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Topics

* 1D proton structure (F,, F, structure functions, unpolarized PDFs):
too "bread and butter”, will not discuss today

* Longitudinal Spin (polarized DIS: g, structure function, parity
violating structure functions (?); polarized SIDIS).

* Momentum-space structure: TMDs

* 3D proton structure: GPDs

* Origin of the proton mass

* e+A at small x: saturation signals

e e+A at large x: in-medium hadronization, nuclear PDFs and GPDs



Early EIC Matrix

Species

Energy (GeV)

Luminosity/year

Electron polarization

p/A polarization

(fb-1)
NO
YEAR 1 e+Ru or e+Cu 10 x 115 0.9 .. N/A
(Commissioning)

e+D 11.4 NO
YEAR 2 e+p 10 x 130 4.95-533 LONG TRANS
YEAR 3 e+p 10 x 130 495-533 LONG TRANS and/or LONG

e+Au 10 x 100 0.84 N/A
VARG e+p 10 x 250 6.19-9.18 LONG TRANS and/or LONG

e+Au 10 x 100 0.84 N/A
Ve e+3He 10 x 166 8.65 LONG TRANS and/or LONG

Note: the eA luminosity is per nucleon




Longitudinal Spin



Proton Helicity Sum Rule

» Helicity sum rule (Jaffe&Manohar, 1989; cf. Ji, 1997):

1
§:Sq‘|‘Lq—|—Sg—|—Lg

with the net quark and gluon spin
1 1

5@ =3 [drane@)  5,(Q7) = [drAGE. @)
0 0
* L, and Ly are the quark and gluon orbital angular momenta (OAM)



Proton Spin Puzzle

» The spin puzzle began when the EMC collaboration
measured the proton g, structure function ca 1988.
Their data resulted in

S, ~ 0.03

* It appeared (constituent) quarks do not carry all of the proton spin
(which would have naively corresponded to S, =1/2).

1
* Missing spin can bﬁsg + Ly
« Carried by gluons
* In the orbital angular momenta of quarks and gluons
« Afsmall x:

1 1
S,(Q*) = /dxAzxcf Sy ( /dxAchf
0 0

T T

Can'tinfegrate down fo zero, use X, instead!
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Current Knowledge of Proton Spin

» The proton spin carried by the quarks is
estimated to be (for 0.001 <z < 1)

S,(Q* =10 GeV?) € [0.15,0.2]

» The proton spin carried by the gluons is (for
0.01 <2 <1  STAR+PHENIX+COMPASS
+HERMES+... , analyzed by DSSV, JAM, NNPDF...)

Sa(Q? =10 GeV?) € [0.13,0.26]

« Unfortunately, the uncertainties are large. Note
also that the x-ranges are limited, with more spin
(positive or negative) possible at small x.



How much spin is there at small xe

0.15

0.10

0.05

0.00

—0.05

—— DSSV 14
BN EICDIS /s = 45CGeV
Hll EICDIS /s =45 — 140 GeV

—0.10

107 107 103 102 101 100
i

* E. Aschenauer et al, 2020 (DGLAP-based helicity PDF extraction from data)

* Uncertainties are very large at small x. Note that this is XAG, the uncertainties for AG are 1/x =
100-10000 times larger! EIC will reduce them, but only where there will be data.
8



Longitudinal Spin: Small-x Evolution

Small-x evolution can predict

helicity distributions at small x.

But: hard to fix initial conditions
given the existing data (note: not
all polarized p+p data has been

analyzed yet).

End result: also a spread of
predictions for EIC.

EIC will provide constraints:

Plots are from JAMsmallx,
D. Adamiak et al,
2503.21006 [hep-ph]
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Projected g, measurements at EIC
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Polarized SIDIS

+ Also couples to helicity PDFs

- The coupling involves fragmentation functions.

g1 (x,2,Q%) = Z Aq(x




Parity-violating structure functions?

PV structure functions probe helicity PDFs too:

A —
9. 537, 67] =210, g, girgh] (A7 - Ag)
q

g = (—Au+ Ad+ A5 — Ac..))

Hard to measure? Especially the CC one.



Probing quark OAM through 7° production in ep collisions

Scattering amplitude

/ Scattering amplitude:

A*
I

A /da:/d% H(x, 6,2k, AL) fi(z, € ky, AL )

Collinear twist-expansion of hard part:

OH(k1, A= 0) OH (k1= 0,A )
’ G ’ AP 4.
K" VN A PN e B

\ J
|

Shohini’s talk Twist 3 term

H(kJ_aAJ_):H(k_L:()aA_LZO)_'_




Probing quark OAM through 70 production in ep collisions

Cross section

&0 = (NCZ _ 1)205gm0«’§ ig&Ai [1 +<1 )2] Shohini’s talk
dtdQ2dzgdp ~ 2NA(1 —£2)Q10(1 +£) Y

+Xsin(2¢) 2aRe [((F1,4 +iG14) (Fi1 +G11)] }

‘ Hadronic plane
. ¢

Distinguished experimental signature of

quark OAM f\/\/\W
e N

¢ = ¢, — oA, 70

Leptonic plane




Selected works on gluon GTMDs

Probing gluon OAM through exclusive di-jet production

PHYSICAL REVIEW LETTERS 128, 182002 (2022)

Signature of the Gluon Orbital Angular Momentum

Shohini Bhattacharya®,"" Renaud Boussarie,™" and Yoshitaka Hatta®'~

Main result (double spin asymmetry):

dgsym

Shohini’s talk
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Selected works on gluon GTMDs

Probing gluon OAM & spin-orbit correlation at small x

Updated numerical results (SB, Boussarie, Hatta, 2404.04209):
Shohini’s talk

— OAM
—— Helicity
150 Spin-orbit correlation

g(]-\

-

[«B)

Q C —— Total
'Q L

3-:\

S C

= 0.5

PHYSICAL REVIEW D 111, 034019 (2025)

Exploring orbital angular momentum and spin-orbit correlations for gluons
at the Electron-Ion Collider

~ Shohini Bhattacharya ,'?" Renaud Boussarie®,’ and Yoshitaka Hatta®"?

