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e Introduction to UPC and linearly polarized photon

® Probe nucleon structure in photon-induced diffractive process by using

linearly polarized photon in UPC and EICs



Equivalent photon approximation (EPA)

Over 100 years

1. 1924, Fermi; “..consider that when a charged particle passes near
a point, it produces, at that point, a variable electric field. If we decompose
this field, via a Fourier transform, into its harmonic components we find
that it is equivalent to the electric field at the same point if it were struck
by light with an appropriate continuous distribution of frequencies.

arXiv:hep-th/0205086, Persico remarks that this was one of Fermi’s favorite
ideas and that he often used it in later life.

2. 1930’s, Weiziscker and Williams (individually);

developed to relativistic charged particles,
method of virtual quanta
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Ultraperipheral collision (UPC) in heavy-ion collisions

Ccross section in y—y processes in heavy-ion

collisions:

Ww '
Oy ooy j dwidwrng, (W), (W), x(W1, W))

—vy:do «<Z* e.g.Au, 79%4=3.9*10"7
—A: do «x Z?

But! strong interaction dominant in center collisions

e UPC

Two nuclei physically miss each other,
interact (only) electromagnetically

Clean background



Measurements of dilepton in UPC at STAR and ATLAS
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Linearly polarized photon

Low electron energy, Sommerfeld, 1931 relativistic energies, May, Wick, 1951

ANNALEN DERPHYSIK Detection of Gamma-Ray Polarization by

Pair Production*

5 FOLGE,1931, BAND 11, HEFT 3 Rl L Db e On the Production of Polarized High
December 12, 1950 Energ—y X_Rays

M., May AnND G. C. Wick
Department of Physics, Universily of California, Berkeley, California

T has been pointed out by Yang,! th:
provide a method for detecting the p

Uber die Beugung und Bremsung der Elekironen the high energy range: kn>me? (m be December 12, 1950
where the usual Compton recoil method b S ox .
Von A. Sommerfeld idea is to utilize the azimuthal dependenc HE purpose of this note is to examine the possibility of experi-
. , cross section do, the azimuth ¢ being ments with polarized x-rays of high energy, the polarization
(Mit 12 Figuren) direction k of the incident quantum an being obtained by using only a portion of the x-ray beam emitted
Ubersicht: Der I. Teil bildet eine systematische Einleitung zu taining k and the electric polarization ve (by a betatron, synchrotron, or linear-accelerator target) at an

der Behandlung des kontinuierlichen Rontgenspektrums im IL Teil. Der

angle @ to the direction of the electron beam. The optimum angle,
L. Teil geht nur in der Methode, nicht in den Resultaten iiber die Arbeiten ‘

' T )
von Gordon, Mott, Temple hinaus. Der IL Teil setzt, im Gegensatz b h et o el et e
zu Arbeiten von Oppenheimer und Sugiura den Endzustand des ge- . . . ’ :
bremsten Elektrons als ebene, durch Beugung modifizierte Welle an. On the Polarization of ngh Energy Bremsstrahlung and of High Energy Pairs
Polarisation und Intensitit im kontinuierlichen Spektrum werden nach
der Methode der Matrixelemente berechnet. Um die azimutale Verteilun PR
o N o ! ’ g Physics Department, University of California, Berkeley, California
der Intensitit, insbesondere die Voreilung des Maximums zu erhalten, (Received July 2, 1951)
mub die Rechenmethode verfeinert werden durch Beriicksichtigung der -
5::;{&1}?:?& Die Resultate werden mit Messungen von Kulenkampff The polarization of bremsstrahlung due to electrons with initial energies much larger than 13727t mc?

is calculated under relativistic, small angles approximations. The cross section for photons polarized normally
to the plane containing the initial direction of the electron and the direction of the photon is found to be
larger than for photons polarized in that plane. A similar calculation shows that the plane containing one
of a pair produced by a polarized photon together with the direction of that photon tends to lie parallel
to the plane of polarization rather than normal to it, except for one special case. The effect of the deviation

due to multiple scattering of electrons in the target upon the angular dependence of the polarization is
considered.



