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Outline

» Background

> Unpolarized diffractive p° production in UPCs

» Cos¢ ,Cos2¢, Cos3¢, Cos4¢ azimuthal
asymmetries in p® production

»Summary



What is UPC

Two nuclei physically miss each other,

b>R1l +R2



Weizascker--Williams approximation

E
Can be treated as a flux of quasi-photons
— v = C
B - >
When photon wave length is larger than R,

Kt<30MeV, enhance by Z?

Relativistic heavy ion is extremely bright!

Two type interactions:
» photon-photon collisions

» photon-nuclear interactions



The boosted Coulomb potential
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Linear polarization of coherent photons



Transverse momentum phase space
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Linear polarization of gluons at small x
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CGC is linearly polarized a. metz, zJ



Cos 4¢ asymmetry in EM dilepton production

Y P+ ki) + Y0P +kot) = F(pr) + 1 (p2)

(cos(4p)) ¢=P, Aq.

P, =1L —p2)/2 di. =Pl1L T P21

correlation limit: P, > ¢g,



Verified by STAR experiment

~1000——— 1 , | | | | | -
S 000 0-45 <M,, <0.76 GeV/c? STAR sg
:::: 800 g_ ’-" Au+Au UPC * Au+Au 60-80% x 0.5 VSwn = 200 GeV _;
"g +00 E_ Fit: Cx(1 + A, COS 2A¢ + A, COS 4A%) ‘1o _;
® soo. 4 4 E
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— — Polarized yy — e*e” (QED)

arXiv : 1910.12400
l !

AR collaboration, PRL 127, 2021
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Ab =0, — 0,

Measured

0.45GeV2<Q2<0.76GeV?2
P.>200MeV, |y|<1,q,<100MeV

C.Li,JZand Y. Zhou, 2019, 2020

Tagged UPC 16.8% *+2.5%
60%-80% 27% 6%

QED calculation

16.5%
34.5%



Vector meson diffractive production




Diffraction in optics

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



Optical Analogy

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

“ nght E::' .........................................................r
Intensity Incoherent/Breakup

do/dt

Coherent/Elastic
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Coherent: target stays intact;
Incoherent: target nucleus breaks up, but nucleons are intact.



Diffractive vector production

Motivations:

>  Studying the saturation effect .
» Transverse spatial imaging of gluons
o4 [ d?b N? 1
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€ Small x formalism: ‘<\
dipole model, CGC, Glauber model...

C

>

AL =i f dzble"A*'b*‘ f di—:‘ ﬁ 1dz fxﬂ*q@(n,z, EI]){V(n,bl}fl"’*‘@*(n,z, ei')]

Ryskin, 93; Brodsky, Frankfurt, Gunion, Mueller, Strikman, 94; Klein, Nystrand,1999; Munier, Stasto,
Mueller, 2001, Kowalski, Teaney, 2003; Lappi, Mantysaari, 2011; Rezaeian, Siddikov, Klundert, Venugopalan

» 2013; Guzey, Strikman, Zhalov, 2014, Lansberg, Massacrier, Szymanowski, Wagner, 2019; Mantysaari,
Salazar, Schenke, 2022; and many more...
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» Young’s double-slit experiment

ST



Interference

smt Signal o poi wilh P, < B0 M. |

STAR: Au+ Au at |5,

c

A

o1

Ta'. en from Y. G. Ma’s review paper.




Joint BL& {1 dependent cross section |

A and B are two incoming nuclei
(head on view)

Assuming pois locally produced at position b |

The probability amplitude of producing p° at position bJ_

M(Y,b1,b1) o< F(Y.b )NA(Y. b, — b))

EM potential Gluon density

induced by B inside A 16



Joint EL& (| dependent cross section Il

(O

M(Y bL,bL) fB(Y bL)NA(Y b, — bj_) +NB( Y, bL)]:A(—Y, b, — EL)]

Making Fourier transform:
MEV:bria) o [ EhodA (o - AL k)

" {fB(Y, EL)NA(Y, ALje "R 4 Fa(=Y, kL )Np(-Y, Al)e‘mm}

Xing, Zhang, ZJ, Zhou, 2020

» The BLdependence enters via the phase.

» The relative phase leads to the destructive interference effect. .