0.0009 0.0013 0.0017 0.0021

§

Spin-orbit correlation is more accurately constrained than OAM because the latter necessitates the
precise determination of both unpolarized and polarized gluon distributions
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OAM Distributions

« Let us write the (Jaffe-Manohar) quark and gluon OAM in terms of the Wigner
distribution as

2 — 72 +
Lz:/d b db™ d°k) dk (b x k). W(k.b)

(2m)°

« After much algebra, we arrive at the quark and gluon OAM distributions at small x :

1 min{ﬁ,ﬁ
N.N dz dx?
Lq+q(fU7Q2) = Tgf - / ?100 [Q(:c%o,zs) - 3G2($%0723) - 13(95%07 zs)
e )
— 2 I4(23y, 28) + Is(27g, 28) + 3 Is(27,, zs)}
2 N, 9 9?
La(z,Q%) = T an? { l2 + 6$%08x—%0 + 256%08(:}5—%0)2] [La(a%o, 25) + I5 (2, 25)]

0
+ ll —i—a:%o—a 5 1 [15(33%0,23) +I6»(a:%0,zs)} }
xlO 2 _ 2 —02
z3,=1/Q%, z2s=Q?/x



OAM Distributions and Moment Amplitudes

N.N h d min{ﬁ,ﬁ dx?
L@ =50 [ S [ GR[eh ) - 3Gt ) - Bk 20
A?/s max{ a1 Q12}
—2I4(x3y, 28) + Is(2g, 28) + 3 Is(27,, zs)}
2
Lg(z, Q%) = jj:: { {2+6x108a +2x%08<5—%0)2] [Lu(x30, 28) + I5 (23, 25)]

0
+ ll + x%OW] [15(:6%(), 28) + Ig(x3,, zs)} }
10 z2,=1/Q?, zs=Q?/x

« Q and G, are the same as above. However, we also now have the impact
parameter moments of dipole amplitudes, labeled |5, 14, |5 and |,:

o L—=z 0

[ i Quoes) = aio e, z9) + o +

st — Z1 —

/d2$1 xiG{O(z ) = € @y La(afy, 2s) + € 9510 Is (w9, 25) + €% xfy g Io(aTg, 28) + ...



Elastic dijet production in e+p collisions

K. o
The process is similar to the one above, i I
. . , O )
except now the proton remains intact. > H H——
One considers two observables, double spin q; A

P2,02

«<

asymmetry (DSA) and single spin asymmetry (SSA):

1
JoDSA — 7 Z 0. Spdo(oe, St), \

Ue;SL
1 P, Sy P Sy
dO‘SSA = Z Z St dO‘(O‘e,SL)

O'e,SL

Hafta et al, 2016; S. Bhattacharya,

R. Boussarie and Y. Hatta, 2022 & 2024;

S. Bhattacharya, D. Zheng and J. Zhou, 2023;
YK, B. Manley, 2410.21260 [hep-ph]



Measuring OAM distributions
In elastic e+p collisions

* In the small-t limit (0T, Q >> Agep > Ay
with t = —A3) the elastic dijet DSA
measures moments of dipole
amplitudes, thus allowing (in principle)
to measure OAM distributions!

- Cf. Hatta et al, 2016; S. Bhattacharya,
R. Boussarie and Y. Hatta, 2022 & 2024;
S. Bhattacharya, D. Zheng and J. Zhou,
2023.

» Feasibility study in progress (G.Z.
Becker, J. Borden, B. Manley, YK).

do Paar’

1 symm. A\ 2 —i =
1-2) 5 Y SpA5> =— d*z1y xyry e 2 @202 N(ad,y,, s 107:
A=) 2 ,\11SL d?pd2Adz (2m)52(1 —z)s/ Tz e e N(@ya, 8) e
L,

X { [ (1 —22+iA-zp (P +(1-2)%) - %A “Zyy (1= 22)2> Q(ah, s) —iA - 215 I3(21, 5)
‘ 1
— A X Z15 J3(21a, S)] (b'[r’]r(‘1121 T, 2)

+ [i(1—22) (Ajfjizfzf‘l(x%zy 8) + A X T15 T1oI5(2ls, 5) + A’ 23 Ja(zls, 5) + A - 212 230 T5 (21, S))

- [1+ia-22)4 (2 - B2)| (*ohrGa(a, 9) + 20aGi (o, s))]

2 (ai - ipi) q’[rzlr@u: Zyrgr, 3)} +0(A%),

¥ p—qqp’

1 e 40 on 2i/2 ;
1-2) = Sy |eir¢ —Symm e | =——— [ Pz dPayy e B E2"22) (107
My [ Ppad: T = a7 | CT2 T aom)

X N (23,5, 5){ [ <l —22+iA -z, (22 +(1- 2)2) — %é “Zyg (1= 22)2) Q(22,,8) —iA -z, (225, 8)
—_iA Ju(z2 s k-2, Pt _ k- Pt
1A X Ty, J3(Tp, 8)| |~ L1 (Z12, Tyrgr 2) — ——— @ (Zqr9r, Ty9, 2)
T12 Ty
+ |:1,(1 —22) (Ajeji 22, Iy(22,,8) + A x 21, 78, I5(22,, 8) + At 22, Jy(225,8) + A - 24, 78, J5 (2, .s))

- [1 +i(1-22)A- (212 - %)] (e“"z’szQ(sz,s) + Tizcl(xgw 5))]

i i E X I ié X Zyro
x (0} - ") [ﬁ@ﬂ(zlz,gl,z,, )+ R @ 2, z)} } +0(A2),

20




OAM measurement with elastic dijets:
feasiblility study (very preliminary!)

Vertical axis — COSs gapr
harmonic in elastic dijets A;.

d(cos ¢ap)/dpr [GeV_l}

pT = jets b2b momentum

A = momentum transfer
assumed int. luminosity = 10 flo'!

