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¢ MEFENEZRLIGEMS:

The Electron-lon Collider

IR REIMRE =Sk

A machine that will unlock th@secrets of the strongest force in Nature

R BRI E

The computers and smartphones we use every day depend on what we leamed about the atom in the last century. All

> BIFERTER

information technology—and much of our economy today—relies on understanding the electromagnetic force between the
atomic nucleus and the electrons that orbit it. The science of that f ell understood but we still know little about the:
microcosm within the protons and neutrons that make up the atomic nucleus. That's why Brookhaven Lab is building a new,
machine—an Electron-lon Collider, or EIC—to look inside the nucleus and its protons and neutfons

The EIC will be a particle accelerator that collides electrons with protons and nuclei to produce snapshots of those particles”
internal structure—like a CT scanner for atomes. The electron beam will reveal the arrangement of the quarks and gluons that
make Up the protons and neutrons of nuclei. The force that holds quarks together, carried by the gluons, is the strongest force
in Nature. The EIC will allow us to study this “strong nuclear force" and the role of gluons in the matter within and all around us.
What we learn from the EIC could power the technologies of tomorrow.

> 2030 S ARERIEITENEY

OVERVIEW THE MACHINE BENEFITS

The Electron-fon Collider will be a discovery machine for nlocking
the "glue” that binds the building blocks of visible matter n the uni

EIC SCIENCE

ing scientific discoveries in a new frontier of fundamental physics, the ‘The unique and powerful tools of the Electron-lon Collider will cast fresh light on
Electron-lon Collider willrigger technological breakthroughs that have broad-
ranging impact on human health and national challenges.

> 2 O 2 2 E E% Eg %&%\ E A-i_ g | % i ! i’j \d- 1 O O O \l—’ Brookhaven National Lab's EIC Directorate coordinates with domestic and interational partners to deliver the EIC construction project.

Science Requirements and Detector Concepts for the Electron-lon Collider : EIC Yellow Report

The Electron-on Collider will consist of two intersecting accelerators, one
producing an intense beam of electrons, the other a beam of protons or heavier

the forces that bind protons and neutrons together to form nuclei.
atomic nucle are steered into heac-on collisions.

R. Abdul Khalek (Vrije U., Amsterdam and Nikhef, Amsterdam), A. Accardi (Hampton U. and Jefferson
Lab), J. Adam (Brookhaven), D. Adamiak (Ohio State U.), W. Akers (Jefferson Lab) et al. (Mar 8, 2021)
Published in: Nucl.Phys.A 1026 (2022) 122447 « e-Print: 2103.05419 [physics.ins-det]
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Spin decompositions of proton

@ “Spin crisis” A%(Q? = 10.7GeV?) = 0.060 + 0.047 + 0.069 1988, EMC
> Jaff h L2
Ja e—I\/Ianc.)- ar E o EAZ T lq T Ag T lg Jaffe, Manohar, 1990
decomposition
AY ~ 0.3 Ag = 0.2 Canonical OAM
» Ji decomposition 1 _ _1
> =Jq+]g = EAZ +Lg+Jg xD.3i 199

Kinematic OAM



Jaffe-Manohr decomposition v.s. J1 decomposition

Canonical V.S. Kinematical . . .
- . -, € Gauge invariant extension
X (p—eA) rXp

- JM decomposition | Ji decomposition Sy Ly J]
DTS = & = o I - -
% Z—Kj] %’ﬁ % % 17:{ gik Lgik : gik Sgik
XJ 7R ER .

