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Understanding the QCD: from observables to QCD dynamics

— Testing the QCD based frameworks for finite energies in SIDIS with
experiments with polarized beams and targets

— Studies of evolution properties of observables

— Impact of multihadron correlations

Summary
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QCD: from testing to understanding
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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,
observables in the real
life Kinematics where
most of the data is
available and interactions
are strong (more
complex observables
revealing details of the
dynamics,...)
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SIDIS kinematical coverage and observables
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SIDIS experiments measure azimuthal dependence of the cross section!!!10
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« Studies of azimuthal modulations give access to underlying 3D
partonic distributions

« All azimuthal modulations increase with P

« All assumptions involved in description of SFs, should be tested! : ;

« QCD predicts only the Q2-dependence of 3D PDFs
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Structure functions and depolarization factors in SIDIS

SIDIS at Large x : JLab domain!
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Steps to control the systematics in interpretation

« 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+,¢), 6D for transverse target, +¢g

Collinear SIDIS, is just the proper integration, over P+,0,¢¢

« SIDIS observations relevant for interpretations of experimental

results:

1. Understanding of P--dependences of observables in the full range of P dominated by
non-perturbative physics

Understanding of phase space effects is important (additional correlations)
Understanding the role of vector mesons in independent fragmentation

Understanding of evolution properties and longitudinal photon contributions
Understanding of correlations in hadron production in hard scattering

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

©® N o Ok WD

* QCD calculations may be more applicable at lower energies when 1)-7) clarified
 Need arealistic chain for MC simulations of SIDIS to produce realistic
projections with controlled systematics

Y=o
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Longitudinal photon contributions in SIDIS

A. Bacchetta
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Fuu,L possible behavior
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Measuring F,_at JLab

Hall-C: E12-06-104
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» Projections vs existing Cornell Data
(projections assume RSIDIS = RDIS)
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Complementarity of JLab Halls:
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Precision measurements (Hall-C) combined with wide acceptance (Hall-B)
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Longitudinal contributions in exclusive limit
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M. Defurne Phys. Rev. Lett. 117 (2016) 26, 262001 P
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Azimuthal distributions in SIDIS (unpolarized)
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- Quark-gluon correlations are significant in electro production experiments (even if at high energy).

- Large cos¢ modulations observed in electroproduction (EMC, COMPASS, HERMES) may be a key
in understanding of the QCD dynamics.
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Attempts to understand Q2-dependence of HT

" 2

Pion beam SSAs in the 1D case
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= Bahaviour dominated
by xg dependence
(as observed in models)
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Need multidimensional study-> use a bin in x,z,P+

Stefan Diehl, JLU + UConn JLAB upgrade workshop 01/24/2023
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Attempts to understand Q?-dependence of HT

zve Py COMPASS
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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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MC simulations: Why LUND works?

» 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.

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) ‘Subsamples

. Accessible phase space properly accounted ‘
. The correlations between hadrons, as well a as targetand -~

current fragments accounted | ?

To understand the measurements we should be able to simulate, at least

k (V

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 !!!

Jefferdon Lab H. Avakian, APS, Apr 14
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Correlations of hadrons in current and target fragmentation

M. Anselmino, V. Barone and A. Kotzinian,
Physics Letters B 713 (2012)

0.04
0.02

0.00
-0.02
g -0.04

()

si
|

A

~0.06
-0.08

c|o§

ep - epn'X

0.10
0

0 01

.geffei?son Lab

arXiv: 2208.05086 (PRL-

C[w5 lf‘th]

Ay - sin Ad¢ 2023)
C[ulDl]
Twist-2 table
(Fracture Functions)
CLAS12 Preliminary

U L T
< 1k A
L uﬂ

I Eff:.-fﬂ.

th §L
i

UL

! 3 independent methods used r ’”“fr-ffﬁ' U“&‘i' flT-fjf)f'-ffIT-{T}‘
0.06 |
0.07 0.25<x<0.35
'0.08 L " | . | "
2 3 4 2'5
Q

SSA significant at large x, where the valence quatks (non-
perturbative sea) dominate?
Correlation asymmetry is linked to Leading Twist(LT)
distributions of longitudinally polarized quarks

First indication in large x SIDIS of a LT observable
Correlation between the struck quark and the remnant
produces correlation between hadrons (entanglement)
Multidimensional measurements crucial for evolution studies
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TMDs IN Semi-Inclusive DIS

2 2 TMD Parton Distribution Functions TMD Parton Fragmentation Functions
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Major advance in theory in last years
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o g 5 s : ; - CS-kernel->independent
CS kernel discribes the interaction of out-going parton with the confining potential ~ op, any other variables

Provides nonperturbative part of evolution for TMDs
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SIDIS Validation tests: Collins-Soper kernel

do a2, (Q) ¥
- W(Q,z, 2k
dQ2dxdzdk? gt 1—c7 @®akL)
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o (2m)2

Evol.factor
our goal!