0.08 - _
Integrated luminosity: 10 fb~*

0.06 V5 =95 GeV i
Q?* € [16.1, 87.9] GeV?
x € [0.002, 0.01]

0.04 - t € [0.04, 1.0] GeV? |
z € [0.2,0.5]

0.02 -

o .

—0.02

1 1 1 1 1 1 1
0.0 1.5 3.0 4.5 6.0 7.5 9.0 10.5 12.0
pr [GeV]

JAMsmallx (Brandon Manley) — preliminary!



Selected works on gluon GTMDs

Probing gluon OAM through Semi Inclusive Diffractive Deep Inelastic Scattering

Numerical results (SB, Boussarie, Hatta, 2404.04209):

—— Total
— OAM
—— Helicity
Spin-orbit correlation

do (fb/GeV?)

Challenging, yet there is no requirement to reconstruct jets & we still maintain sensitivity to OAM

Shohini’s talk
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Still, even with the EIC data

ElC & Splﬂ PUZZle we need to exfrapolate quark

and gluon spin down to smaller x:
small-x evolution can do that.

» Parton helicity distributions are sensitive to low-x physics.

« EIC would have an unprecedented low-x reach for a polarized DIS experiment,
allowing to pinpoint the values of quark and gluon contributions to proton’s spin:

T T L | u 1 rrr 11| 11T 1 [ 1 1 1t [ 11
103 Current polarized DIS data: - L Q2 =10 GeV2

F o CERN ADESY o JLab o0SLAC E -

Current polarized BNL-RHIC pp data: I current T

0.5 data .

® PHENIX7® ASTAR 1-jet L i
—~ 1021 i
C\I> L
0] o B

O 3 0 =
N L

(@)
10

05 SN DssV+ ]

Tl B EC 5x100 |

5x250 |

EIC 20x250 |

1 B - | all uncertainties forAx2=9 i

S * * IIIIIII * * IIIIIII * * IIIIIII * . ] _1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
-4 -3 -2 -1
10 10 10 10 1 0.3 0.35 0.4 0.45
X AX

 AG and AX are infegrated over x in the 0.001 <x < 1 interval. s



TMDs



Quark TMDs

Leadlng TWlSt TM DS Q—» Nucleon Spin @ Quark Spin

° D |ffe re nt TM DS Quark Polarization
pro be different Un-Polarized Longitudinally Polarized ~ Transversely Polarized
aspects of the
proton structure.

()] (L)

Helicity

h=(3) -
- T f1TJ_= - @ gﬁl: — Transversity

' ®-®




TMDs are extracted from the SIDIS cross
section

Unpolarized proton and electron (from A. Bacchetta’s talk in January 2025):

do
dx dy dzdey, dPE|

27TOé2 2 cos cos
— oy O 3 (1y_ 5 {FUU,T +eFuur++/2e(l+¢€) coson FUU% + £ cos(2¢n) FUU%"

+ A V/2e(1—¢) singy, FLU‘D} TMD PFDs and FFs



Sivers function

Leadlng TWlSt TM DS Q—» Nucleon Spin @ Quark Spin

Quark Polarization

Un-Polarized Longitudinally Polarized . Transversely Polarized

(V) (L) (T)

9.2~ - -

Helicity

h1 = —
L= — Transversity
T

fi= @ - @

Sivers




Sivers function

The Siver function af small x is also related o
the dipole amplitude from above — only to ¢ k > §

its C-odd component.

Its leading small-x asymptotics is given by 3 %
the spin-dependent odderon (D. Boer,

M. G. Echevarria, P. Mulders and J. Zhou ‘15):

AN
1lg

“A(z,k7) ~ Fourier transform {O(z1,b,,Y)}

The Sivers function also depends on the sub-eikonal dipole amplitude
(YK, M. G. Santfiago, 2209.03538 [hep-ph]; 2108.03667 [hep-ph]) — this generates a correction
to the above odderon contribution.

28



Odderon as a 3-gluon exchange

* In perturbation theory, the C-odd exchange can be due to
* 1-gluon exchange: yes, it is C-odd, but not color-singlet, cannot give an elastic

amplitude.

» 2-gluon exchange: can be color-singlet, but not C-odd. (Each gluon has C=-1.)
+ 3 gluon exchange: can be both color-singlet and C-odd! That's the Odderon at the

lowest order.

i

1

Note that the gluons must be in a symmetric daobe color
state (d2P¢ = 2 tr[t® {t?, t€}]). If the color group was SU(2),
there would be no Odderon.

Disconnected gluon lines imply sum over all possible
gluon connections to the quark and anti-quark lines.

TOTEM and DO Collaborations announced the
odderon discovery in pp vs. ppbar elastic
scattering in late 2020. Results from other

experiments are needed to seal the discovery.
29



Odderon high-~-energy asymptotics

|010(S> ~ Saodd—l

« BLVsolution: Qpqq — 1 = O(ai)

« At NLO it turns out that the intercept is still zero (YK, 2012; C. Marquet): Clpdd — 1 = 0(04:;)

* The intercept is shown to be zero at any order in the coupling at large N (S. Caron-Huot, 2013):

1
Qodd — 1 = O (E)

* In AdS/CFT, several intercepts were found, but zero was still the leading one (R. C. Brower, M.
Djuric, and C.-I. Tan, 2009): 1 9
Qogd — 1 =0 X 9 A= g Ne

* |t appears likely that the Odderon intercept is exactly zero in QCD and N=4 SYM. Not clear why. Is
there a symmetry that protects it?

)

30




x-Dependence of Ay

Sivers function at small x scales a

1 NS 1

1T

1
(r < l,k%) = Co(:c,k%) - + Cl(cc,k%) (

The spin-dependent odderon (D. Boer,

3.4
x>

S

as Ne
4

M. G. Echevarria, P. Mulders and J. Zhou ‘15) gives
the first term above. It predicts Ay=const(x).

The second term is due to sub-eikonal small-x
evolution (YK, M.G. Santiago, ‘22), with the power

of x also close to 1.