Linearly polarized photon

® EPA photons induced by relativistically moving charged particles are linearly

polarized due to their transverse momentum

In position space

static electric field




Linearly polarized photon

® EPA photons induced by relativistically moving charged particles are linearly

polarized due to their transverse momentum
In position space

static electric field side view beam view

A

Lorentz boost
> - ’ -




Linearly polarized photon

® EPA photons induced by relativistically moving charged particles are linearly

polarized due to their transverse momentum
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Linearly polarized photon

® EPA photons induced by relativistically moving charged particles are linearly

polarized due to their transverse momentum

In momentum space

oI
BRRARAN AAA A~
N2
AR SANNNER Vs s s
P RSN\ 22958
£ 00f - - | ek
ER OO AN
~0.5} ‘;’;’;’; '; i § ;‘Qt:i:::\\: j Linearly polarized
2NN
—10f /XA NN
10 —05 00 05 10

Ptx |arb. units]

10



Linearly polarized photon/gluon, formalism in the framework/
of TMD (transverse-momentum-dependent) factorization

o

kr
e gluon/photon TMD factorization:
hadron
2dy d%y. gy 2k ke
Y (PIFE(0)E” = ’uvf k? R g hL k2
fXP+(2ﬂ)Se (PIFL(OF, =81 (x, k7)) + S — & |hix, k3),

P. Mulders, J. Rodrigues, PRD63(2001)

the numbers of gluons with opposite circular polarizations in a longitudinally (transversely) polarized nucleon. The off-
diagonal function H* also is a difference of densities, but in this case of linearly polarized gluons in an unpolarized hadron.
Using the circular polarizations, H flips the polarization.

e Small x (dipole) gluons/photons are highly linearly polarized A Metz, J. Zhou, PRD84(2011)
fi(x, k? ) = it k2 5 C. Li, J. Zhou, YZ, PLB795(2019)
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How to probe linearly polarized photon/gluon, example

Early studies about linearly polarized azimuthal modulations induced by linearly polarized gluon
photon )
. do(i=e)—do(di-e=0) Pp — ppn"’ A e(f)—l—h(P)—m(f’H—Q(Kl)—l—Q(Kg)—I—X
 do(d=e)+do(i-e=0) s
_ 15 { 0 Q% = 100 GeV> —— ]
100 Q% =10GeV? ===~ |
£1 o 0% = 1 GeV?

da/do,
5
]

015 r.

! ) 005
0 n/2 ® T

SO

T. Jacobsen, H. Olsen, Phys.Scripta 42(1990)

IK |1 (GeV)

p_ |29 Gr cos2(ér — 1) do
[ *qr qi do

D.Boer, S. Brodsky, P. Mulders, C.

H.Olsen, L.C. Maximon, Phys.Rev. 114 00000 :
Pisano, SLAC-PUB-14359 (2010)

(1959) 887-904
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Azimuthal asymmetry in dilepton production in UPC
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UPC: an ideal platform to “see” nucleus

Wigner Distributions

v linearly polarized photon
v hlgh |UminOSity Parton Distribution Functions Form Factors

v' clean background
Vo

How? photo-nuclear diffractive production of vector mesons, di-jets...

14



Probing gluon tomography using photon

® semi-inclusive processes

! ;—»— Probe gluon TMD (transverse momentum

€.g. dependent distributions)

® exclusive processes

e/A

€.g. Probe gluon Wigner distributions,

GPD (transverse spatial distributions)

=7/, p, ...

15



Two platforms to probe gluon tomography in diffractive
photoproduction processes

e Ultra-peripheral collisions (UPCs)

Double-slit interference

—e—— e o o e o — —— {

®EICs — — One-slit interference

16



Diffractive Vector meson photoproduction in UPCs and
EICs

e/A

17



Diffractive Vector meson photoproduction in UPCs and
EICs

A

For polarization averaged calculation, see: M. G. Ryskin, 93; S. J. Brodsky, L. Frankfurt, J. F. Gunion, A. H. Mueller and M. Strikman, 94

" . d2 1 : :
AAL) = ifdzbﬂ?lm'blf £ f dz ‘Py_)qq(’l, <, GI)N(F_La bL)‘PV_)qq*(’l, <, fl/),
0
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Diffractive Vector meson photoproduction in UPCs and
EICs

¢/A—0p , e/ — €/, unique observables :

f % cos(ng) dP.S.
| $22=dP.S.

