SIDIS Analysis: Understanding the Physics Backgrounds

Harut Avakian™ (JLab)

CLAS Collaboration Meeting, Nov 10, 2023

« SIDIS analysis framework
» Dispelling myths in SIDIS (independent fragmentation, suppressed HT
at high Q2,....)

* Reforming SIDIS: what we need to apply the TMD theory?
—phase space corrections
—understanding contributions from exclusive processes (mainly rho)
—separating/evaluating the longitudinal photon contributions
—separating the kinematics of current and target fragmentation
—understanding the role of hadron correlations in SIDIS

« Anew CAA for RGC
Summary

In collaboration with Timothy Hayward (UCONN)
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SIDIS kinematical coverage and observables
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Experiments measure the full azimuthal dependence of the cross section!!!}
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« Studies of azimuthal modulations give access to
underlying 3D partonic distributions
« QCD predicts only the Q?-dependence of 3D PDFs
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TMDs in SIDIS in Leading Order
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Major advance in theory in last years
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(S kernel discribes the interaction of out-going parton with the confining potential o any other variables

Provides nonperturbative part of evolution for TMDs
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Hadron production in hard scattering in SIDIS

xg— fractional momentum in

Study of QCD dynamics the CM frame x>0 (current fragmentation)
through correlations of

spins and momenta > - _[}'h q q
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xg<0 (target fragmentation)
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Different non-perturbative objects may be involved in description, depending
on kinematical conditions, introducing different dependence on Q?
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SIDIS cross section: separating FuuL

ratio of longitudinal and

Semi-Inclusive: / transverse photon flux
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Separation of contributions from longitudinal and transverse photons critical for interpretation
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« At higher energies longitudinal photon contributions T ¢ ! :
kinematically enhanced (at EIC 5 times bigger at Q2~10 )
« JLab studies critical for EIC data interpretation
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Beam SSAs: Separating kinematic regions
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Dissecting the beam SSA (A, ;) in ep>epX

« SIDIS is a sum over multiple exclusive states, .
but has to keep an eye to make sure it is not What IS SI DIS?
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. ep~>e’pn® or €'pp?)
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Quark-gluon correlations: flavor dependence
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« Significant longitudinal beam and target SSA measured at HERMES, JLab and COMPASS
« sing modulations for n*/n° consistent with dominance of Sivers like mechanism (initial state effects)
» Subleading asymmetries comparable with leading ones large at large x (1/Q terms should be accounted)
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Attempts to understand Q2-dependence of HT
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- The moments defined as a ratio to ¢-independent x-section(to F, 1), 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
 Checking the Q2 and P{-dependences of the F;, may provide crucial input for validation
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Sources of inclusive pions: CLAS12 MC

Detection of n%s allows also studies of 10“ High Py pions
1 at large Mnn
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Dominant fraction of 2 pion combinations come from VM decays
- P All measured 2 pion combinations are dominated by VM
— string decays, indicate that all inclusive pions are dominated

— by VM decays at small Ps, and in particular at lower z!!!
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VM contributions

A. Kerbizi (Trieste U.)
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« Strong dilution of SSAs(3-5 for pions
Kaons) due to VM decays

« Significant differences in pions vs Kaons from
VMs(JLab can measure also K*, and their SSAs)
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Un'derstanding VMs is critical for
interpretation even for unpolarized data
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Quark-gluon correlations: impact of VMs

ep— e' n*X (np*,pp?) 0.3 [ G Matousek (Duke) & N.Trotta (UCONN) [ — "'_
2 —S clasy|:
< gl anpg GDH-2004 ‘ -
. =pp . ji — i i f ep = e'pt/0X
_ i * B P D 01F -
i r . % = ¢ 3 ;
: < 1 I B R A\ e K B
__________ olo.o & 4 0 % o &) N -y
T 7 { -
! B T =~ _o1f . o
E Il ¢ é =
L
02 _ 7 —-0.2F .
& CLAs PRELIMINARY B ® RGA Exclusive p* ¢ s
E I ' —03F @® RG-A Exclusive p° 0
0.4 0.6 0.8 PP RN ST TP A B ol
. 070 075 080 08 090 095
7
£ L.~ a2 .l s 183
« Understanding of SSAs of VMs is critical in 21 41| ot
interpretation of the pion SIDIS 06 |- 0:0 E'+‘+
: : L - + o4 E
* Ay sign change can define the dominating oa b + al: N
process!!! Tl Pl 03 Lyl v |
« At large x the diffractive processes are 02| _* zf Sty S
suppressed by the minimum t N oSN B SRR =
2 26 ? 0.7 0.8 0.9 1
Q°GeV z,
JSA
.!effgon Lab H. Avakian, CCM, Nov 10 @E 12