The data indicates more like Ay~x, albeit at not
isely at
very low x;? This may confirm the odderon

very small x. Can STAR measure Ay prec

discovery at the Tevatron+LHC.

{p,) [GeVic]

Can the EIC help find the spin-dependent
odderon? test the sub-eikonal x-dependence?

ANNxffT

n0's, STAR, arXiv:2012.11428 [hep-ex]
0.25 ,
- 4 STAR 500 GeV, 2.7 < 1 < 4.0, This Paper
C ¢ STAR 200 GeV, 2.7 < 1 < 4.0, This Paper
020§ STAR200 GeV, (=37
- ¢  STAR200GeV, (=33
015— ¢  RHICf510 GeV,n>6
= 4 PHENIX62.4GeV.3.1<n<38 %3 : “lL
01— E70419.4 GeV [
0.05— )
0
A
4 an LA A o
[ Y ® .O [ ] > ) Y [ ] Q.
p)= * o °
(o] 9 o e} o
= O o, Oa th = DH -
o 11 v A A A B A B
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Xg
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https://arxiv.org/abs/2012.11428

Sivers function at EIC

« The Sivers function can be measured at EIC in the SIDIS process
(YR plots below by A. Vladimirov):

J_ J_
_flT;u<—p [2G€V] N z flT;dep[2Gev]
c ) : - . 1 A -3
7 \ Y » !
i i ‘ : ‘ , 102 i i 5-1073
: i e 5 ()2 2.0 ' t 107
2.0 i 1 5 L ‘\
: : i : ‘ : : = 5.1072
1 7 0-1 1.0 o —————
: ‘ ‘ : = (]
0. e ~ ‘ 0.5 0.5 \ 0
- ) 0.5 0.75 1.0 0 ‘ ‘ ‘ 05
~1i kr[GeV] " 025 05 075 L0
kr[GeV]

* |t would help understand the small-x asymptotics of this function.
» Spin-dependent odderon search: a dedicated study is needed.
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Transversity
at small x



Transversity

Another fundamental object, but C-odd, 1
hence hard to measure.

Related to the proton’s tensor charge. 0
Transversity can be extracted from Ay; at RHIC
due to the Collins effect,

Ay~ transversity X interference fragmentation function.

5q(Q?) = /dxhl(:r,,Qz)

Leading Twist TMDs

Un-Polarized

Q& Nucleon Spin

Quark Polarization

: Quark Spin

Longitudinally Polarized = Transversely Polarized

L)

=

(T)

ORNO

Boer-Mulders

L 0.2 = O |n2a(Pp - @

8y
a
S Helicity
—

| Sivers

|

See pioneering work by M. Radici s

and A. Bacchetta, '18.

Vs = 200 GeV

EIC would certainly help narrow down
the error bars.

p'+p —jet+ a* +X

t anti-k R=0.6

-----

-0.02f

-0.04]

STAR, 2205.11800 [hep-ex]

~0.01F Xg > 0
-0.015f- (p!) =6.7 Gevic (2)=0.22 ¥ =9.0 Gevic .
- 1 1 L E
[N DMP#2013: »* 555555 KPRY: x* g

--------- DMP4+2013: x  $5%44% KPRY: © [ 1 5

a (p’T") =17.5 GeV/c

3.2% Scale Uncertainty Not Shown [
1

(p’;‘) =22.0 GeV/c
P

1 10 i [Gevic] !

1
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https://arxiv.org/abs/2205.11800

Small-x Asymptotics of Quark Transversity

* The small-x asymptotics of transversity is given by
(R. Kirschner et al, '96; YK, M. Sievert, ‘18)

1\ s C
hip (@, k) ~ hig (2, kF) ~ (E) with of = —-1+2 - - Z
* Foro,=0.3 we get JAM20
JAM?20 + EIC(ep)
hjlvTS(ZU, k%) ~ hf‘TNS(LU, k%) ~ x0.243 . EE JAM20 + EIC(ep+e’He)
This result agrees with extractions from data '
(see J. Benel, A. Courtoy, and R. Ferro-Hernandez, ‘19). g 0.25 - u
< 0.00
It can be further tested at EIC ]
(YR plot by JAM Collaboration): —0.25 | d
0.00 025 050 075 1.00
For the small-x asymptotics of various other TMDs, see T

M.G. Santiago, D. Adamiak, Y. Tawabutr, 2412.14154 [hep-ph]
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GPDs



Generalized Parton Distributions

* GPDs probe the 3D spatial structure
of the nucleon.

* They are challenging to extract from data.

* Usually, people consider DVCS and
exclusive vector meson production.




2+1 dimensional Imaging of Quarks & Gluons

Wigner function qcp genetic map

W(x,br k)
,fdzb'r f dZkT

Momentum Coordinate
space space

f(x.kv) f(x.,br)

TMDs GPDs
(Spin-dependent) 2+1D transverse (Spin-dependent) 2+1D spatial images

momentum images from exclusive scattering
6fm? do

Wn quark

2fm?

14 x=0.3

1 1 0.5 fm

0.5

0 0
-1 05 0 05 1fm
-0.5

-1 0

1 05 0 05 1fm



5D tomography:
Wigner distribution— the “mother distribution”

Belitsky, Ji, Yuan (2003);

W(z,ky,b,)

_/d27?)J2_6‘LbJ_ AJ_/dzl6c’fr3zlein+z_—iEJ_-ZJ_<P A ( Z/2)’)’ q(Z/2)|P+§>
/de_l l /d]CL

™D f(z, kL) GPD  f(z,b.)

N A N

—

f(aj) F(bJ_) Form factor
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DVCS and exclusive vector meson production

/\"*
/

V
e
I+5/é§ %\r—&
=

P

/

DVCS is arare process (cross section ~a§M), hard to measure - is this an early EIC observable?

Exclusive vector meson production is not as suppressed: still large rapidity gaps are rare. Can this be
an early EIC observable?



