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1. The story of linearly polarized photons
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Gluon TMDs

Process involving hadron states: -
o
Cross section= Hard part * PDFs/PFFs/TMDs kr
hadron x P
TMDs: Transverse momentum dependent functions.
e.g. gluon correlator
o dé-P d> | Gluons ‘ gl | i | ki, k¥, etc.
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Mulders, Rodrigues, PRD63(01)

how to probe?
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linearly polarized gluon TMD

how to probe: azimuthal asymmetry see e.g., Boer, Mulders, Pisano, PRD 80 (2009) 094017

CGC gluons are highly linearly polarized. [A. Metz and J. Zhou, 2011]

e.g., y"-jet production in pA collisions (cleanest way to measure xh;):
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D. Boer, P. Mulders, J. Zhou and YZ, 2017
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Ultraperipheral collisions (UPCs)
relativistically moving ions will introduce electromagnetic field.

UPC:

Two nuclei physically miss each other, interact (
Equivalent photon approximation(EPA) only ) electromagnetically
1924, Fermi;
Weizéscker and Williams, 1930’s;

) 2 2\ 72
i) = Ll |[FE M) + ;)
1 + ot K+ xX2M2)

Woods-Saxon form factor,

N 3 kT P
Foey = f e ol = Ry /d]

0o

But! strong interaction dominant in center collisions

clean background
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Transverse momentum dependent photons

The UPC photons are coherent photons with small x and transverse momentum.
similar to gluon TMDs, photon also have TMDs
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gluon/photon TMD

gluon/photon TMD factorization:

f 2dy~d?y,
P 2n) ¢

= fikx k2)+( 2

FLF, o Kk, ATA* implies

lk y<P|Fll (O)FV

2K K

L

- 5*1”) I (x, k),

Mulders, Rodrigues, PRD63(2001)
A nucleus moves along P*, A* dominant, F'; o« K| A*, so

file k) = by (x,k7)

small-x photons/gluons are linearly polarized

A. Metz and J. Zhou, 2011, C. Li, J. Zhou and YZ, 2019
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2. Probing the linear polarization of photons

Yajin Zhou (SDU)

Dilepton production in UPCs



Dilepton production in UPCs

YXIP + ki) +yaP + ko) = IF(p) + 1 (p2)

leptons almost back to back in azimuthal: Observables:

P, =1L —p20)/2=piL=-pas . .
azimuthal asymmetries

e oo <cos(2¢)> = f aP COS(2¢)dP S.
correlation limit: P, > ¢, f % dpP.S.
f Ao cos(4¢) dP.S.
= cos(4 = ap.S.
¢—PJ_/\QJ_ < (¢)> dPSdPS

ar P2t

plT‘ (P\/
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illustration diagrams

\I\‘\N\NO +1

\J\'\N\NH

4

i (010)~1 '

+1

0 -1'\N\N\f\

4

\N"\N\'O +1

b (+1|-1)~cos(2¢) Y

0,

Yajin Zhou (SDU)

-1 +j\'\,\y\l"\

Dilepton production in UPCs

-1

O (00)~1
] -1
B RO
; 4 (+2|-2)~cos(4p)

10/30



cross section: in the framework of EPA
cross section at the lowest order QED:

do 202
= L [A+ Bcos2¢p + Ccoss
dZPIJ_dZPzJ_d)’Id)’Z Q4 [ ¢ ¢]
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impact parameter dependence

Various centrality classes and UPC measurements in experiments.
Take into account b, dependence in theoretical calculations.

Y&x1P+ ki) + Y0P + ki) = F(p) + T (p2)

IMP o f d*x dty PLEOTYOALDA, (c+ b)) FOT Y YAy WA, (v +bL) [P)
o f Ay e~ k1x pmika (kb L) yipyx yipax f d4y K1Y giks G+b L) p=ip1y p=ipa-y

o« 6t (k) + ko —-p1—p2) (54(ki +k5—pi —p2)e_ik2¢‘bleik§¢‘bi

o« 52(ku +kor = p1i—p21) 52(161L + kél -PiL —pzl)ei(kﬁ_ku)'b*

M. Vidovic, M. Greiner, C. Best and G. Soff; 93

Successfully describes dilepton &, broadening
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cross section

doy B 207 1
d’pi d®pridy\dyrd®b, O (2m)?

[A+ Ccosdg]

0? - 2P Z*a? i
A= E TR [Pl s D5 (@ — ks — k)
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X[k k) (koK) + Ghis o) A7 = (ki AL Ghas - AL
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X(2[2(kor - g ) (ki - qu) — ki ko J[2(K5, - qu) (kY - o) — Ky, - K5 ]
—|Cas K ) G - ) + Gy - ha) AT = (K- AL Gy - A
X F (x1 , k%i) F (x] , kﬁ) 7 (xz, k%L) 7 (xz, ki)

k7 +x
where 7 (x,) = L AL = ki <K, =K, ko
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soft photon radiation

considering high order QED effects, large logarithms a”In*" Q2 will
appear, which can be resummed using CoIIin-Soper-Sterman (CSS)
formalism, result in Sudakov factor in exponential in the impact
parameter space.