P. Kroll & S. Goloskokov

Exclusive production of VMs
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Hadron production in TFR
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Separating the exclusive rhos: RGA vs RGC
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Exclusive rho: Target SSA from RGC
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Exclusive rho: impact on n+ A;; SSAS

All pions
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At large z the impact of rho may be significant, even if rho itself may not have significant SSA
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What is the gluon polarization at large x?
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A, for exclusive rho from RGC

Polarization of final rho matters? |IMepX-0.83|<0.1
z,>0.8
transverse/symmetric longitudinal/asymmetric
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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,Q?,z,P+,9), 6D for transverse target, +¢g

Collinear SIDIS, is just the proper integration, over P+,0,¢5
« SIDIS observations relevant for interpretations of experimental
results:

1.

2.

©® N Oh W

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

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

Understanding of phase space effects is important (additional correlations)

Understanding the role of vector mesons is important

Understanding of evolution properties and longitudinal photon contributions

Understanding of radiative effects may be important for interpretation
Overlap of modulations (acceptance, RC,...) is important in separation of SFs

Multidimensional measurements with high statistics, critical for separation of different
ingredients

« QCD calculations may be more applicable at lower energies when 1)-7) clarified
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Jefferéon Lab H. Avakian, CCM, Nov 10 @& v



SUMMARY

« 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 Py and ¢)

» Forinterpretation 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 (JLab is the unique place to do that)

» To evaluate the systematics of extracted 3D PDFs (TMDs and GPDs) , itis
critical to validate the formalism (ex. evolution studies), and understand main
contributions violating the factorized picture based on the dominance of the
leading twist contributions

* Measurements and interpretation of azimuthal modulations of inclusive pions,
and multiplicities of pion pairs require detailed studies of pions from decays of
VMs (JLab is the unique place to do that!!!)

« Submit a CAA to study single and double spin asymmetries of exclusive rhos
(rho0) from the longitudinally polarized target measurements (RGC data)
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* support slides
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Multiplicities of hadrons in SIDIS
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1) Perturbative contributions?
2) Non perturbative contributions?
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VM contributions:2D space
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Understanding VMs is critical for interpretation, extraction of P+-
widths (lower for decays), following extraction of k-widths

Similar situation with Kaons and K*
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VM contributions:3D space

Use a single Gaussian fit
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Understanding VMs is critical for interpretation, extraction of P-widths,
following extraction of k-widths (tails stay the same)

Similar situation with Kaons and K*
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Current hadrons: exclusive limit
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CLAS can measure all final states in exclusive production

Hadrons produced from u-quark have positive SSA, d-quarks and gluons negative.
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https://indico.jlab.org/event/320/contributions/5024/attachments/4103/4973/2019-June20-ccm-2hadrons.pdf

<tmin>

do/dt(ub/GeV?)

.geff;?son Lab

-

o o
~N @

0.5
0.4
0.3
0.2
0.1

Comparing MC and data (6715) v.6b2.0

-

LEREL RS LLL e

.....................

- %

— 2
g X /ndf 1469 / 5
: T _r_UIm:f jh nstant 539.1
E Y Mean 0.9511
3 A Sigmal.|_ 0.5447E-01
3 Y|
- htl
g ] \ | e |
1.5 2 2.5 3
f X'/ ndf 2380 / 5
- Constant 920.7
3 M f[ Mean 0.9417
3 ﬁﬂ”ﬁr' MJJ ﬁ quglgma 0.2584E-01
S,
L T | Ll | 1 1 L J el o 5 OO 1
1.5 2 2.9 3
M, (en+n—X)

H. Avakian, CCM, Nov 10

@ & 27



Possible sources of large P+ behaviour

1) Perturbative contributions and p-dependence of unpolarized FFs (so far unlikely...)