Proton Mass



EIC may shed light on the origin of the proton
mass

. . . . 032 ¢ EIC Y 10 on 100 GeV (100 fb~!)
J/psi or upsilon elastic production near threshold 030 # GlueX Jiy, R. Wang et al. (2020)
¢ SolLID Jiy Projecti
may probe an operator related to the QCD trace anomaly  oas on Arerecen
evaluated in the proton state. May measure the trace 0.26 { D
. . N 11123
anomaly contribution to the proton mass. S 0.24
E o
(D. Kharzeev, 1990s; Y. Hatta, more recently). 0.22 ¢ [ Tidewiiay
020 ) Z‘2<W<286e\/
0.18 \
0.16 ’ 0&,)QM(,/M,, Uncg'rotg?nty 0005
W5 6 7 8 9 Wire 20 30
W [GeV]

However, this appears to be a luminosity-hungry
measurement. Is it for the early EIC?




Saturation



(i) Nuclear Structure Functions



F,(x,Q?) - log;,(x)

45 ¢

3.5

2.5

15 f

1 10

Structure Functions at EI1C

Nuclear structure functions F, and F, (parts of a®*4 cross section) which will be measured

at EIC (values = EPS09+PYTHIA). Shaded area = (x, Q2) range of the world e+A data.

F, in e+Au * 50n 50 GeV
B2 = 50n 100 GeV
o 20 on 100 GeV

T
-+

A\

9 Q

= CTEQ10+EPS09

a2:\0° by factor 3
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Fe
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* e o 3.2x10!

o 5:2x10°

-1
T W o o 0 I 3 1 s 1‘|1||||||8‘2’(1P

s F2 World Data (AzFe)

-@ fLdt=101b"/A
? Errors enlarged

102 103
Q? (GeV?)

FL(x,Q?) - log;o(X)
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r FLine+Au fLdt =10 fb /A
45 F
b = 20 on 50,75,100 GeV
4 r 4 50n50,75,100 GeV
e x=3.7x10"
22 i 1 v 6.3x10°
F X =0.3x
3 :'_A h .‘ x=1.4x10%
[ A e x = 2.6x10°
25 ~ x A e x =3.8x10°
R B e Y. x=58x10°
2F e X =9.1x10°%
N 4 = x = 1.6x102
1.5 — x =3.0x10?
1F
05F
0. | !IIIIIll 1 IlIlII|| 1 IlIIIII| 1 [ |
1 10 102 103
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JVuclear Shadowing

» Saturation effects may explain nuclear shadowing: reduction of the number of gluons per
nucleon with decreasing x and/or increasing A:

1.2
I Q2=27GeV2 x =103 stat. errors enlarged (x 50)
r sys. uncertainty bar to scale
L NGy - | EEEEEEEEEEEEEES f------
sa 08l &
L r L
< | <
<a 061 <
L:T [ Beam Energies AJLdt L:T
N g4 50n50Gev 2 fb! 1
o 9% son75Gev  4fbt I rcBK o«
F 50n100GeV 4fb! EPS09 (CTEQ)
0.2
r Si Au
i 1 1
ol Ll P R
1 2 3 6 7
1.4+ —— EPSO9LO ------ HKNO7 (LO)
RN 1o [ - Esos —— nDS (LO)
8 : reBK (Q2 = 1.85 GeV?)
o 1.0 e
©
B - N
||
R R
X 0.4
o [
o 02+
| |
0.0 ~ -
10 10 10 1

1.2

0.8

0.6

0.4

0.2

[ Q2=27GeV2 x=10%

stat. errors enlarged (x 5)
sys. uncertainty bar to scale

§---ononenoa poromeenoneoas boomeel

L Beam Energies AJLdt
[ 50n50GeV 2 fp-1

[ 5o0n75GeV 4 fp!
F 50n100GeV 4fb!

I rcBK
EPS09 (CTEQ)
vl b b e b b |l

2 3 4 5 6 7

A%

But: as DGLAP does not predict the x-
and A-dependences, it needs to be
constrained by the data.

Note that including heavy flavors (charm)
for F, and F| should help distinguish
between the saturation versus non-
saturation predictions.



JVuclear Shadowing for Charm

05¢ =
f F5 in e+Au
0.45 _ e 50n50 GeV
E 2 = 50n 100 GeV
04¢p - o 20 on 100 GeV
o - ° ~ CTEQ10+
T 035f° EPS09
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_| 0.25 | em© 32*‘0
9 02p= 52107
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1 10 102 108
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1072

may help distinguish saturation vs DGLAP-based prediction
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Structure functions: F, and F;

¢ CGC at NLO provides a good simultaneous description of structure functions including charm

oy
= =
o [\

T T

I
oo
T

HERA data
KCBK fit
ResumBK fit

Fr,

057 111 L LLL LLLLLLL L
® % @ AL A AS we A G
0.4F P B S R T T - - B= S R S
0.3r ’ | ’ | |
0.1r
0.0_ ® HI data
— KCBK fit
L -= ResumBK fit
—0.1 “ TBK fit
M| T S R
1.0 10.0 100.0
Q? (GeV?)

0.45r

0.40

0.351

0.30
Q
b&” 0.25
0.20
0.15
0.10
0.05

i

Beuf, Lappi, Hanninen, Mantysaari (2020)

« However, F, has large non-perturbative contributions. It would be best to focus on F; or F, ..

e Confront CGC to nuclear structrure functions at the EIC

from Farid’s talk
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Structure functions: linear vs non-linear evolution

« Difference in predictions for F ;:

linear (collinear/DGLAP) ’
non-linear (dipole/Balitsky-Kovchegov)

BK DGLAP,Rew BK
(F 2/IL K IE )/ F 2L

« Stronger effects for F; than F;,

o Stronger effects for yAu than yp

e It would be interesting to incorporate
small-x evolution into DGLAP via BFKL
(a la) and compare with non-linear BK

from Farid’s talk

proton

proton
F, difference (%) F. difference (%)
60 60
10 10
& &
> >
(3} (0]
O 0 G] 0
~N o
O 10t <
-10 -10
10~¢ 1073 10-2 00 o0
X
(a) F2 (b) F,
197Au 197Au
F, difference (%) F, difference (%)
60 60
10?
10 10
&
>
] I
g 0 0
o~
QO 10
-10 -10
104 103 10-2 0 =0