P, b... (cos(ng)) =

where ¢ = g, A p,

. d? 1 . .
ﬂ(A”:’f dzblemblf 47? f dz V" O(r,, 2, N, b )P "% (r,,z,€)),
0

For polarization averaged calculation, see: M. G. Ryskin, 93; S. J. Brodsky, L. Frankfurt, J. F. Gunion, A. H. Mueller and M. Strikman, 94
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Diffractive Vector meson photoproduction in UPCs and
EICs

o/ A—r , e/ — €/, unique observables :
T f do
—27< cos(ng) dP.S.
£ (cos(ng)) = L
VEIRRG, ¢ [ o dp.S.
| g :
. 88" where 6 = g, A 7,

. d? 1 . .
ﬂ(A”:’f dzblemblf 47? f dz V" O(r,, 2, N, b )P "% (r,,z,€)),
0

For polarization averaged calculation, see: M. G. Ryskin, 93; S. J. Brodsky, L. Frankfurt, J. F. Gurjion, A. H. Mueller and M. Strikman, 94

dipole amplitude

20



Joint b, and g, picture

side view beam view beam view
af Y Y N A,B take turns to be the source of color dipole
B with ./ = b, : impact parameter
L | b, : the position of the produced V (.1,,, < K,)
i B B by < q,

Coherent cs: summing up amplitudes — squaring it

Incoherent cs: squaring the amplitude — summing up

coherent dominant at low k, (<~ /L ~ 30 MeV for Au and Pb)

21



interference effect

coherent production amplitude:
M(Ya BJ.) x [FB(Ya bJ_ - l;J.)NA(Y, bJ.) + NB(_Ya b.L - BJ.)FA(_Ys bJ.)]

Fourier transform b, — ¢q,,

MY,b,) f d*k,d*A 6% (g, — AL — k)

{FB(Y, kONAY,AL) e % |+ Fa(=Y, k. )Ng(=Y, A,) e P+ }

Double slit like interference effect

Classical:

22



interference effect
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theorv

do 1

2q dYd®h, (2m) / ALk d*K 6% (k1 + AL —q) (e k)€Y - ki){ / oL
x e kL) [T (b)) Ain (Y, A L)AL (Y, ADF (Y, k) F(Y,KL) + (A B))]
e Rk A (Y, A )AE (Y, A FY kL) F(Y, k?l)]
e AL AL A Y A AL (—Y, A F(=Y kD F(-Y, k?l)]
b Bk Ay A VAL (=Y, ADF(Y kL) F(-Y, ki)]

+ -eiB_L-(li_—AL)ACO(_Y’ AJ_)A:o(K A/J_)_F(—Y, k;J_)]:(Y, ki)] }a (214)

H.X. Xing, C. Zhang, J. Zhou and YZ, JHEP10(2020)064

see also W. Zha, J. D. Brandenburg, L.J. Ruan
and Z.B. Tang PRD103, 033007(2021)



do/dt [mb/(GeV/c)?]
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Azimuthal modulations in diffractive vector meson
production in UPC

® Cos2¢d asymmetry

> 7 . N\ 7 VI ‘- \‘ ‘/
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® Cosdd asymmetry

7
e
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\
\
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0 0
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® Cosd and Cos3¢ asymmetries
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Azimuthal modulations in diffractive vector meson
production in UPC

® Cos2¢ asymmetry

,; \‘
§ { é é” "goft pho oton rad‘;@VW

y potarized POCC o ) (+210) ~ cos 2¢

Linea
e Cos4dd asymmetry

‘ N _1 . V IW- P D4
+1 . o L — +3; —1; \
hoton 0 " :
L\ﬂear\y pO\ar‘zeSne?gluon 0 0

d

. on ) ~ T
Elliptic Wigner QIR ~ cos 4¢ goft photo e
® Cosp and Cos3¢ asymmetries
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Azimuthal modulations in diffractive vector meson
production in UPC
® Cos2¢d asymmetry

-
—"+1 — 1
+1

- ‘ Nb, ,r)=1- ¢ BpATABIN(rL)
\-__/ _l

N(r) =1-exp|-r2Glx,ry)|
(+1| = 1) ~ cos2¢
® Cosdd asymmetry

N
7 N

N\

=~V
+3 i —1
T . N(by,ry)=1-exp
5 A4
+2 c
elliptic Wigner gluon ‘

-0 (b1)r1/4] +

Elliptic Wigner gluon
Q? b2 r2 Q;“)(bz ),.2
'E(bi,ri)Z cos(2¢, — 2¢,) (4l) le_ L)
(+3| = 1) ~ cos4¢
® Cosd and Cos3¢ asymmetries
,\/\/\’(/ +2 q:\l)v
+1  ~ i —/ b

