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Traditional SIDIS Measurements

» Decades of study have led to detailed mappings of the momentum distribution of partons in the nucleon in
terms of 1-D and 3-D (TMD) parton distribution functions (PDFs).

» Accessible in SIDIS measurements of cross sections and asymmetries; rely on the assumption that
measured hadrons are produced in the current fragmentation region (CFR).

« Cross section factorized! as a convolution of PDFs and Fragmentation Functions (FFs) that can be
modulated by the azimuthal scattering angle.

1. A. Bacchetta et al., JHEP 02 (2007) 093 [hep-ph] 0611265,

dO.CFR . dé e
pdydz, 7 y : i
* (TMD)PDFs
» Probability (leading twist) of finding a particular parton in a certain configuration i3
» Confined motion of quarks and gluons inside the nucleus
+ Orbital motion of quarks, correlations between quarks and gluons TMD X
» Fragmentation Functions

* Nonperturbative dynamics of hadronization

+ Probability for a parton to form particular final state hadron p
* Insight into transverse momenta and polarization
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The Neglected Other Hemisphere — Target Fragmentation

 Final state hadrons also form from the left-over target remnant (TFR) whose partonic structure is defined by
“fracture functions™2: the probability for the target remnant to form a certain hadron given a particular

ejected quark.

* In the TFR, factorization into xgz and z-dependent contributions does not hold because it is not possible to
separate quark emission from hadron production. Many ramifications!
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1. L. Trentadue and G. Veneziano, Phys. Lett. B323 (1994) 201,
2. M. Anselmino et al., Phys. Lett. B. 699 (2011), 108-118, [hep-ph] 1102.4214
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2, (] © 3. TFR/CFR Fig. from EIC Yellow Report, (2021) [physics.ins-det] 2103.05419
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Separating the Target and Current Regimes

0.06
Feynman variable ClOg& * {’
pz 004_ eN — ¢ ! *
h . ) P
xF:ﬁ in CM frame p = — q, —1<xF<1 LT? + ;
max - U
Py 002
< o
Rapidity =, 0.00 %—-.-}- ----------------------- § .« Ry
_ 1 pi-:- _ 1 E, +p}zz LLM * LI 1 4 m  NHa, Fiy
y = — 10g — = = 10g z -0.02— R S
2 Pn 2 Eh - ph o o204 ¢ NHs, FuL
~0.04 ‘ : '
-1.0 -0.5 0.0 0.5 1.0
* No clear experimental definition of what constitutes current production TR
versus target production. ‘ Y A Y :
~TFR ~SR ~CFR Boundaries channel and

» Fixed target SIDIS experiments lack a clear rapidity gap.

» Structure functions, with different production mechanisms in both regions, S e ol i
give a possible clue. Low ¢—TMD hctorizatiog

» Odd-function (sine) modulations exhibit a sign flip around the transition
from target to current fragmentation.

» The positive(negative) sign of twist-3 SSAs defines the CFR(TFR)
dominance.

experiment dependent

qr=0

High x; — Current fragmentation
Low x; — Target fragmentation

I I I i I- Further reading: M. Boglione et al., JHEP 10 (2019) 122, 2019, [hep-ph] 1904.12882 ‘b
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Categorizing Fracture Functions

» At leading twist fracture functions exist that can be organized into tables of quark and nucleon polarizations just
like the more familiar PDFs.

» Access to both kr and pr effects gives 2 x 8 = 16 FrFs.

» Adirect relationship exists to the eight leading twist PDFs after the fracture functions are integrated over the

fractional longitudinal nucleon momentum, C. 1—x
S [ M0 = (1 - 2) ()
h 0

M. Anselmino et al., Phys. Lett. B. 699 (2011), 108, [hep-ph] 1102.4214
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Back-to-back (dSIDIS) Formalism

« When two hadrons are produced “back-to-back™-? with one in the CFR and one in the TFR the structure function
contains a convolution of a fracture function and a fragmentation function.

* Leading twist access to all quark-nucleon polarization combinations.