» Ultimate test of factorization hypothesis
» Different (Q,z,z) MUST result into the same curve
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. \/

TMDs

» Different final states (7, K*) MUST result into the same curve
= comparing Collins-Soper kernel obtained in different regimes we can scan the kinematic

range and determme size of TMD- factorlzatlon vnolatlon

08 D(b,2GeV) A. Viadimirov
- mm EIC

0.6~ (10 % 100,8.5/7.5 GeV)
. mm JLab22
r (4.2/4.1 GeV)

0.4

-o- Lattice QCD

[2302.06502]
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3.0

A. Vladimirov
nonperturbative () and « can be factorized
F(z,5;Q) = R[D,Q|F(z,b)

» R is known function

» D can de determined directly from
data

b requires dense coverage in pp
 requires proper adjustments of

(¢,2,Q)

Different experiments most
sensitive to different ranges in b

JLab ~1<b<4

EIC ~0.5<b<1.2
LHC b<0.5
COMPASS overlaps

Power corrections may shift the
distributions: validation critical!!!

H. Avakian, APS, Apr 14
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Accessing CS-kernel directly or through extraction of SFs

— eNH,—epX
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' «  Wide Q2range and high luminosity is the key for
il - . y(%":o’“:"“'f'{‘;’;"gx a validating separation of twist-2 conftributions
; 10 " 2‘0 * Q?evolution studies possible, provide superior access
‘ g to critical Collins-Soper (CS) kernel
Q“’ (G()\f‘z) » CLAS12 af JLab20+ can provide a wide range in Q2

combined with high lumi and superior resolution

Kinematic correlations, (P; and Q?, in particular) due to trivial energy and momentum
conservation, may mask the real dependences (need 4D)

Evaluate the systematics due to factorization violation and define possible reasons
(some can be easy to fix)
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SUMMARY

« Studies of QCD dynamics with controlled systematics involving Semi-Inclusive
DIS, requires detailed understanding of the contributions into the measured
cross sections/multiplicities/asymmetries as a function of all involved
kinematical variables (x,Q?,z, P and ¢)

« To evaluate the systematics of extracted TMDs, it is critical to validate the
formalism, and understand main contributions violating the factorized picture
based on the dominance of the leading twist contributions

« Measurements of azimuthal modulations of inclusive pions, and multiplicities
of pion pairs indicate very significant part of hadrons come from decays of
VMs (different in kaon case) and can provide important insight in
understanding the “leading twist” observables

» Evolution studies observables will require multidimensional coverage of all
relevant kinematics (including depolarization factors) for observables with
polarized beams and targets

« Critical to have an analysis frameworks with controlled systematics to validate
the phenomenology, and make credible projections for future measurements!!!

S M
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Support slides
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COMAPASS multiplicities and cosine modulations

Moretti et al> COMPASS (ECT* workshop)

COMPASS preliminary
visible exclusive, u*
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=0.00 ¥ L] iy .
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b | | | of the QCD dynamics
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Theory is not able to explain
the large P; behavior of pion

multiplicities !!!
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Multiplicities of hadrons in SIDIS
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TMDs universal, so what is the origin of the differences observed ? COMPASS:1709.07374
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JLab: not enough energy to « What is the origin of the
produce large P+ “high” P+ (0.8-1.8) tail?
HERMES: not enough luminosity 1) Perturbative contributions?
to access large P+ 2) Non perturbative contributions?
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Beam SSAs: Where is the struck quark?

« Can we separate the CFR from TFR using the SSA

. n Polarized u-quark, dominates
as signature” 1
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Negative sign of the SSA (plateau) Polgrized d-quark, is hard to locate, pnd one .
defines the TER dominance obvious process where we can guargntee it was hit,

is the production of A++ (negative SSA)
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Correlations of hadrons in current fragmentation region

Detection of n0s allows also studies of ,0: ;'?:rgg IE’/:O'”S
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