At one-loop order [Klein, Mueller, Xiao, Yuan, PRL122 (2019)],

Q2 2
; with u, = 2¢77%/r,
2

SUdl loop(rJ_) = ?lnm—ln

cross section:

do d’r, oir @ik o) ~SQ@r1) dog

Pp1,d2py,dyidy,dh, ) 27" d2py.d?ps, dy dyrd?b,
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Linearly polarized photon verified by STAR collaboration
numerical calculation: linearly polarized photon, impact parameter dependence, Sudakov resummation
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see also Wolfgang’s talk Tuesday

C. Li, J. Zhou and YZ, 2020

VERIFIED! )
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3. Toward the precision test of the resummation formalism
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Reuvisiting, aim to test the resummation formalism

Observables: Azimuthal asymmetry, Acoplanarity

Ag y
[ %2 cos(ng)dP.S. o= Agl _ ax
(cos(ng)) = — by P,

[ % dP.S.

What we already knew: two-dimensional ¢, resummation at leading logarithm

What we do [arxiv:2306.02337]:
@ Derive the resummation formula for acoplanarity, which is one dimensional,
@ All order resummation up to single logarithm accuracy.
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Soft photon radiation

~100MeV
:
I
T >
I
1
Coherent photon ' Soft photon radiation
0, Q% P2
~1/R~30MeV Sud; = —In—=liln—
e udp loop(rL) T nm2 %

the recoiled momentum of the lepton
also induce azimuthal anisotropy
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Soft photon radiation

@ to azimuthal asymmetry:

cross section with soft photon radiation |

do(q,) _ f 2 o)
dP.S. 9yp.s.

S(g.—4")

soft factor at leading order:

S()=8(.)+ 575 {eo + 2esfcos 29 [+ 2, cos 49 | + .|

€

Y. Hatta, B.W. Xiao, F. Yuan and J. Zhou,
PRL(2021) and PRD(2021)

@ to acoplanarity:
deviate from the back-to-back configuration
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Leading logarithm resummation

@ Cross section with the final state photon resumed:

do = der_ elrJ. qJ_ —Sud(r,) fdzq’ e—i”J.'LIldo-O—(ql)
d%p1 . d?py, dydy,d®b, (2m)? + dP.S."’
leading logarithm:
M2 P2
Sud(r,) = —ln—ln
m r
@ The ¢, dependent cross section
do _ f@eirque—Suda(rx,ry:O) qu;dq/ e_ir"q)/c dO’O(CIl)
dq.d*P, dy,dy,d*b, 2r 7 dP.S.

leading logarithm
e M
Sudy(ry) = "‘—[ L L u,x)]
2r

rx rx
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Mass factorization and resummation in SCET: at low q,

massless hard function §collinear jet function

j d -1, -k, —k
— HOM, )7, ) [ 1Py tyy T Fat = )

X S(lla Ayl ,u')cl(klla PJJ Y1, m, /‘L)CZ(kQJJ PJJ Yo, M2, ‘M),

N\ N

massless soft function  collinear-soft functions

M m ,m/(2PL) /(2P )
d d H d H d
Sud(r,) = f Wy, 4 zf W, . f Hre + f “re.,
Hr H Hr H Hr H Hr H

anomalous dimension:

do(qL)

M? a, wrr? 1 + cosh Ay
I'y = 8In— —12), Ts=—=|8In—= +8l y—8In ——— |,
" 47r( 2 ) s 47r( b} +8Incos’¢ 2

w . 4P2 12r? .
r,_4 (41 —+2) rc,2=4—ﬂ(—41 b 2*+4—41ncos2¢,i4m).

Yajin Zhou (SDU) Dilepton production in UPCs

21/30



Numerical results: azimuthal asymmetry

do I L p=Sud(rL) f 2 pmirva, 49040
d*pi . d?py. dy dy,d*b, 2n)? + dP.S. "’

ion- do _ 20
Born cross section: o Prdvidndh. = O [A+ Bcos2¢ + Ccosdep]

with all order Sudakov factor, ..., [ Sud(r,) =2 ln " nZ ﬂ— +°¢In Am%z In4 cos? ¢,

DL,Ay=0
4
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Mass factorization and resummation in SCET: at low g,

massless hard function

/
do ()

dP.S.

collinear jet function

2P H(M, p)J?(m, p) / dlydky dks .

daO(Qm - lz - klx - kZz)
dP.S.
Xs(la:a Aya Ky V)Cl(klma PJ_yylym7N7 V)C2(k2m7P_L7y27m7 K, V)
massless soft function ﬁcollinear-soft functions
M n
d d
Sud, () = f Gy 42 f L0 — ) = 5
Hox Hox