2) Significantly wider in k; distributions of u-quarks with spin opposite to proton
spin (possible sign flips in asymmetries related to polarization of partons)

3) Significantly wider in k; distributions of d-quarks (possible sign flips in asymmetries
related to polarization of partons)

4) Significantly wider in k; sea quark distributions (study contributions dominated by
sea, K-,..)

9) Increasing fraction of hadrons due to F;; | (needed for proper interpretation

— separation of F,, from total)

6) Significant contributions from VMs to low P; pion multiplicities, with direct pions
showing up at large P (needed for proper interpretation - much wider in k; original
parton distributions)

7) Radiative corrections (need the full x-section, typically applied to pions, while may be
needed for underlying VMs,...)

JSA
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Hadron production in hard scattering
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Understanding the k;-structure may require detailed studies of P+-
dependences in a wide range, and separation of different contributions
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Kinematical regions in SIDIS

fast moving hadron

Current Fragmentation
Collinear factorization arXiv:1904.12882
Target Regifm Current Fragmentation
Fracture functions Soft Region TMD factorization “I'm scarching for my keys.”
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Multiplicities of hadrons in SIDIS
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CLAS12 1h Multiplicities: high P+ & phase space

Scattered electron kinematic plane
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For some kinematic regions,

at low z, the high P+ distribution appear
suppressed: there is no enough energy
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effect).

If the effect is accounted, the CLAS data
follows global fits.
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Structure functions and depolarization factors
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P. Kroll & S. Goloskokov
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Items for discussion (REF2023)

Understanding of the impact of various assumptions and approximations

*Dominance of the transverse photon and applicability of TMD formalism
*Independent fragmentation and impact of correlations (ex. VMs, TFR-CFR)
*How do we do Radiative Corrections in SIDIS

sImpact of other structure functions, ex. FUTMsin\phi_S, FUU”cos\phi
contributions

*What is the role medium modification of TMDs in polarized target
measurements (NH3,ND3,LiD,...)

Development of validation procedures
*The need of MC
*\What the studies of observables vs Q2 can give (how to validate)

JOA
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Does it matter if the pion comes from correlated pairs?
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leading order calculations most significantly at the more moderate
values of x close to the valence region.

Gonzalez-Hernandez et al, PRD 98, 114005 (2018) make sense o

understanding the fraction of pions from
“correlated dihadrons” will be important to

ut of g; distributions
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gr-crisis or misinterpretation
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TMD theory problems

Perturbative approach: TMD region =
where the log divergence of the fixed-order
calculation dominates (resummation is
required)
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Nonperturbative approach: TMD region =
where either the log divergence OR the
nonperturbative contributions dominate
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Longitudinal photon contributions in SIDIS

There are several possibilities:

eTwist 2 TMD matching twist 2 PDI

e Twist 3 TMD matching twist 2 PDI

e Twist 2 TMD matching twist 3 PDI

eExpected mismatch

eTwist 4 TMD matching twist 2 PDF?

- Contributes everywhere,
- we know nothing!!!
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Fyu, tends to stay large even at Q2>100GeV? !!!
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Dihadrons: key to hadronization?

Origin of non-Gaussian tails
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distributions)

« contributions to pions from target fragmentation
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COMAPASS multiplicities and cosine modulations

Moretti et al> COMPASS

COMPASS preliminary
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Trnaverse & Longitudinal photons

Structure ~* low- 1%, high- /%4 calculation
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Impact of Radiative corrections
Proper RC involves the full x-section

U%Z§($7y7Z7PT7¢7 ¢S) — O—ShX(xayaz7PT7¢7 ¢S) X RM(x7y727PT7¢) + RA(w7y7Z7PT7¢7 ¢S)

- S— Simplest rad. correction
dr dy dos dz doy, dPy; | R(x p ¢h) B Ro(l o cos ¢h>
) 9 —

