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SIDIS is a premier tool to probe the quark
and gluon degrees of freedom

* 3D Spin-Momentum Structure
 Sea Quark Polarization
« Saturation Effects

* Fragmentation Functions
« Passage of color through nuclear matter (nFFs)



SIDIS cross-section
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SIDIS X-section in the Parton Model

» Massive simplification, Nontrivial assumptions for validity q
— Power corrections, decays, targetFF, ... NN Y | Lt T
— Open questions ul & f
* transverse momentum spectrum ;
 TMD evolution L Y hiy
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SIDIS physics at an EIC: Coverage

« Common theme on EIC impact

— Extended kinematic coverage and precision, along with polarization
and possible beam charge degrees of freedom allow multi-pronged
approach ->needed to extract multidimensional objects

— TMD factorization is valid

$  Large Q2 lever arm: probe evolution, disentangle contributions to o

I current data for Collins and Sivers asymmetry:
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Longitudinal double spin asymmetries
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* Projections for Athena (2022 JINST 17 P10019)
* 3% point-to-point, 2% scale uncertainties (from Hera experience)

*z>0.2
« 15.5 fb~1 at 18x275, other datasets scaled accordingly
=>» See also double tagged A4; (D. Nguyen'’s talk)
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Example: Transversity Extraction
from Di-hadrons

5d L | I | ! er:4r Ge{/Q ! | 4w JAMDIFF
* Only proton data

JAMDIFF + LQCD

_| m JAMDIFF + EIC

* No small-x constraint 0.0 PRELIMINARY e
» See also Phys.Lett.B 816 _ |+ coma ey
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Precision A physics at the EIC
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« Significant impact of low Vs data  °®



Impact Twist-3 PDF gt
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* A, (here projection with 100 fb~1)



EIC kinematic leverarm provides

Insight into Evolution

* CS kernel sensitive to vacuum structure [Viadimirov 2020]
« Significant uncertainties on extractions
* Disagreement in different extractions and with Ia:Etice
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EIC kinematic leverarm provides Insight into

Evolution
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Ecce projections for Collins asymmetries for 10 fb~1 at each energy
(NIMA 1049 (2023) 168017)
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Di-hadrons to access saturation
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 Signals in di-hadron correlation and broadening large
(projections here for 10 fb™1)
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Early Running Constraints
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* 0(10% ) of YR
projection data

 Early Hl data
e top energy in Year 4

« Cross-section
measurements ((n)PDF,
(n)FFs, are not
luminosity hungry but
need good
understanding of
detector

« BSAs a good start but
Kinematically
suppressed

* Also consider
asymmetries in
species, final state,
charge..



BSAs and Lambdas with early data
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Transverse Single Spin Asymmetries

at 10 fb~1

« Uncertainties « then expected asymmetries
* Insights into TMD framework
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(nFF)
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« Plots by P. Zurita with 10/ 1 fb~1 for p/A
» Larger impact on nFFs, remaining questions with interpolation to intermediate A
+ Beyond impact on individual FF set, need to probe consistency and compatibility with other datasets
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Unpolarized TMDs

x = 0.1
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» MAP analysis (Bacchetta at ePIC collaboration meeting),
+ Simulated data by G. Matousek (Duke)

« Significant impact, even with limited data

0.4 0.6 08
|kL|[GeV]

(Q4=10 GeV?)

AfPIAU[fpIAU

» Absolute cross-sections will be challenging in the beginning

* Nuclear PDFs/FF can also be measured as ratios to p/d
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Di-hadrons to access saturation

1.0—

0.8

0.6

JeAu

041

0.3

Dijet cuts:
>5 GeV/c

pT, jet1

/ e+A 18x110 GeV

Dihadron cuts:
p;, >2 GeV/c
Py, > Py, >1GeV/c

Pr jet1 > Pr o > 4 GeV/c z,>02,2,<04

——— Phys.Rev.D 89, 074037 model, dihadron uncertainties
—— Pythia6 w/ nPDF, dihadron uncertainties
—— Pythia8 w/ nPDF, di-jet uncertainties

0'50 _\ T t \A ‘ T T T ‘ T T T T T T ‘ T T ‘ T T
- pr®>2GeV mep
|, trig _ ,assoc oep smeared
> > 1 GeV
0.40 |- Pr p_T ¢ eeAu .
: 0.2 < 2,78, 27%°°° < 0.4 oeAu smeared |1
| ]
—~~
2 0.30