OoLUu = —

H. Avakian and T.B. Hayward, Phys. Rev. Lett. 130 (2023) 2, 022501, 2208.05086 [hep-ex]
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Back-to-back (dSIDIS) Formalism

« When two hadrons are produced “back-to-back™-? with one in the CFR and one in the TFR the structure function
contains a convolution of a fracture function and a fragmentation function.

+ Leading twist access to all quark-nucleon polarization combinations.
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Fyu/Fyy has no “depolarization” factor, similar to Sivers!
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Back-to-back (dSIDIS) Formalism

« When two hadrons are produced “back-to-back™-? with one in the CFR and one in the TFR the structure function

contains a convolution of a fracture function and a fragmentation function.

+ Leading twist access to all quark-nucleon polarization combinations.
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higher A__ in b2b SIDIS, possibly due to exclusion of non-factorizable p° production.

I H
I III 12/10/24 8

oLL = —Fél

.Dy
%

Nucleon polarization

Quark polarization

U \L T

U | o z\ih gL

~1h th 7L
L urr @ i, tir

N

T |ady ady| g, 13
1T 21T 1T "1T JLL jih
17 > 1T

M. Anselmino et al., Phys. Lett. B. 706 (2011), 46-52, [hep-ph] 1109.1132

<
clas



Semi-exclusive measurements

| ¢ .,.r""ﬁ.\'"'- ' 1« The dSIDIS/semi-exclusive measurements with target fragment detected not only allow
i 2 ] . -
20000 : P access to new physics observables but also enables the explicit removal of vector meson
£ 15000} . contributions to the single hadron channels
S .
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https://arxiv.org/abs/1912.10322

At 22 GeV there is over an order of magnitude more data at the
highest and lowest xg, particularly at higher Py:

F)f}i/n(qﬁ) /Fuu

Increased phase space at 22 GeV

0.06 *

2
004 ClOSH

1. Allow for the exploration of the full range of xg from -1 to 1.

2. Significantly more statistics for protons at the smallest —t
values.

3. Extension of pions to significantly negative xg.

4. Increased sensitivity to gluon-TMDs'? (low —t, large negative

X values).
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apa— 1. K.B. Chen et al., JHEP 05 (2024) 298 (2024), [hep-ph] 2402.15112
I I I I I 2. X.Tong, CPHI2024
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https://indico.cern.ch/event/1358446/contributions/6143106/attachments/2937970/5160843/FrF_IWHSS-CPHI%202024.pdf

Summary

The detection of target fragment baryons opens new avenues for studying the partonic
structure of nucleons by introducing new observables, strengthening the understanding of
a providing complimentary ways to measure previous observables and by aiding in the
separation of VM contributions.

Contributions from non-SIDIS vector mesons challenge the factorized picture of SIDIS.
Moving towards a “p-free SIDIS” might help address these challenges in phenomenology
and will be crucial for the interpretation of higher energy data, from JLab22 to EIC.

A JLab22 would benefit from significantly higher statistics at the lowest and highest x¢
values allowing for a complete picture over the full range in xg for TFR SIDIS studies or
VM studies at very low -t (in addition to benefiting SIDIS in the more common ways:
increased P+, extension of Q2 studies, etc.)
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Quark-gluon correlations; Impact of VMs
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* Understanding of the SSAs of VMs is critical for interpretation of pion SIDIS.

* The fraction of diffractive mesons increases with energy.

+ At large x the diffractive processes are suppressed by the minimum t.

» Fully evaluating the effect diffractive mesons have on the extraction of TMDs
will be critical for EIC studies.

30/9/24
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Comparison to p? indicates where the “diffractive” events

are appearing. There are separate dynamical
contributions with wildly different azimuthal moments that
complicate the picture. Which kinematic regions are

contributing to the measurements in single pion
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Q2 dependence of dSIDIS proton-r+
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Back-to-back (dSIDIS) Formalism

« When two hadrons are produced “back-to-back™-? with one in the CFR and one in the TFR the structure function
contains a convolution of a fracture function and a fragmentation function.