MEALTHE B/ = S Le, e S

and commented on their advantages and disadvantages. There have been many very interesting theoretical develop-
ments, but we have concluded that they contain no new important physical implications, and for that reason we have
concentrated on experimental tests and measurements only with regard to the canonical and Belinfante versions of

th | tum.
€ angular momentum E. Leader & C. Lorce, 2014
10



Lattice QCD

[[dAdy16(A, y)e~ 1 F*LAWwE)
J [dAdy]e~[dxZ ANy )

N 6. S (A
. pIngh (A; " l))+@(L)

\/ﬁ

(0) =

Au: 85(4)%

Borrowed from Yibo’s slides

Ad: -41(2)%

G. Wang, et.al,,

xQCD, PRD106(2022) 014512

and QCD

April 2016

v Tdecays (N3LO)

a DIS jets (NLO)

0 Heavy Quarkonia (NLO)

o e'¢ jets & shapes (res. NNLO)
® ¢.w. precision fits (N3LO)

v Pp—> jets (NLO)

v pp —> tt (NNLO)

a(Q’)

0.3+

0.2}

0.1

QCD 0g(M,) = 0.1181 £00011
l 1(;0 10]00

" Q1Gev]
e QCD is non-perturbative at the hadron scale;

e | attice QCD can provide first principle
predictions on the hadron spin
decomposition, as functions of quark
mass.



Parton orbital angular momentum

» The total angular momentum is related to the GPDs:

J, =lim— Ia’xx[H (x,t,5)+E_(x,1,¢)]

t—0 )

Ji, 1997



Some properties of GPDs

» Form factors

e, / dz H(z,€,1) = F(¢), e, / dz E%(z, €, t) = F2(t)

» Transverse spatial distribution Soper 77 & Burkardt 2000
3 2
5 dPAr oz 7 5 2 1 ij 1.4 J aé'q(z, bL,q)
2 —iAp-b 2 _ _
H e b o) = o)’ g S e ) I8 ) fa(z,b1,4) = 'Hq(z,bJ_,q) + MEJ_bJ_,qSJ_ b2
»q
q(x=10%,0,Q% = 4 GeV?) q'(x=10%b,Q% = 4 GeV?)
£
-1I.5 -‘II -OI.5 ('I) 0i5 "I 1:5 -1I.5 -i -0'.5 (I) Oj5 ‘i 1j5 13

b, (fm) b, (fm)



Small x evolution equations

A Y Gluon TMD
L~ Al

2 \
> DGLAP In 4 -
> BFKL(CCFM) 1115 ;

1 E now how to
> BKOIMWLK, GLR-MQ) 1n 7 2 L
take Into account the saturation effect iTrU(bLJru/2)UT(bL—rL/Q) os~1 Aoy Qs (s << 1

17\/Tc k T

oy N(x,y) = % /dZZ( (x—y)” N(x,z) + N(z,y) —N(x,y) —N(x,2)N(z,y)]  Balitsky, 1996

X—Z)2(z—y)2 Kovchegov, 1997

€ BK equation in momentum space:

Y , 1
8YN(I€J_7AJ_) — %/ (kJ_ _ IJ{_/ )2 {N(kLvAJ_)_Z
L

2 14



Generalized TMDs

» Parametrization

ki - AL

2
N(kLaAL;SL) ~ i {fl,l(kL;AL)—’ikL X SL ]:1 Q(kj_, AL)

2N,
AL X SL
Ve 2F 3k, AL) f1,1(’ﬂ,AL)]}
Mis 80) = oo et M2 _ .
(2m) "1 Assuming target transversely polarized.

@ Typical nucleon recoiled transverse momentum is reversely proportional to the radius of nucleon,

Fl,l(kLaAL) — ?1,1(16)(271')25(2)(AJ_)

€ The forward BK(for the unpolarized gluon TMD) reads,

_ P d°k', N 2 2 ¢ 2
83/‘7:1,1(]{1-) — ? (kJ_ _ )2 ]'_1,1(]{,]_) 2 k’Q ‘Fl 1(kJ—) —4mag [‘7_—1:1(1@—)}
1