QO 0.20F

0.10

TN N AT T N T N

0.00 s 3 35 4 45

1073

1072

107"
Xg

A¢ (rad)

 Signals in di-hadron correlation and broadening large
> First hint with limited datasets? (projections here for 10 fb~1)
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Summary & Conclusion

« SIDIS measurements are central to the EIC physics program

 Early data has impact on (n)FFs, PDFs, potentially BSAs and
more

 Projected reduction in uncertainties might not adequately reflect
impact=>Early EIC data will test our understanding of SIDIS

 Early analysis will be challenged by systematics/detector
understanding
— Luminosity non-hungry total cross-sections/multiplicities

— Look for measurements where systematics cancel, e.g. ratios (p/d,
p/A, n/d (tagged/untagged), n/K...
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Validations of Theory Framework

« TMD extraction is non-trivial
* Higher Twist Contributions

* Overlap of regions that are not
captured by factorized TMD
picture

VM Meson decays
« Radiative corrections
 Evolution (CS Kernel)

= EIC will be critical test of our
understanding (high lumi,
leverarm in kinematics to
disentangle various contributions)

21

1
Current Fragmentation
Collinear factorization
Target Region Current Fragmentation
Fracture functions Soft Region TMD factorization
7

u
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MAP extraction of FFs

2, Pips Q%)
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(=,

M

03<2<04

0.35 0.40
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Expect corrections in powers of§ ~ PhT /z/Q

Plots from A. Bacchetta’s talk at ePIC Collaboration meeting



Access to TMDs: Kinematic factors

Polarization Depolarization

Twist 2 Boer-Mulders | uu B
Sivers uT il
Transversity uT B/A
Kotzinian-Mulders UL B/A
Wormgear (LT) LT C/A
LU C/A
Helicity DiFF G
UL il
Twist 3 e(x) LU WIA
h, (%) uL VIA
9.(x) LT W/A

Notation from PRD9I0 (2014) 11, 114027,

Slide from C. Dilks 22



Statistical uncertainty scaling factor

for 18x275

1/[N"2A@Ey) ]

1/[N"Bey) ]

1/[N"V(ey) ]

fy < 5 <
% 10 % 10 %
g ........................ 9 g 104
ke] G 10* ke]
10°
¢ . 10°
.............. N Py
uu ,
10° 102
10°
10 10 10
1 1 L L 1 1
10°° 102 107" 1
X X X
1/[N"Be,y) / Ale.y) | 1/IN"V(ey) / Aey) ]
— 5
% ' 0 : .
8 10
G 10*
10°
10°
UL, UT >
, 10
10
10 10
1 i i 1 1
10°° 1072 107" 1
X
1/[N"Cley) / Aey) ]
'n T - 10° 10°
>
[0}
o
S 10* 10*
10° 10°
LU, LL, LT

Slide from C. Dilks

10?




Depolarization Factors

Polarization Depolarization

Twist 2 Boer-Mulders uu B
SIVEIS uT 1
Transversity uT B/A
Kotzinian-Mulders UL B/A
Wormgear (LT) LT C/A
LU CI/IA
Helicity DiFF G
o - Suppressed at EIC
Twist 3 e(x) LU WIA
h, (x) uL VIA
9.(x) LT WIA

Slide from C. Dilks 24
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T T T

1-2 T T

s — K* u— K* —— NPC23 —— NPC23
at Q =5GeV T NNEE T @ e NNFF T NNFF
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d— K*

---------- NNFF
DSS
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N b— K*

N
\

—— NPC23
---------- NNFF

From PRD 110 (2024) 11, 114019
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Unpolarized PDFs
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Higher Twist PDFs

o[ UT L] T

T T S. Diehl
L le il e

T\l ente | bt bt

twist-3 pdf unpolarized PDF twist-3 t-odd PDF

- oM h-k \‘ M X Gt h - \' M ’/E
sm(bh:_ . T 1 h pr J_D th__
Fr o QC[ M, (xel?l +MEJ ZT>+ Vi (xg/1+M 17)]
Collins FF twist-3 FF unpolarized FF
29
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Beyond the parton picture

» Higher Twist Contributions ( "‘Q - (
0 TG (z,z) ‘ 3 f—
\

» Overlap of regions that are
not captured by factorized |
TMD picture Qiu, Sterman, 1991. ...