+ Leading twist access to all quark-nucleon polarization combinations.
similar access to transversity
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Kotzinian-Mulders
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Particle Identification

 Electron « Hadron
* Electromagnetic calorimeter. * B vs p comparison between vertex timing and
» Cherenkov detector. event start time using forward and central time

of flight systems (~100 ps resolution)
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TFR Single Spin Asymmetries with Polarized NH,

1. epX sample, M, > 1.35 GeV (“VM free”) Epnon — —%x
2. Near identical magnitude for F yand Fy,.
3. Twist-3 observables; simpler tensor , 9B, |
. F5111¢11 _ h Ll T
structure in TFR. LU 0
0.02 0.02
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longitudinally polarized
quarks in an
unpolarized proton

Quark polarization
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Twist-3 Collinear terms;
Chen, K. B., Ma, J. P. and Tong, X. B., [hep-ph] 2308.11251

unpolarized quarks
in a longitudinally
polarized proton

Nucleon polarization
(e

For more theory details on
higher-twist FrFs see talk
Tuesday by X. B. Tong

Situation in CFR more complicated
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https://indico.cern.ch/event/1358446/contributions/6143106/
https://indico.cern.ch/event/1358446/contributions/6143106/
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Helicity TMD (and the effect from p°)

*  01(x,ky) will be heavily kinematically suppressed at EIC.

« JLab22, with extension to higher P+, would be critical for studies FLL 0'¢ gl (x’ kT) ® D1 (Z, pT)

of g, in the valance quark region.
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N 3. Measurements of A, for “diffractive” p° indicate very small values (probably negative)
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TFR Single Spin Asymmetries with Polarized NH,

1. epX sample, M, > 1.35 GeV (“VM free”) Epnon — —%x
2. Near identical magnitude for F yand Fy,.
3. Twist-3 observables; simpler tensor , 9B, |
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Contributions of Vector Mesons
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Potential Ambiguities

Sivers-like modulation!

doTFR 202 y2 . p
= em —_ — sin(¢ _¢) _ 2 | hJ—| h 2
dzpdydC Py, dgs Q% {(1 v 2) For™ | = — 2 as = Mi(as, ¢, P)

P . ;
< Xk [ Miensd, PR~ 192 et Mo PRSI 00| o0 o R

m =
vrT CFR my

fis DI]

L1
uir

+ ANy (1 — %) Zez [SH AMp(zg,(, P}QzJ_)

P
41800 P AN, ¢, P feos(n— o
h
M. Anselmino et al., Phys. Lett. B. 699 (2011), 108-118, [hep-ph] 1102.4214 cos _ Ph_l_
[FLT(¢h ¢S)]TFR = Zei TB | | AM%(Z'B; ¢, PiL)

The same azimuthal asymmetries can bk

appear in both the CFR and TFR [FE‘}S(“S’I”‘ZSS)] =C [ = G D1}

complicating their interpretation... . \Q, . CFR N

N ... While some asymmetries uniquely appear in a single
O kinematic region, strengthening their interpretation.
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Potential Ambiguities; An Example

» The self analyzing A-baryon decay allows for the targeted extraction of information on polarization
transfer from struck quark to produced hadrons.

» The spin-transfer coefficient, D, serves as a stringent test for QCD (Quantum Chromodynamics)
predictions, especially those involving polarized parton distributions and fragmentation functions.
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COMPASS data from Eur. Phys. J. C64, 171-179 (2009)
CFR+TFR analysis by X. Zhao, T. Liu, Y. Zhou, SPIN-2023

500 Target fragmentation contribution!
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https://indico.jlab.org/event/663/contributions/12845/

Effects of the Kinematic Factor JLab vs EIC
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At the premier EIC luminosity of
10x275 many observables are
heavily suppressed.
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Access to several key SIDIS/TMD objects will be extremely difficult to measure at higher energy experiments,

24

while others will have similar magnitudes across different energies, strengthening their interpretation.
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