X

(b) Fi,
o Armesto, Lappi, Mantysaari, Paukkunen, Tevig,(2022)
See also Marquet, Moldes, Zurita (2017)

(a) P2



(i) Di-Hadron Correlations



. Y
De-correlation
{1 Oy
: . . kg
* Small-x evolution <> multiple emissions - Py
* Multiple emissions - de-correlation. . Pat y
{P-P -k
O (1B B,-KLY)
A 0

I:)T, trig

o

I:>T, trig ~ P T, assoc QS

P

T, assoc

« B2B jets may get de-correlated in p; with the spread of the order of Qg
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De-hadron Correlations

Depletion of di-hadron correlations is predicted for e+A as compared to e+p.
(Dominguez et al ‘11; Zheng et al ‘14). This is a signal of saturation.

025 17

20 GeV on 100 GeV

0.2 Q%=1 GeV?, y=0.7

ep

— 0.15

0.1

0.05

A
.IIII|IIII|IIII|IIII|IIII

0.4

0.3

0.2

0.1

Pl > 2 GeV/c 20 GeV on 100 GeV
1 GeV/c < pssoc < pirig

0.2 <219, 285 < 0.4

1<Q®<2GeV?

06<y<0.8 s + e+Au - no-sat
+4- eAu - sat
; B\
b
A 3 b S
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Two particle correlations at RHIC

Evidence for Nonlinear Gluon Effects in QCD and Their Mass Number Dependence at STAR

%1072
" \Suy =200 GeV, NN — nnex  STAR

8- p‘T"g—z -2.5 GeVie, pi°=1-1.5 GeV/c
| 26<n=<4 —_—
= o ©)
3 6 (@] + o
(@] O + +4 O
@) + * Ll G + (@]
+ * 5% @)
9 * * : Py
4o ® T« 0
* * 13

0.4 PI°=2.5-3 GeVic, pI™°=2-2.5 GeV/c
| Opp *pAl * pAu

0.3

b
bt im@

C(a9)

a;é

ot #§

Ad [rad]

STAR Collaboration
Phys. Rev. Lett. 129, 092501 (2022)

1.5

Relative area

0.5

STAR sy, =200 GeV, NN — n°n°X

26<n<4,a0¢ 5, 3"]
p“"="—1 5-2 GeV/c

e piss"=1-1 .5 GeV/c

..... oy
p Al Au
1 L L L |
1 3 5
Suppression characteristic of
saturation
Q2 ox 41

13

Xiaoxuan Chu and Elke Aschenauer
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Two particle correlations at RHIC

nPDF or saturation?

C(A9)

* nPDFs approach:

Perepelitsa (2025)

Farid's talk

di-hadron RHIC data shows nuclear size dependent suppression

525101 8 CaVlo but no significant broadening
0'01_ """ pAuGBW ~ 13y R o e B e =~ 15— g
Area Width g F p+Au 200 Gev 4 STARData 3 1. 45_ p+Au 200 GeV ¢ STARData _f
" O pp: 0.0057 + 0.0001 0.68 + 0.01 S 1-25— z:is<n<4 — EPPS21 (90% CLermors) ) 2-:9<n<4 — EPPS21 3
0.008l- * PAl:  0.0041+0.0002 068 +0.03 F R i P OB gl T e E
® pAu: 0.0033 + 0.0001 0.64 + 0.01 e -} = = i — E
i o 00 o % 0.9 e — bl - ':% < E
L = = a 3
0.006 Cr*eto g F + 1003 =
L Quie®09*xO s F = 3 & o .
3 "9 2 95 E 6f E
Q .;' ‘~. X © & EL. I I I L ! ! L 7] E =
0.004/© ® ) ¢ . . "*! *x YO 0508 1 12 14 16 18 2 22 24 26 0508 T 72 74 16 18 2 22 24 26
e f” Minkias "o i
2 3 4
Ad) [rad] % 1j s=200 GeV, pp — 0+ X, Ap €Z3T]  PYTHIA
[ py=2.0-2.5 GeVic, p**°=1.0-1.5 GeVic
STAR (2021) osf-2b<n s ® RassAlL viang, Sh,
— Aschenauer (2025)
. 08/ Parton shower + hadron
CGC approach (work in progress Zhao et al i x : :
PP : ( prog . ) : * fragmentation control width of
-Small-x evolution -> p, -dependent suppression (more 07f- Soiiclation
suppression for p; < Q. (x)) ¥ *
. N - - - - - 0.6/
-Soft quo_n radiation -> S|m|Iar_W|dtI'_| of corr_el:_:\tlon in pp . Absence of broadening is not
and pA (i.e. not much broadening) hints of this in sl necessarilv challenae to the
full NLO calculation in DIS Caucal, Salazar, Schenke, i ¥ ) 9
Stebel, Venugopalan (2024) oal_i ‘ J ‘ 1 saturation paradigm
14 Aot HS  4IS+FS  +IS+FS  +IS4FS 54
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Farid's talk