15



Spin-dependent small x evolution equation

@ Project to the different spin correlation structures,

]f kll
ay (kJ_XSJ_]WJ‘Q

42k,
k= k)2

]:12(:]{1) + GijSi(F]_g(kJ_) — ;.7'—11(]@_))) = is f ( \‘k‘i X SJ_ ./712(]@_)

€l g7 , k2 K €57,
+— (2F13(K') — Fu(kK))) — 212 ki x SJ_ = Fia(ky) + 5 (2F13(k1) — Fri(k1))
kz’ %JSJ _
—Ar%a? [ k) x SL — F1a(kL) + 5 = (2F1 5(k1) — f1,1(/ﬂ)) Fralky),
zj SJ
€ Read off the coefficients of ki x5, =
Os d?k' k3 20k - K\ )? — kK1 k2 =
Oy Fia(ky) = P i _Z‘,LP [—2]{%}-1 o(k1) + Gt (k‘%)2 .7: ( )]—47T2(X§.7:1’1</€J_).7:1’2(/ﬂ)
and,
o d* K’ k2 k2 kK2 — (k- k)2 Fa(k -
Oy Fis(ky) = % ey — Zl) ;,2]:1 s(kl) + il k(iL ) 1;4(2 1) + F 3(kL)] —4W2&§fl,1(ki)Fl,3(kL)

€ Combine the evolution equations for F1,2 and F1,3

- 2 L Note: &€ = —F11+J
O J(k) = — <M—Z’L>2 {J(kl) mj( )] Arta Fia(k )T (ki)

16



Small x evolution of Eg

» The forward BK(for the unpolarized gluon TMD) reads,

_ a, E2r (= 1 k7 — — 2
aY]:l,l(kL) — ?/ (Zﬂ _]i/ )2 {'Fl,l(kli) 9 k/2 ‘7:1 1(kJ—)} 2053 [}—1,1(]@_)}
1

» Small x evolution equation for kt dependent Eg,

a [ @K, |, K y—
ol = & / T |0~ gk (470l (ke (k)
J_ L -

-

Hatta, ZJ, PRL, 2022
@ |n the dilute limit:

Xz

v, (2) ~ 2G(x) = (1)%41H2

17



Energy dependent behavior of distorted proton

q(x=10"°0,Q% = 4 GeV?) q"(x=10%b,Q% = 4 GeV?)
15t
i Ml =
0.5
€
= &
_Q>‘
05 F
1 |
15
15 1 05 0 05 1 15 45 1 05 0 05 1 15
b, (fm) b, (fm)
2
1 .. 0E,(z,b7 )
L 2 iJ 1.1 7 q\~>» "1 ,q
Jo(2,b14) = Hylz, bJ_,q) + —€1b) qSJ_ 2
M o’

18



Numerical results

® The MV model (Xo=0.01) ¥ = In 20

R

FiralY =0,k1) = e LTl e L w0y
1 kL) 22 0r (27r)zfri P 4 7L Ao
® Two toy models: Az
EY =0,k1) = -0 F (Y =0,k
k3 4+ A2,
kQ
5($, kJ_) E(Y — 05 kJ_) — k2 +J_A2 jc-1,1(}/ — 01 kJ_)
Fra(z. k) + "
1.0 . 1.0
0
0.8} 4 0.8}
0.6} — 15 0.6
(04 04
0.4 0.4} 0
0.2} 0.2} — 3
15
%% 2 4 6 8 0.0 4 6
kT kT
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Probe quark OAM



Canonical parton OAM and the GTMD

kZ
MJ_QF{IA(:U: kJ_a 57 AJ_ — O)

C. Lorce, B. Pasquini, 2011; Y. Hatta, 2012

» Canonical OAM and GTMD: Li(x,§) = —/deJ_

. J 7
Canonical V.S. Kinematical
X (P — e%f) r X ﬁ
®Probe F 1,4 in diffractive di-jet production / "

