• TFR may be a valuable source for studies of widths in hadronization

• Expect significantly better separation of TFR and CFR at JLab24

Filled symbols data

Open symbols MC