Two particle correlations at EIC

Dijet momentum imbalance

Dihadron suppression azimuthal correlations

back-to-back peak at EIC A
0.18|~ e+Au Vs = 90 GeV 125 <q, <1.75 GeVic
[ JLdt=10fb-1/A 3.00 <P <3.50 GeVic
045 T T T T T T T T T T T T T T T T T T T T T T T T T o.i6E 1<n<25
0.4 P;*>20eVic 7R 10 GeV x 100 GeV 20 GeV x 100 GeV M‘%
1Geve sl LT} o ep 0.14F » A
0.35 0.2z, 2°°°<0.4 g
0.3F 1GeV'<Q’<2 GeV* ¢ eAu sat AN < 0.12
2025 (608 '%4\4( DQi/z,2*Q2 'E R
s . \ " S -
; [ ——  Inputt do/d: Vyr = -0.0404
o 02 SN Y g 0.08 o seeeees ggmblrnaends‘fl:rr:u\t (n:n‘;verse): Vor=-0.0414
0.15 & R S o E B Input longitudinal do/d¢: v,, = 0.1438
j/ \ L\ S 0.06[—  =eee=== Combined fitresult (longitudinal) vz, = 0.1388
“\ A NN [ emree Background (Pythia)
0.1 ',’a' N Fass ¢ * 0.04f- = Sum of all sources
0.05 # = . '
.= o4 N g C PO g
0|....|....|....|....|.... e crin ST EPRPRTAEN EPRPRTRN PR B o -
2 25 3 35 4 45 2 25 3 35 4 45
A¢ [rad] A¢ [rad] % 1 2 3 4 5
¢ (rad)
Zheng, Aschenauer, Lee, Xiao (2014) Dumitru, Skokov, Ullrich (2018)
Typical momentum transfer from proton/ Sensitivity to linearly polarized gluons
nucleus to dihadron pairis ~ Q,
¢ angle between P and k |
Momentum Saturation
-—
imbalance ; kL ~ QS scale le

15
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(iii) Diffraction



Diffraction in oplics

k
—
diffraction
pattern
obstacle
I or aperture
plane P
wave (size = R) screen
(detector)
distance d

Diffraction pattern contains information about the size R of the obstacle and about the optical “blackness” of

the obstacle.
In optics, diffraction pattern is studied as a function of the angle 0. In high energy scattering the diffractive

cross sections are plotted as a function of the Mandelstam variable t with \/|t| =k sin 0.



Optical Analogy

Diffraction in high energy scattering is not very different from diffraction in optics:
both have diffractive maxima and minima:

A Light E::‘ ............................................................ n
Intensity Incoherent/Breakup

do/dt

Coherent/Elastic

JAVARVAN

83 84 Angle

O 61 92 -
B NI BN Bl AN

Coherent: target stays intact;
Incoherent: target nucleus breaks up, but nucleons are intact.
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W2 = cms energy squared

Diffraction terminology

Y
b
7 X
rapidity
gap
/

hadron or
nucleus

(a)

for the photon+proton/nucleus

system

Q7+ M5
o Q2+W2

~ Mx
~ T

L p

xpBp* My
rpp’ rapidity
gap
- _/
(b)
2 2
TR @ Q
g = L&

rp Q2+ MZ T M2
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Quasi-elastic DIS

Consider the case when nothing but the quark-antiquark pair, i.e., two jets, are produced:

The quasi-elastic cross section is then proportional to the square of the dipole amplitude N:
1

¢ dzl' dZ * ~ =
YA _ ld2b S I /e A I O 2N%2(Z, b, Y
Tel / 4 + / z(1-2) | (#1,2) (#1,01,Y)

Buchmuller et al ‘97, McLerran and Yu.K. ‘99
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Diffraction on a black disk

For low Q? (large dipole sizes) the black disk limit is reached with N=1

Diffraction (elastic scattering) becomes a half of the total cross section

ol JdbN? 1
A 9 [d2h N 2

O tot

Large fraction of diffractive events in DIS is a signature of reaching the black disk limit!

HERA: ~15% (unexpected!) ; EIC: ~25% expected from saturation



Diffractive over total cross sections

* Here’s an EIC measurement which may distinguish saturation from non-saturation approaches
(from the 2012 EIC White Paper), using diffractive to total double ratio:

0.9 08 07 06 05 04 03 02 0.1 0.9 08 07 06 05 04 03 02
01 g T T T T \ 002 ¢ T L B B
0.09 2 2 0.018 - eAu - Saturation Model 2 _ 2 q
E Q%=1 G%V E — ep - Saturation Model XQ_ 1 513.93\/ 1
008 | 4y X =1x10" 0.016 - === eAu - Shadowing Model (LTS) =1x > x
Ea T F — ep- Shadowing Model (LTS) L
007 15 GeV on 100 GeV 0.014 P . 15 GeV on 100 GeV Sk B
& S - JLdt=11b-1/A v
0.06 JLdt=1fb1/A 0012 ¥°

0.01
0.008
0.006 |-

0.004 £
E - eAu - Saturation Model C
001 = — ep - Saturation Model - 0.002 E
0F L ol M L 0f

(1/01y) dogig/dM2 (GeV-2)
(1/01y) dogi/dM2 (GeV2)

1.8 ; Statistcal errors enlarged (x 10) 1.8 f

16— 16|

14F saturation model

= 14 g
) E I N . saturation model 53 E
3 1.2 W‘\*\‘\' 3 1.2 j
3 1 < 1 E .
K £ oL E ===
o o08p o o08[
8 osp- - JY S O ———— :
4 4
0 £ 04 shadowing model (LTS)
02 02F
ok I I ok L L
107 1 10 1071 1 10
M2 (GeV?) M2 (GeV?)

sat = Kowalski et al ‘08, plots generated by Marquet

no-sat = Leading Twist Shadowing (LTS), Kopeliovich, Tarasov, ‘02; Frankfurt, Guzey, Strikman ‘04, plots by Guzey
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Nuclear diffractive pdfs: saturation vs LT shadowing

® LT nuclear shadowing predicts reduction of A/p ratio (interference)

® Gluon Saturation predices enhancement

® Measurement will discriminate

T T
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B
[Frankfurt, Guzey, Strikman, PhysRep 2012]
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shadowing, low x

Wim’'s talk
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Frclusive Vector ;Meson Production

* An important diffractive process which can be measured at EIC is exclusive vector meson
production (cf. UPCs):

p7w7¢7‘]/¢7"'




Faclusive VM Production:

Probe of Spatial Gluon Dz’stﬂb/z<tz’0n

q

Differential exclusive VM production cross section is p,w, ¢, J[, ...
,y*
da’y*+A—>V+A 1 ) R B . 2
- —4q1b1 qqA (g
p” ypm /d be T4%(5,b))
_ 72
the T-matrix is related to the dipole amplitude N: t= q1
L d? d . -
T9A(5,5,) :z’/ 4?/Z(1iz) U (7 ) N(FL, by, Y) BV (T 2)*

0 Brodsky et al ‘94, Ryskin ‘93

Can study t-dependence of the do/dt and look at different mesons to find the dipole amplitude
N(x,b,Y) (Munier, Stasto, Mueller '01).