[
X. Ji, F. Yuan, and Y. Zhao, 2017; Y. Hatta, Y. Nakagawa, F. Yuan, Y. Zhao, /
and B. Xiao, 2017; S. Bhattacharya, R. Boussarie, and Y. Hatta 2022

Pr=p+A



Generalized TMDs

q[T] 7N dz™ dz’g]— wk-z j I N\ =( z z z z
W)\,)\’ (PaAamakJ_) — 2(27‘_)3 € <p a)\ |Q(_§)FW(_§7 E)Q(ﬁ) ‘pa A>

2zt =0

A. Belitisky, X. D. Ji and F. Yuan, 2003
S. Meissner, A. Metz, M. Schlegel and K. Goeke, 2008

€ which is the Fourier transform of Wigner distribution:

oL LA . - oL
p[r](bLakLaan):f B ); e At WAk, 2, S)
T

Parametrization:

1oAY Fa ok A
pr BT

ot Tk
ity Flat

F1q,4 U(p, A)

bL X kL Orbital angular momentum

i1 AJ
ig kA
e

Z'Ui+’)/5Ai
Pt

?:(Ti+’)/5 kﬂ_
Pt

Gl + G+ Gl 3 +io R Gl 4

u(p, A)



Are Parton Wigner distributions measurable?



Exclusive double Drell-Yan process

Quark case: exclusive double DY proces ()

71 (q1, A1)

Only ERBL region!

7’2.(q2’ /\2)

N(pa; Aa) N'(phs A2)
(a) (b)
Bhattacharya, Metz, ZJ 2017
Gluon case: diffractive di-jet production

p’ =p+ A Hatta-Nakagawa-Yuan-Zhao-Xiao, 2017

N

Yz

24



Exclusive 7V production in ep collisions

> In the forward limit, helicity flip process!

. Spin 1

| —
Mo- s =(Hr) o |2 d¥Ho- 44(T,...) Ha: ! A ( L. Spin 0

— _t, 1 - _ -
Moy y = (Er)oc *pE [2 o 1 4(7, ) By, N
Spin 1 exchange
P, S .
Glve access to the chiral odd GPDs . P, s
\/\

L. Frankfurt, P. Pobylitsa, M. Polyakov, and M. Strikman, 1999
S. Goloskokov, Y. p. Xie, X. r. Chen, 2022

Twist-3 correction to DA, G. Duplanti¢, P. Kroll, K. Passek-K., and L. Szymanowski, 2024

25



Helicity non-flip production: quark channel

» Vanishes at leading twist!

//C ):%\

»Non-forward region, allowing pion to carry 1 unit OAM, twist-3 effect.

€ Collinear expansion to isolate twist-3 contribution:

OH(kL, A =0)| ., OH(ki=0,A,)
’ ’ N
o kot T T AT laett

H(ki,Ar) = H(kL = 0,0, =0) +

26



My =

geefr (N - 1)255 €L XAy

Angular correlations

» Scattering amplitudes
depending on different correlations

WINI-g T @

2 9
Iy :gsefﬁ (N 1)256 | Me, - S,

{]'—1,1 + glgl} )

Taa e @

F
W ig T e
igeefr (N - 1)28 Ny ! Fra+G14}{

SH = (0F,07, —i, \)

Bhattacharya, Zheng, ZJ, PRL, 2024

b ooa? [Pk R (6 AL KL)
Fia = / dx —— o
‘ _1 (z 4+ & —ie)?(x — & + ic)

<[ ¢“(Zl((1+z)5 2 ®)

B gbﬂ. (22 + 222z + £2)

G141 _/ da:/ d,z +€—ze (z — & + i€)?
/dgk ]If[LQGHd(x EA kL), (9)

F _ /1 dJTZCE 52 fkoJ—kiFﬁ;d(xﬂgaALakJ_)
1,2 . ]\[2(3; +£ _ 1'6)2(58 _ é’ 1 1'6)2