- %ﬁ {’ r+eFuu +v2e(1+¢) cosey Fiip *" + ecos(26y) Fiip

+ A V2e(1—¢)sing, F; [ + S, |: 2e(1 + ¢) singy, Fyj; " + esin(2¢y) 7 ° ]

i [ =3 Fup 4 VIS con dy FE™ ] « L/T interference | |
* Not suppressed at high energies
+5r | sin(on —65) (FURF 7 + € FpL 20 dssinidus 0) FH * Measured to be huge in exclusive
— . A0
+ ¢ sin(3¢p — ¢s) Fppo o ++/2¢(1 +¢) sings I} Ilmlt 1 OO A) o .
" » May couple to radiative cos\phi
+ vV2e(1 + ) sin(2¢;, — ¢s) ]l e J + St \‘\/T* g2 cos(oy, — dg) fr producing bck SSAS
+v/2e(1 —¢) cosdg F;7 7% + /2e(1 — €) cos(2¢y, — dpg) Fyop - ] }

Ex. Correction to SSA
O'()(l —+ SST sin gbs)Ro(l —+ 7 Ccos th> — O'QR0<1 + ST/QST Sin(gbh — gbs) —+ ST/QST Siﬂ(gbh —+ gbg))
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From JLab to EIC: complementarity

The ratio of radiative cross (cgc) section to Born (o) in SIDIS

T. Liu et al
o 17 JHEP 11 (2021) 157
.Qo 09 [ !~ o® _ x=0.3,2=0.5,P=0.8 Gaussian F (¢,=0)
o 08 | o ® n*
B ® - [
0.6 | |
0.5 | | ’ Cross section at low Q?
0.4 | Y S suppressed at higher
0.3 | - v ¥ + CM energies
i v
01 [ vy wvwvvy’
0 : 1 L]
2
1 10 10 02

» 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
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Validation of the phenomenology needed
for credibility of theoretical predictions

Critical for making projections used to
build new facilities

2 £55A
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Finite energy

- Kinematic limitations

CLAS@22

: RS 8
NLab@10.6 GeV < 10 :
Lab@22.0 GeV % .
| Q
: N 104
2100 \ ",
U ¢ } .:"."' ]
10 | 104
B One hour of run time.
1 - ' y<0.80, M, > 1.35 GeV
d 10 15 2
) ) 10 55_
Q" (GeV7) :
Kinematic correlations, (P; and Q?, in
particular) due to trivial energy and

| l | —— | | —— l | —— l | —— l Ll l | —— l | I —

May be smeared further for
different z,P; bins

momentum conservation, may mask
the real dependences
« Can be easily accounted
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3D PDF Extraction and VAlidation (EVA) framework

SIDIS,DY,e+/e-) || Hard Scattering MC
experiments (GEANT, FASTMC,...)

A S

EVA meetings at JLab to finalize
goals and coordinate efforts

event selection Grid operations .+ QCD Library for
e’ hX, e’ hhX,. . | fundamentals Structure
. Radiative | | x-section E SF (-—) Function (SF)
i x-section calculations |} " calculations : :
Data Counts i T 1 - 1 i calculations
(x-sections, § Lo : i
multiplicities,....) || Defined setof | | | |Definedsetof |+ 13D PDF and
assumptions . | | @ssumptions | | FF (models,
\ i l l i \l, | parametrizations)
i . | Extract 3D PDFs / i
' | extract Extract > !
x-section S MR PEYETTECTIVETVRETRIUETEE >/ Validation of extracted

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

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
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MC simulations: Why LUND works?

e

» Asingle-hadron MC with the SIDIS cross-section where
widths of k,-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. s

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

To understand the measurements we should be able to simulate, at least I
the basic features we are trying to study (P; and Q?,-dependences in particular)
The studies of correlated hadron pairs in SIDIS may be a key for proper interpretation !!!
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SIDIS ehhX: CLAS12 data vs MC

CLAS12 dihadron production ep>ehhX

,""3‘._ Jﬁ
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CLAS12 MC, based on the PEPSI(LEPTO) simulation with most parameters "default”
is in a good agreement with CLAS12 measurements for all relevant distributions
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CLAS12 Studies: Data vs MC

Using PEPSI (LUND) generator

11\
(€, A)