Learn about the gluon distribution in space. This is similar to GPDs.




Faclusive VM Production as a Probe
of Saturation

" =} fLdt =10 fb"V/A o coherent - no saturation 5 a fLdt =10 fb"V/A o coherent - no saturation
10% kg 1<Q2<10GeV? o incoherent - no saturation 10° = 1<Q2<10GeV? o incoherent - no saturation
Fo x < 0.01 = coherent - saturation (bSat) = O x<0.01 = coherent - saturation (bSat)
~ 'D N(edecay)! <4 e incoherent - saturation (bSat) [m O N(Kgecay)! < 4 e incoherent - saturation (bSat)
3 [ = p(edecay) > 1 GeVic 104 o P(Kgecay) > 1 GeVic
10° = ott=5% dt/t = 5%
F = "g
) : o 103 O
10
102

—
o

T HHTW

10

—_
T THHW

dO(e +Au—e’ +Au’ +J/Lu)/dt (nb/GeVz)

_L
S

do_(e +Au—e +Au’+ ¢)/dt (nb/GeVZ)

T TTHHW T T 1T T TTHHW T THWT& T TCHHW T HHHJ
. Q

T T TTTT

f 10
o H
11 | l 1 1 | l IRiini

10'2 lllllllllllllllllllllll -10'2 llllllllllllllllllllllllllllllllll
0 0.02 0.04 006 0.08 0.1 0.12 0.14 0.16 0.18 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
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o

Plots by T. Toll and T. Ullrich using the Sartre event generator
(b-Sat (=GBW+b-dep+DGLAP) + WS + MC, from the 2012 EIC White Paper).

» J/psiis smaller, less sensitive to saturation effects

* Phi meson is larger, more sensitive to saturation effects
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Large-x physics in e+A collisions



Energy Loss in Cold Nuclear Matter

* EIC would be able to measure the energy loss of quarks in a cold nuclear matter (ghat),
complementing the RHIC and LHC measurements of energy loss in hot QCD plasma:

cold nuclear
matter

A

hot nuclear
e matter
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Energy Loss in Cold Nuclear Matter

* By studying quark propagation in cold nuclear matter we can learn important information about
hadronization and may even measure ghat in the cold nuclear medium:

[ ]
o0
| .\ %
o’
Ratio of particles produced in lead over proton

1.50

® DO mesons (lower energy)
B Pions (lower energy)
+ o D° mesons (higher energy)
O Pions (higher energy)
Wang, pions (lower energy)
1.30 - - - - Wang, pions (higher energy)
1.10 1-0 pion % + 1-0 DO
. systematic systematic
uncertainty ++ % uncertainty
‘ 0.90
--@
0.70
L
0.50
0.01<y<0.85,x>0.1,10 fb’!
Higher energy: 25 GeV? < Q% < 45 GeV?, 140 GeV < v < 150 GeV
Lower energy: 8 GeV2 < Q% < 12 GeV?, 32.5 GeV < v < 37.5 GeV
0.30
I ;h 0.0 0.2 0.4 0.6 0.8 1.0
5 = — z
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In-medium fragmentation

2.0 T T T T T T 2.0 T T T T T T

mt 5 GeV (e) x 40 GeV (A) D°

2GeVic<pr<3GeVic
1.5f - 1.5¢ -

- EEEEE Ry
JESS L A
"-' e . ..

102&1/!.*.. ..................... i

— -2<n<0

Rea(2)

0.5F

----- 2<n<4

Modifications of the fragmentation functions by the cold nuclear medium.



[Abdul Khalek et al, PRD2021]
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10 GeV?)

A\fPIAU /fp/Au ( Qz

7/26

e+A NC DIS for nuclear PDFs

simulated in YR: Z;,, ~ 10 fb~!

expected 4 e T D
T2l NC e+p DIS, charm
00 nTuju2l+EIC
1.1f 4
1.0
‘% 0.9}
e nTuu21 NC e+p DIS o
9 nTuJu21+EIC = 11
(SR
%_ 0.9
E 1.1
1.0
0.9
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EIC impact on nPDFs

Significant improvement of our nPDFs’ knowledge:
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Nuclear diffractive pdfs  wimstaw

e Diffraction

o large rapidity gap between target/current fragmentation regions

o  Colorless exchange in t-channel (Pomeron, Reggeon, etc.)

® Observed at HERA — ~15% at low x
o  More (25%) expected at EIC (saturation)

® Never measured for eA

® Coherent/incoherent diffraction
l nuclear fadius, global structure
nucleon/subnucleon fluctuations
— can ePIC discriminate?

e Sensitive probe to gluon saturation
o  g*xQ?
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Neutron structure extraction: on-shell extrapolation

Fad = [2(27)%] Sa(ap, Ppr)[unpol] Fzn(%, Q)
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— Final state (interactions) more complicated
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Neutron structure: tagging on steroids

e Same procedure but more complicated hard process or tagging than tagged DIS
= rates sufficient?

e Tagged SIDIS for neutron TMDs
“e+d—->T+(X)+p
= e + 3He(pol) — transverse n SSA?

e Tagged diffractive
= differential study of nuclear shadowing

e Tagged exclusive
= incoherent DVMP?
= eeherernt—(unpolarized?)

e Tag non-nucleonic components of nuclear wave function
= A tagging for ed
= short-range nature of NN-force (link with QCD dof)

Wim’s talk

Smaller cross section
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Diffractive deuteron break up: gluon density modification

€

® Double spectator tagging

e Study gluon densities as a function of nucleon momenta
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