! — =
[ e )((lli;z ) o
q’)ﬂ (22 +23: z+52)( — £2)
G1.2 _/ da:/ x+£ €)2(x — & + i€)?
/dﬁk A—[LQGW(:U &ALk, (11)

a wé [ Pk kYT (@, & AL kL)
f1,4 = /_1 £ ]\-fQ(x+£—i6)2(x—f+ie)2
X]l Q’SW( )(1“‘2 —Z)

22(1 — 2)? ’

(4622 + £2 — 2222 + 2?)
G1.4 _/ d"“"/ PEa T E—iePm—E1ier ")

(12)

« /d%aﬂd(x,g, AL kL), (13)




Azimuthal dependent cross section

do (N2 =1)%az,, o5 f26° A%

enm —s

dtdQ2dzpdd  2NA(1 — £2)Q0(1 + ¢€)

M?
[1+(1_y)2}><{[|-7:11+91 2+ | Fra +Gral? +2 -7'_12+912]

+cos(2¢)a [~ ]4+\sin(2¢) 2a Re [(ifljél + 1G1,4) (ff,1 + gf,l)} }

Proton helicity Distinguished experimental signature of F, 4

Cb — ¢ZJ__¢AJ_

Hadronic plane

e!
W | f/ fJ_R{ [Fll( &, .AJ_./IFJ_)] ~ H(x,&£, A1)
€ 4 /r/ ki1RelGi4(x, &, A1 ,k1)] = H(x,&, A1)
0 .
T

Leptonic plane

Bhattacharya, Zheng, ZJ, PRL, 2024 28



Numerical results

Unpolarized cross section: sin2® azimuthal asymmetry
— . . 0.6
0.5 -
B 0.4 1
E . | % /
2 — EicC = 03 . ;
Q w
g 1o} EICx100 . — EicC
EIC
5 : 0.1 1
ob— — . . 0.0 . . . .
0.06 0.08 0.10 0.12 T 0.06 0.08 0.10 0.12
§ 3
EIC: Q2=10, EicC: Q2=3 :
° ° § = M
p++pl+

OWe focus on the large zeta region to suppress gluon contribution. -
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Strong field QED & BSM

» Strong field QED Coulomb correction, vacuum birefringence, light by light scattering....

Zo. ~0.6 for Au and Pb,
significant effect?

»BSM physics axion search, tau anomalous magnetic moment, dark photons...
Knapen-Lin-Lou-Melia, 2017 Shao-Yan-Yuan-Zhang, 2023
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Dip structure and bt dependent gt

distribution

STAR, 2018 ATLAS 2018
107 © Centrality: 60-80% | - - YY—ee(Zha etal) L L
o --- yy—ee (Zha et al) with EM 0
?‘@ py>0-2 GeVie .4----¥¥—>ee gSTARligh)t) - 40 -80 % -
& 1072 R 5d <1, |y <1 :'.‘.,, STAR B ;
< RN oo '!_+ —— Pb+Pb data -
5 T e e T TR )
3L ~., P i..____ SR -
2@ R 11 B & —— > 80% data 1
= 0.4-0.76 GeV/c* - 40.76-1.2 GeV/eh el T —
< . ' . A'+A 20(‘) GeV 0 0.002  0.004 3.006 0.008 4
« Y utAu e 9 -
5w, S eaGe P2 (GeV/eY) r STARlight +
> | R —_ T T = L |
z oy = 1 F data overlay -
Y
R g e I % )
gg)z 6 GeV/ : el D '_Q_' """"""" (d) 1 r +‘¢ti_t ‘:-’ ** L4 ’
| 12-2.6 GeV/em v . L . . L] eeeeEeEesel ey ]
1055002 0004 0006 N E T 15 TS i $0890009%0 i
p%‘ ((GeV/C)z) Mee (GEV/CZ) 1 L L L | 1 L L L | L
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€ WW approximation is not sufficient!