0 - ID 1011 i ID 1012
c i Entries 108301 I Entries 23293
= [ X'/ ndf 2880 / 15 _'—\ ¥/ ndf 1553 | 15
0 4_ Constant 10.59 Constant 10,69
o 10 lope -4.314 10 4_— L@bpe -4.399
3500 ;_ :Jnhies ;gf - i
] @)
3000 | * %0
. © o © Filled symbols data 10 < | ]
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T

« Kinematic distributions, z,xg,P+-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
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k—-max effects on observables

M. Boglione, S. Melis & A. Prokudin Phys. Rev. D 84, 034033 2011

COMPASS Deuteron-nt*
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Hadron production in hard scattering: SIDIS

x>0 (current X. Artru (Collins effect) = 1ol
y ( e N h]_ Hl

u

polarized quark

fragmentation)
xg— fractional
momentum in *
the CM frame < [E'

CFR/Current Fragmentation Region
—~>hadrons produced from struck quark

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 in SIDIS
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Exclusive hadron production in hard scattering

polarized quark x>0 (current  y -,
xg— fractional momentum in fragmentation) “
the CM frame

L

Er
X
Hrp Hy
: , space distributions
Current Fragmentation Region osf dowf g
- nucleon and transition GPDs, access to properties like “pressure”,.... .~
£ o '

Correlations of the spin of the target or/and the momentum
and the spin of quarks define the azimuthal distributions of RN Py
produced particles in hard exclusive production of hadrons AR
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Hadron production in hard scattering: SIDIS

polarized quark x>0 (current

fragmentation)
xg— fractional momentum in »
the CM frame < &

FSI™ ~ .

Fracture Function—> conditional probability x¢<0 (target
fragmentation)

1 v P e
v a | . gk

AN
1h fh fL
L (ulL ) t1r,t1
Sh L e b F1L 20
T |Gy, U7 tir, Y7, G i

Anselmino, Barone, Kotzinian  TER/Target Fragmentation Region
—~>hadrons produced from remnant, access to entanglement,...

Correlations of the struck quark and the target remnant combined with final
state interactions define the azimuthal distributions of particles in the backward
hemisphere (TFR), providing complementary information on nucleon structure
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Exclusive hadron production in hard scattering

polarized quark x>0 (current
fragmentation)
xg— fractional momentum in

the CM frame e’ [:E h
/ FSI™
xg<0 (target

fragmentation)

Quark gluon correlations described
by higher twist 3D PDFs

Twist3 GPDs
q U T
N
U | _fa < ) Ha, 1,

\ OAM

—~ fdx:vE’zT(:v,O,O) = L7+ 259,

Lorce&Pasquini, arXiv:1208.3065

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 in exclusive limit
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Hadron production in hard scattering: SIDIS

polarized quark x>0 (current X. Artru & Z. Belghobsi
xg— fractional momentum in fragmentation) —
the CM frame \
& L
: Higher Twist TMDs
Xg<0 (target U T
fragmentation)
/ — e hae
j;]' A N hy
1
fT;fT hr. e, hTﬂeT

Quark gluon correlations described by higher twist 3D TMD
PDFs, access to details of the QCD dynamics “forces’,....

Final state interactions and quark-gluon correlations give rise to
detectable spin-azimuthal modulations of produced particles
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CLAS12: Mass corrections to xg and z,

gt 2TR; i . _AM2MEad (Q*+13M3a)
N = —P+ — J4 = = Q!JI\-h(liJl l lQ:\:;.'l ! )
TRj™ -~ oy =
1+ \/1 g - 225;(Q* + 25 M?qy)
o 1 1 £ 1 L
X 98 0.98
2 L 96 M"O.. 0.96 | *%0000000000sesyee,
%99 099 094 | %000%000%8 (.94
092 | 092 |
- 0.9 ' 1 09
0.98 098 02 04 06 2 4 6 8 10
) - Xg Q
097 097 A c 1 1
e 98 0.98
- e 9 | eweee0eetet®®oagy | 0.95 | %,
' : ' 0.94 0.94 %0000
4 0.92 0.92 o* +
095 095 09 ! —1 09
02 04 06 2 4 6 810 0.2 04 06 0.8 0 05 1 15
Xp Q z, Py
Jefferson Lab H. Avakian, CCM. Nov 10 @& 57