—-—-—-_-—-—-—l— -y s "™ o s "™ mm o oy, -
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—
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Azimuthal modulations in diffractive vector meson
production in UPC

® Cos2¢p asymmetry, in p° production, and J/y production

H.X. Xing, C. Zhang, J. Zhou and

. YZ, 2020,JHEP
()\\V
/
+1 ; Mg~ — 7 0 J. D. Brandenburg, Z. Xu, W. Zha,
0 0 “ C. Zhang, J. Zhou,YZ, PRD 106,
074008 (2022)
(+1| = 1) ~ cos2¢ (+2]0) ~ cos 2¢

® Cosdd asymmetry , in p° production

+3
+1
+1 Y. Hagiwara, C. Zhang, J. Zhou and YZ,
PRD.104, 094021(2021)

+2

elliptic Wigner gluon

(+3|— 1) ~ cos4¢ (+3|— 1) ~ cos4g

® Cosd and Cos3¢ asymmetries, , in diffractive p° and direct mm production

; Y. Hagiwara, C. Zhang, J. Zhou and YZ,
’ N PRD103.074013(2021)

AN 2FRA WMWY e e eim e m e .
e é— = - | sensitive to nuclear geometry, provide an
. | ) | alternative method to extract transverse

(42| F 1) ~ cos 3¢/ cos ¢ | spatial gluon distribution. i 28
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Difference between UPCs

side view beam view beam view
A .‘: A//,— """ R """ S
o =i
InUPCs .
Vb,
A ,
“ 'II
*4 ] =‘
B‘\‘
B
side view beam view
In EICs
€ on /e.

) i

and EICs

A,B take turns to be the source of color dipole
double-slit interference in UPCs

electron provide the photon,
one-slit interference
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Cos2¢ asymmetry in J/y production

In UPCs
do
dzl’udzpudhd)bdzlh
C 24e'e; $(0)]> ’ Y g )
= (Q Mz) JrMzrz M /dzALdszdszéz(kL+AL_QL) ki -k — M2 ]
{/ by e KikO[Ty (b1 ) A (g, A L) Afy (32 M) F (31 k) F (31K, ) + (A <> B)]

e ik A (39, A} ) Ao (2, AT ) F (xy ke ) F (o K)] + [0 (BL=B0 A (g, Ay ) A%y (y, A F (g, k1 ) F (32,6 )]

+[eii)L(Al_kl)Aco<x2’AJ_)Azo(xl’A/L)f(xl’kJ_)f(x%k,J_)]+[ei[;L(kl_AL)Aco(xlvAJ_)Azo(XZ’A/L)‘F(x2’kJ_)“F(xl’k/L)]}

J. D. Brandenburg, Z. Xu, W. Zha, C. Zhang, J. Zhou and YZ, 2022

30



Cos2¢ asymmetry in J/y production

In UPCs
5 Iﬂe sp!n correlation between y and J/y result in
2 0 o e azimuthal asymmetry

X {\/dszeiI;r(kl—_kL) [TA(bl)Ain(xz,AL)Afn(xz,A’J_)f(xl,kL)f(xl,k’J_) —+ (A <> B)]
+ [eH;L(kl_kL)Aco(XZ’ AJ_)Azo(XZ’ A/J_)f(xl ’kJ_)f(xl ’klj_)] 5 [eil;L(Al_AL)Aco(xl ’ AJ_)AZO(XI ’ Aﬁ_)f(x2’kL)f(x2’k/L)]

+[e”;L(A/L_kL)Aw(x%AL)Azo<xl’A/L)‘F<xlvkl)‘?(x2’klj_)]+[eil;L(kl_AL)Aco(xlvAJ_)Az‘(o(x%A/J_)‘F(XZ’kJ_)f(xl’k/L)]}

J. D. Brandenburg, Z. Xu, W. Zha, C. Zhang, J. Zhou and YZ, 2022
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Cos2¢ asymmetry in J/y production