Chi Yang, Shuai Yang, Zebo Tang,

Wangmei Zha, Daniel Brandenberg, Zhangbu Xu, et.al.
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The boosted Coulomb potential

E. Fermi, 1924
Weizascker--Williams 1934

Linear polarization of photons:

\QJL

A Li-JZ-Zhou, 2019

iInduce cos4¢ modulation in di-lepton production.



Verified by STAR experiment

STAR collaboration, PRL, 2021

-Cos(4¢)_e

0.2} Au+Au 200GeV
81 000 [ T T T T | T T T T ]
o E s00. 045 <M., <0.76 GeV/c’ STAR 3
g 8002 *  Au+Au UPC *  Au+Au 60-80% x 0.5 Swv = 200GeV S
(7] [ . ]
0.0 = - Fit: Cx( 1 + Amcos 2Ad + A4A¢cos 4A ) +1o =
g 700 — ’L —]
o - Jc )L -
-------- tagged UPC S ~ A= -
—0.1} _ 600 — =
----- - UPC — -
0.00 0.02 0.04 0.06 0.08 0.10 500 ?L =
q, [GeV] 400= =
200~ =
-~ — — Polarized yy — e*e” (QED - =
Tagged UPC 16.8%+2.5%  16.5k - e (QED T anivi1910.12400 2
60%-80Y% 7Y%+ 6% 34.5Y% 0 > -0 - n

2 Ad = ¢, — 0,
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Resummation for gt distribution

kiN\N\ < P2 ‘\\\N\P < ,\PN\‘\ %

® Primordial coherent photon distribution: e (30Mev)?2

& Perturbative tail from the soft photon reoil effect: 2 2 In —
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Resummation E5FimEtRate.
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Double & Single leading logarithms

> The resumed cross section:

2 /
dO’ _ d (N eifrJ_-qJ_e—Sud('m_) /d2q, e—'z}fr’J_.ql dO'O (QJ_)

d2py | d2ps | dyydysd2b (27)2 + dP.S.
.. M? P? Born cross

Leading double logarithm: a In 5 In i section

T m
Hatta-Xiao-Yuan-ZJ, PRL 2021 Hir
=0.75 for LHC kinematics
2 2 M2
€ Double+Single leading logarithm: Qe In % In i 4+ Qe In —— In 4 cos? by

T om? puZ o om m?
Shao-Zhang-ZJ-Zhou, 2023

Cos2¢, Cosdod
azimuthal asymmetries
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do/dq , 2[mb/GeV?]
© o o

Numerical results

10 20" e resummed
e'ee UPC@5020Gev | | lemmmmmmoT

1 A 1.5/

100 e N
> 2 1.0
010 &
resummed \' 05! resummed

0,1 J| one-loop I N e —— one-loop
10~4} -------- without soft photon ' A 0.0} -~ . -------- without soft photon =

000 005 010 015 020 000 005 010 015 020 000 005 010 015  0.20

q.[GeV] q.[GeV] q.[GeV]

» At high gt, perturbative contribution dominates,

» Soft photon radiations give rise to huge cos2¢, cos4¢$ asymmetries

» Leading single logarithm contribution is small ar Par
Pir cpS ~
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Resummation formular at low a

ar P21
PiT (P/\/ p”; (_-_('____

PL

i e — ,r dlax
Acoplanartiy: o = ‘ng_|/7T (v X P,
Can one first derive a resumed gt distribution, and then re-construct a distribution? No!