Joint BL& (| dependent cross section lll

» Full cross section: ki +A; =k +4]
do 1 . )
¢, dY d2b :(Qﬂ)4 /dgALkoLdzkILéQ(h + AL —qu)(e} ]{L)(Eikl){ /dzlu
1 1

x et LR L) T (b)) A (Y, A L)AL (Y, A F(Y, kL) F(Y, K)) + (A  B))
[P R 4 (Y, A L)AL (Y, A )F(Y, by ) F(Y K

+ -eriBL(Al_AL)ACO(_Ya AJ_)'AZO(_Yv A,J_)F(_Ya kJ_)]:(_Ya kﬂ.)]

+ -€riBL'(Al_kL)ACO(Y7 AL)AZO(_Ya A,J_)]:(Y7 kJ-)}-(_Y’ kﬁ-)_

e A0 4 (Y, A )AL (Y, N F(=Y kD F(Y, ) } (2.14)

H.X. Xing, Z. Zhang, ZJ, Y.J. Zhou, 2020

F (k3 4+x?M2)
(k1 +x2M2)

> EM potential: F(Y, k) = Z\/a_elkJ_l

T
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oY diffractive pattern

Diffractive VM production in UPC

1000
E —— Theory

® RHIC s =200GeV

6.60 | | | | 0.61 | | | | 0.62 | | | | D.|03 | | | | 064:1
~t(GeV?)
Xing, Zhang, ZJ, Zhou 2020

> Double slit interference effect
» Smearing caused by finite photon kt

Diffractive VM production in

eA

do/dt

Incoherent/Breakup

Coherent/Elastic

t1 to it t3 ta

> One slit interference



do/dq | 2[mb/GeV?]
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J/psi diffractive pattern
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Azimuthal asymmetries in di-
pion production



2x (cos(2A ¢) )
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Cos2¢ in p° production

STAR collaboration, Sci.Adv. 2023
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Coulomb nuclear interference

EM production V.S. via p decay

EM: 1/t
QCD:  nuclear form factor F(t=0)



Azimuthal dependent cross section

doy a1 L MU P o
Epy dpyy dyndyod2h, — QF (27m)1/Im (QF = M2)*+ M2T?

] . 2P? A
X()Q(kL—FAL_QL) [kL'ALPQ 1 2(/€J_'PJ_)(AJ_'PJ_)] (PJ_']fj_)
1T m

/ AN o AR 1

T

X2 { leigr(kl_kﬂf(l}l; kJ_)F(ZUQ: AJ_)F(ZEE kl)AjO(IQ Al)}
+ [eiBL'(A’l—kL)]:(wz, ki )F (1, Ay ) F(as, kl)Azo(iUla Al)] }
Yoshikazu Hagiwara, Cheng Zhang, ZJ and Ya-jin Zhou, 2020

Interesting observation:
» Interference CS vanishes identically when integrating out ¢



Hadronic Light-by-light scattering

® Related via Optical theorem

o7 T~ € Data point is sparse around p® mass region

300

200

» Vital to constrain the hadronic

o [nb]




Numerical results
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» Constrain the phase of the dipole amplitude




Cos4¢ in dipion production |
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Cos4¢ in dipion production |l

QED contribution alone not adequate

contribution from elliptic gluon distribution

<2cos4¢>

0.03 |
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3 0.00;
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€ The asymmetry flip sign at EIC
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Yoshikazu Hagiwara, Cheng Zhang, ZJ and Ya-jin Zhou, 2021




Summary

»Linear polarization of coherent photons firmly established
» Rich physics is revealed via azimuthal asymmetries in UPCs

» As a tool to explore: BSM physics; Strong field QED

Thank you!

o 8L ()

SHANDONG UNIVERSITY, QINGDAO




Gluon GTMD operator definition

dé-_(jgg_l_ e_qu— £ —ixPTET
(2m)3 P+

[0 e 52)

rGpp(r,q1, A1) = 2/

<P+é¥

In the small x limit:

AQ d?b | d*r - 1
ZUGDP(JL QLaAL) (qi — T)/W qu-u—zAl-blF<Tr [U(bl + = ; )UT(bL _ ?)

;

Hatta, Xiao and Yuan, 2016
the correlation limit where |A | < [qy|

T (q2 A2) 4 ql1 - 1 O (qQ A2)—|— (QJ_ AJ_)2 L 1 FS(QQ A2)+ |
AN EI 1 |Q'J_||AJ_| z\Y > 1 qlAQ 9 z \q 1> L

Elliptic gluon GTMD
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