VM Meson decays

(0000000000
——
« Radiative corrections "
* Assumption of suppressed \ DPhn
long photon contributions K
. . , urre?n ragme:na. on
One persons ‘complication Collinear factorization
Is another person's signal...
Target Region Current Fragmentation
Fracture functions Soft Region TMD factorization
27?
LF

=»Need high lumi, leverarm
In kKinematics to disentangle
various contributions
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He’ Double Tagging at the EIC allows
clean neutron measurement

* Neutron is to 87% polarized

* Double tagged events thus
provide access to polarized
neutron beam

* Reconstruction of initial neutron
momentum from tagged protons allows reduction of uncertainties
from nuclear corrections

0.00¢

=
o O
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Uncertainty Asymmetry

Frisci¢, I, Nguyen, D, Pybus, JR, Jentsch et al

—0.05¢}

|
w
T T
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Uncertainty Asymmetry
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Example: transversity extraction from
Jlab and the EIC

=== JAM20 6d ——]
—:= JAM20 + EIC(ep) _0.10 F [ZEL P, 4
== JAM20 + EIC(ep+e’He) R
1 —0.15F T T :
0.50 ’ a0 0.75 0.85 0.95 1.05 Gupta et al (2018)
N ! —0.20F |
/8\ 0.25 1 \\ u . Alexandrou et al (2019)
- N —0.25
= N\ JAM20
"g 000 .\'\._73__:_-——"_'::;"‘— _030 B +EIC(€p) :
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—0.25 A d : ' : '
. . ; 0.55 065 075 085 §qu
0.00 0.25 050 0.75 1.00
x
sin(¢nr+os)
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0°} _ 3 _
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> 1
(?'; 102l @ VS =29GeV
[<3!

1[ .
0 e @ e @ |
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0.001  0.01 0.1 0000 00l 01
But careful with parametrization bias...

Phys.Lett.B 816 (2021) 136255
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What makes the EIC era?

Valence Quarks
A lom lll I LI I 1 IIIIII I 1 IIIIIII 1
0 -
i 10 voing | ILab6 e+p facilities
~ 1018 O | m [y ]
) E 1017 [ frac
= N
2 g8 101
o] = ELIC
S>:<L — 1018 O|[Bonn
- . 10m \
) HeC
@ 1018 O | m
m g 1012 Bates(Int ENG
o £ JOMPASS
11 L
o 3 10 I ] Ep65 O H1/ZEUS
iL 1010 HERMES| | gy /nme
m 109 IIII | | | | IIIIII| 1 1 IIIIII| 1
1 1 10 102 109
CM energy [GeV]
Glue and sea-quarks
-
>
wavelepgth

Luminosity + DIS Kinematics =
Precision tests of QCD, 3D structure of the nucleon

To extract 3D structt
Need luminosity



Momentum structure in the parton model

parametrized by TMDs (spin %2 )

Nq U L
Ui,

L 9:
T & | ok

* |n addition to the

spin-spin
correlations can
have spin
momentum
correlations!

Spin-orbit
correlatiogs
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Kinematic comparisons

EIC 18x275

2

-

o
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Lambda feed-down composition vs
JLab20

EIC JLAB12

A (0.1<z<0.3)

A Parent 10.6GeV x>0

18 x 275 GeV 10— ———
[|— D[\L CFR+TFR i HERMES ]
I:I String 342 % Target (69.5 % - 08 eeess Df; CFR $ clas12 1
0 Q ]
P 5 06 |
) 2 '..."..' ]
P 24.1 % £ 04 _
b £ ]
= 02 } ‘ T |
ES 52% - E ) - :
IZI:¢ 2.1 % +' -ED 0.0 1 ]
5.8 % 8.5 % 6 2 on + ]
.Beam Remnant 1
110 % 92 % 3

.Others 049 02 04 06 0.8 1.0

(19.6 %) z

Study by M. McEneaney(Duke)

e Possible to unfold at the EIC (not so much agGJIab) ILab22 similar

e ML methods might help



The TMD factorization formula receives
corrections which enter in terms of powers of
6 ~ PhT /z/Q.
do.SIDIS
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Order of magnitude in luminosity depending on
/s (beware of projections with fixed | L)
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