€ One dimensional resummation formula:

ao dry —Sud, =0 W, + do, (¢ )
dqzd? P, dydy2d®b, — / ot )/ g, 7 dP.S.
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Double&Single leading logarithm

» Double leading logarithm:

2M2 sz

— In O(m — Ly ]
Mo M ( )

Klein-Mueller-Xiao-Yuan,2018

Sud,(ry) = oy lln
7

» Double+Single leading logarithm

e 2M2 M2 2 m2 THQ
— [(1]?1 5 —31n 5 )(lﬂ 5 —In 5 Q(WL_MT‘m)

27 Hoya Hoya iz P

Shao-Zhang-ZJ-Zhou, 2023
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Numerical results

1000 -
resummed :
100! pu - UPC@5020 GeV ~  ----- Double Log |
Approx. DL
3
> 10; e CMS 0OnOn
‘. t
-U i
< 1t
0.10|
0.01— L - o
0.00 0.02 0.04 0.06 0.08 0.10

» Exclude incoherent events by selecting OnOn events.

» The difference between gt double log and o double is sizable

» Single log contribution is sizable

» Something missing in our resummation formular?

1000, — .
9 resummed
100 \ e'e” UPC@5020 GeV  ----- Double Log
- Approx. DL
10 e ATLAS OnOn
1}
0.10|
0.01~— — s i— i :
0.00 0.02 0.04 0.06 0.08 0.10
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Wigner Distributions

Parton Distribution Functions Form Factors
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Diffractive production and Optical Analogy

¢ KEN T4 RllEIRIBRERSHEECRE

Incoherent/Breakup

S
(=] E
=
= Coherent/Elastic
; L1
It
A Y AN Pl
‘ \|/.—.7|<t|$: A Light
Intensity

v z=d A SA L
B RN IWMHIWIH NS

> Reconstruct the size R of the obstacle and the optical “blackness” of the obstacle from the diffractive pattern.




Theoretical formulation of quantum interference effect

> Full cross section:

do 1 . )
i2q, dY &b :(27[-)4 /d2ALd2de2kl52(h +A] —qu)(e] 'kL)(EK-kl){/dsz
1 1

x e FL=R ) [T (b)) Ain (Y, A L)AL (Y, AD)F(Y, k) F (YK ) + (A & B)]
+ [P ETR 4V, A1) AL (Y, A F(Y ) F(Y K|

+ [BPBEAD 4 (v, A )AL (Y, A F(-Y, k) F(-YH, )]

4 [BIREERD 4, (v, 8 )AL (<Y, A F(Y, k) F(-Y,K))

+ éigL(ki_AJ‘:)Aco(_Ya AL)AZO(Ya A/J_)]:(_Y’ kJ—)}-(Y’ kl) }’ (214)

Xing-Zhang-ZJ-Zhou, 2020

Interference effect
encoded in these phases "




The manifestation of quantum interference effect in pO production

@ Interference between two p waves

(+1| = 1) ~ cos2¢

+1

B STAR Signal st~ pairs vs. Models

1000 - — Theony :\léo 4_ :: | \“ —T— Au+Au VSN =200 GeV
» | ,M‘\ Theory curve taken from
® RHIC s =200GeV S ¥ e Xing-Zhang-ZJ-Zhou, 2020
: »
~ 1k % Data points taken from
o] X STAR collaboration, Sci.Adv. 2023
0.2 \
| A
X —x—
A T
o————— e D e
050 | oot oo 003 | 0.6; 0 O 105 '011' ' O I15 — '012' — O o5
~(GeV?) P, (GeV)

Xing-Zhang-ZJ-Zhou 2020

A Glauber model calculation: Zha, Brandenburg, Ruan,Tang, 2021



ALICE measurement of Cos2¢ asymmetry

o
[
3]

ALICE Preliminary
Pb + Pb — Pb + Pb + p°

e
w

- ALICE Pb—Pb UPC data stat. (bar), syst. (box)

o
N
o

cos(2¢) amplitude

=
N

IIII|IIII|II|I|III||IIII|[II[‘IIII

H. Xing et al.

ALICE ys,, =5.02 TeV, p_<0.1 GeV/c, |y| < 0.8
STAR s, = 200 GeV, p.<0.06 GeV/c

IIII|IIII|IIII|IIII|IIII|[II[‘IlII

|
XnOn + OnXn XnXn

SDU-SCNUZH: Hongxi Xing, Cheng Zhang, Jian Zhou, Ya-Jin Zhou JHEP 10 (2020) 064

BNLZH: ‘% Heikki Mantysaari, Farid Salazar, Bjorn Schenke, Chun Shen, Wenbin Zhao Phys.Rev.C 109 (2024) 2, 024908