In UPCs
o Iﬂe spin correlation between y and J/y result in
2 0 o e azimuthal asymmetry

X {/a’szeii’l'(kl_kL)[TA(bl)Ain(xz,AL)Afn(xz,A'J_)}_(xl,kL)]:(xl,k’J_)—|—(A<—>B)]

+ [eiI;L(kl_kL)Aco (x2’ AJ_)AE';O (x2’ A/J_)f(xl ’kJ_)f(xl ’ k/J_)] 5 [ei[;L(Al_AL)ACO (xl ’ AJ_)AZ':(O (xl ’ Aﬁ_)f(x2’ kJ_)f(XZ’ kl)]

T [eii)L(Al_kl)Aw(xZ’AJ_)Az0<x1’A/L)‘F<xl’kJ_)f(XZ’k,J_)] +[eiEL(kl_AL)Aco(xl’AJ_)AZ‘(O(XZ’A/J_)f(x2’kJ_)“F(xl’k/l)]}

the interference terms ensure the perfect peak and valley structure

J. D. Brandenburg, Z. Xu, W. Zha, C. Zhang, J. Zhou and YZ, 2022
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Cos2¢ asymmetry in J/y production

In EICs
the spin correlation between y and J/y result in
e szjzyldyzd% the azimuthal asymmetry
z(fﬂ)7(Q2_§;zizeiMzrz(pg‘(/)l)z/dzALdszdzkléz(kL—FAL—CIL)E/ACIL-/%L—4(Pl.kﬁgprkl)ﬂ
X {/dszeii’L(kl—kL)[TA(bL)Ain(xz’AL)ATn(XZaAl)f(xl,kﬁf(xl’kl)+(A<—>B)]
+ [ ki) Ao (x3, A 1) Al (32, A )F (g K ) F (31, K )] +[€f NS A A (TG :
+ (P A et e S K E Gk, )| + [T by 7)) |

the behavior will differ from that in UPC

J. D. Brandenburg, Z. Xu, W. Zha, C. Zhang, J. Zhou and YZ, 2022
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Cross section in J/y production

\/'s =200 GeV @ RHIC energy 1000¢ ® coherent J/y @ ALICE preliminary, /s =5.02 TeV 7

N 10¢ ; & 500¢ coherent J/y with soft photon

> coherent J/y with soft photon > 1

8 4 N coherent J/ 8 A Soishiciie
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o 10 e
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0.00 0.05 0.10 0.15 J- D. Brandenburg, Z. Xu, W. Zha, C. Zhang, J. Zhou and YZ, 2022
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Cross section in J/y production

\/'s =200 GeV @ RHIC energy 1000¢ ® coherent J/y @ ALICE preliminary, /s =5.02 TeV 7
— 10t o 500F coherent J/y with soft photon
S coherent J/y with soft photon > i
[0} 8 PN coherent J/y
% i+ N @ = coherent J/y S 100}
E 50
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4 Y- N
s e 0
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Cross section in J/y production
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Cos2¢ asymmetry in J/y production
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Cos2¢ asymmetry in J/y production

In UPCs

In EICs
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Cos2¢ asymmetry in J/y production
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cos2¢ asymmetry in p production, ALICE measurement vs. theor
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cos2¢d asymmetry in p production, STAR measurement vs. theory
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cos® and cos3¢ asymmetry in p production, STAR measurement
vs. theory

e interference between diffractive p?® - = and direct mm production
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cosdd asymmetry in p production, STAR measurement vs.
theory
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* Both elliptic gluon Wigner distribution and
final-state soft photon radiation contribute to
cos4d asymmetry.
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Summary

® The EPA photons are linearly polarized, which can be used to probe nuclear

structure in diffractive photo-nuclear processes in UPCs and EICs, and provide a

method to extract spatial gluon distribution.

® Quite a few measurements at LHC and RHIC have been made, awaiting for the

extraction of corresponding gluon distributions.

® The diffractive patterns predicted in UPCs and EICs differ significantly, both in
their cross sections and azimuthal asymmetries. Measuring and comparing these
observables in UPCs and EICs can provide deeper insights into gluon

hy. '
tomography Thank you for your attention!
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Soft photon radiation

the recoiled momentum of the lepton also cause azimuthal anisotropy
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Diffractive di-jet production in UPC
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