M? M? 2 2
— [(ln2 —-—3In —2) - (ln2 mo_ In m—z)é)(m —,u,x)]
4 HMix Hix Hix HMix
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Numerical results: acoplanarity

do dr, . _ - do,(q))
— X irygx ,—Suda(ry,ry=0) d /d gy 0N LY .
dq 2P dy,dyrd®b, f m ¢ f LAy e ap s,
doy _ 2&%

Born cross section: T dvidndh. — OF

with all order Sudakov factor, Sud,(r,) = % [(ln2 ZLZZ ~3In I’j’—f) - (ln2 Z’—f —In Z’—é)e(m - ,u,x)]

1000

resummed
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[S] ] ;
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© o
£ 1 Z 1
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a

data from cwms Collaboration, PRL 127, 122001 (2021) ATLAS collaboration,JHEP 2306 (2023) 182
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Summary |

@ Anology to gluon, the photon is linealy polarized, which induce azimuthal asymmetries in
UPCs and have been verified by STAR.

@ At relative high ¢, soft photon radiation effect dominant, and will change the azimuthal
asymmetry shapes significantly, particularly, will induce large cos 2¢ asymmetry which is
absent at leading order due to the neglegible electron mass.

@ All order one-dimensional resummation is necessary to describe the acoplanarity data
from ATLAS and CMS.

Thanks!
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Back ups
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di-muon production in UPCs: Q ~ m

at relatively high g, , soft photon radiation dominant

Y. Hatta, B.W. Xiao, F. Yuan and J. Zhou,

PRL(2021) and PRD(2021)

2 2
Sudy_j0p(rs) = LaANY In—+
T r

m2

double-logarithmic approximation, 4 =ff;;;2 [1-

201;62 o8 2¢, + % cos 4¢r] eirJ_-qJ_e—Sud(rJ_)deqleirJ_-ql d;;))(g).
all order resummation, (o.v. shao, C. Zhang, J. Zhou, YZ, PRD (2023))

a @ P2
1+ 4—8 (s11+ 522 + 2S12)] ,Sudytoop(r) = S In =
§ T . s "=

e—Sud(r 1)

(2cos 20)
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Figure: Di-electron production in unrestricted UPCs in Au+Au collisions at RHIC energy. The following
kinematic cuts are imposed: the electrons’ rapidities |y; ;| < 1, transverse momentum P, > 200 MeV,
and the invariant mass of the electron pair 450 MeV < M < 760 MeV. The blue solid lines stand for the
fully resummed results from Eq.24, and the purple dashed lines represent the results with the azimuthal
dependent part being treated at the one loop order. The results without soft photon radiation effect are
shown with the dotted orange lines. Left panel: azimuthal averaged differential cross sections; middle
panel: (cos(2¢)) azimuthal asymmetry; right panel: (cos(4¢)) azimuthal asymmetry.
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101< 2.0 resummed
- e'e” UPC@5020 GeV Y p— one-lop  p i esmmeeet
3 o' U S =
3 0.100 S 310
ég § 1.0 Q
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Figure: Di-electron production in unrestricted UPCs in Pb+Pb collisions at LHC energy. The following
kinematic cuts are imposed: the electrons’ rapidities |y; 2| < 0.8 and the invariant mass of the di-electron
10 GeV < M < 20 GeV. The blue solid lines stand for the fully resummed results from Eq.24, and the
purple dashed lines represent the results with the azimuthal dependent part being treated at the one
loop order. The results without soft photon radiation effect is shown with the dotted orange lines. Left
panel: azimuthal averaged differential cross sections; middle panel: {(cos(2¢)) azimuthal asymmetry;
right panel: (cos(4¢)) azimuthal asymmetry.
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1000

resummed

----- Double Log
-==----- Approx. DL

e ATLAS OnOn

1000 ‘
resummed
100! u'u- UPC@5020 GeV~ ——--- Double Log | 100
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k] °
£ 1 £
0.10}
0.01 : : :
0.00 0.02 0.04 0.06 0.08 0.10

Figure: The normalized cross sections of di-lepton production are plotted as the function of « (color
online). Left panel: di-muon production in Pb+Pb collisions for the OnOn case, with the kinematic cutoff:
leptons’ rapidities |y, 2| < 2.4, transverse momentum P, > 3.5 GeV, and the invariant mass of the
di-muon 8 GeV < M < 60 GeV. The CMS data displayed in the figure is taken from [1]. Right panel:
di-electron production in Pb+Pb collisions for the OnOn case, with the kinematic cutoff: leptons’
rapidities [y; 2| < 0.8 and the invariant mass of the di-electron 10 GeV < M < 20 GeV. The ATLAS data
shown in the figure is taken from [2] The blue solid lines stand for the fully resummed results from
Eq.(??), the purple dashed lines represent the leading double logarithm resummed results obtained
using Eq.(??). The acoplanarity distribution reconstructed from the resummed ¢, distribution given by
Eqg. (1) and Eq. (1) is shown with the dotted orange lines.
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