Cos4e In dipion production |

» Elliptic gluon distribution:
Non-trivial correlation between bt and kt

+1
+2

elliptic Wigner gluon

Hatta-Xiao-Yuan, 2016

ZJ, 2016

Boussarie-Hatta-Xiao-Yuan, 2018
Mantysaari-Mueller-Salazar-Schenke,2020
Mantysaari-Roy-Salazar-Schenke,2021

€ STAR measurement:

§ 0'25§ STAR Preliminary TR
0.2F .
A - —— Tttt + Tn
3  0.15F :
g 5% — STARLight
X 0.1:— _*__*_
(a\| - :
0.05F —k—
: B ok
OW"@ R
C "> 0.2 GeVic, i < 1 —ﬁll=|_—'—_|—
_0.05F Pr i e
cly 1<1,06<M_<1.0GeV/c :
N A4c | | | |
0.1 0.05 0.1 0.15 0.2
P, (GeV/c)
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Cos4é In dipion production ||

STAR-
0.10| total
QED contribution alone not adequate 0.08 -------- elliptic gluon
- QED
0.06

<2cos4¢>

contribution from elliptic gluon distribution

EIG
0.03
0.02}
& o001}
< [
8 000}
Ct\,') ~0.01 | el € The asymmetry flip sign at EIC
—0.02 ------- elliptic gluon
-0.03 ;'———-— soft photon \ ]
000 005 010 015 020 Hagiwara-Zhang-ZJ-Zhou, 2021

qL[GeV]
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=, FEdl, FEIEE, arXiv:2406.09381
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High Energy Physics - Phenomenology

[Submitted on 29 Apr 2014 (v1), last revised 22 Jul 2014 (this version, v2)]

Comprehensive Amplitude Analysis of
vy — 7, 7% and KK below 1.5 GeV

Ling-Yun Dai, Michael R. Pennington

> EEHEEE-F!

cos(2¢1 )Re[ M4+ M7 _

do/dQ [nb/GeV]

2<COS2¢>

=44 ER

XxPT tree

----- XPT one-loop ]
----- — Dispersion
- ’\
L ’\‘
0.1r ‘~\ -
i \"\ "’ S
.......... \;
e - .
0.0t . . L L .
04 0.6 0.8 1.0 1.2 14
Q [GeV]
XPT tree Pt
4
----- XPT one-loop o
b d
0.50 .- - Dispersion === -
L '/,
'/
_________ /
————— \ J
H .- \ ]
0.0 s -,
l/ ‘ y
[ ’ \/
Il .’
!
|- ’l
-0.5¢ g
L !
!
’ ,/
0.4 0.6 0.8 1.0 1.2 1.4

Q IGeV]




LHC BN SRHER G R PRI M B AIIFRIE

=, Man, FS], BIEEE, arXivi2410.13781
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> EEET (HLbL) B2 F R BHAR IS A MAE Y E
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do/dQ[nb/GeV]

Numerical results

1 I 1 1 | 1 I | 1 1 1 I | | 1 1 I 1 | 1 | 20
. Pb+Pb 5.02TeV | e e e e
1 ® ATLAS data Pb+Pb 5.02TeV
10¢ —— This work = [

. --——- Ajjath et.al - 151 -
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Unpolarized cross section

azimuthal modulation
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< - JPC physics 2023

UPC 2023: International workshop on the physics of Ultra Peripheral

26 May - 28 May 2023
Fudan University

Collisions

indico.ihep.ac.cn/event/18418
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summary:
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