p” production and pion pair production by linearly polarized
photons in UPCs and e*e™ collisions

BEHE (LLFRKZF)

based on: arxiv:2406.09381 (BF, ES, YZ), JHEP10(2020)064 (BE=E, 3k, AS, YZ),
PRD104, 094021 (2021), PRD103, 074013 (2021) (Yoshikazu Hagiwara, 3, B, YZ)
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Outline

1. EPA, UPC, linearly polarized photon, motivations

2. diffractive vector meson (p°) production in UPCs

3. Pion pair production in e*e™ collisions and UPCs

4. Summary
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Linearly polarized photon in UPCs verified by STAR collaboration

Azimuthal asymmetries in yy — e*e”

1800—————————— —_—
0.2 AurAu 200GeV FSTAR o45<m, £0.76GeV, P <0.1GeV
12000 & AusAUUPC % AusAu 60%-80% x 0.65
[ —— Fit: Cx(1+A  cos2A¢+A,  cos4Ad) +1c

° g4 g 1000 210 '
s & 800~
] g C
2 Fy
S 0.0 Rt i ==

————— Centrality:80%-99.9% g C

8 a0}
-------- tagged UPC r
-0.1
----- - upc 200 ) ) -
Polarized yy — e‘e : Without Polarization :
— - QED == STARLight
0.00 0.02 0.04 R Vt]).os 0.08 0.10 o Tlsweome ot
e g
. 0 o M=o,-0, T
C. Li, J. Zhou and YZ, 2020 STAR collaboration, PRL127, 052302 (2021)
Measured QED calculation
Tagged UPC 16.8%+2.5% 16.5% VERIFIED' J
60%-80% 27%+6% 34.5%
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Equivalent photon approximation(EPA), Ultraperipheral collisions
(UPCs)

relativistically moving ions will introduce electromagnetic field.

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

Za. ., [FG3 + x2Mg)r

2y _ 2
xhtek) = =5 kL[ (2 + x?M2)

Woods-Saxon form factor, o moosss—mooo—
0

Fle :fd3 k¥ P Il a
= e e ie R/l

y—y: do«Z eg., 79" ~4 TR ’
y—A: do o« Z? h

But! strong interaction dominant in center
collisions

clean background

4/29
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Linearly polarized photon

relativistically moving charged particles will introduce electromagnetic field
the photons are linearly polarized due to their transverse momentum

'\
KO
N

kr

hadron
gluon/photon TMD (transverse-momentum-dependent) factorization:

H1,.v
oo =TGR + (zkk;k* - 6’1")hf(x, k?),

L

2dy~d?y, iky " Vv
[ e PIFLOFL Py

Mulders, Rodrigues, PRD63(2001)
fi(x, k%) = hi(x, k?) |, small-x gluons/photons are highly linearly polarized.

AL Metz and J. Zhou, 2011, C. Li, J. Zhou and YZ, 2019

Collinear factorization: o ~ PDFs(x) ® hard part
TMD factorization: o ~ TMDs(x,kT) ® hard part

Yajin Zhou (ChEFT2024¢
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Linearly polarized photon

relativistically moving charged particles will introduce electromagnetic field
the photons are linearly polarized due to their transverse momentum

o@‘@% ; ;\l\’
hadron

gluon /photon TMD ( transverse—momentum—dependent ) factorization:

2dy " d%Y. ey o mm oy
fme (P|F+(0)F+

, KK
o =ORGOKD) + ( k*{ -

hi(x, k),

Tlders, Rodrigues, PRD63(2001)

f1(x, k2 1) =hi(x, k2 Dl

small-x gluons/photons ar

Collinear factorization: o ~ PDP§(
TMD factorization: o ~ TMDs(x,

Yajin Zhou (ChEFTX
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UPC: an ideal platform to “see” nucleus

Wigner Distributions

@ linearly polarized photon

@ high luminosit,
g y Parton Distribution Functions Form Factors

@ clean background

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

in Zhou (Ch 24@QC Azimuthal y in 7 production



Direct vector meson pair photoproduction in UPCs, e*e™ colliders

similar to yy — 1*17, we can also study yy — MM process either in UPCs or at eTe—
colliders, more complicated.

Yajin Zhou (ChEFT20 a) Azimuthal asymmetries in 7w production



I will talk about

o Topic I: diffractive vector meson (p°) production in UPCs

e Topic II: pion pair production in e*e™ collisions and UPCs

n Zhou (ChEF ) Azimuthal asymmetries in 7w production



vector meson production in UPCs

A at ¢ =p" Aqy (p° and n’s transverse momentum)
y observable induced by polarized photon:

qL 47 dP.S.
(cos(ng)y = / dpf Z(;S(EZ)SP
a»

2 1
AL =i f d’b e f % f dz W9 (r, 7, € )N(r,, b )PV 29 (7, €)),
0

@ dipole amplitude calculation:

N(bL,rl) =1= e—2anATA(bL)N(rL)

N(y) =1-exp [—riG(xg,r l)] : dipole-nucleon scattering amplitude
G(xg) = +Q2(xg): gluon distribution (GBW model),

Yajin Zhou (ChEFT2024@QChan, Azimuthal asymmetries in ar production 11/29



cartoon illustrations of the azimuthal asymmetries in vector boson

production in UPCs

@ cos2¢ asymmetry

(+1] = 1) ~ cos 2¢
@ cos4¢ asymmetry

elliptic Wigner gluon
(+3| = 1) ~ cos4¢
@ cos¢ and cos 3¢ asymmetries

+2 x“

é‘"'

(+2| F 1) ~ cos 3¢/ cos ¢

+z 0 )V
mw[ - 0
0

(+2|0) ~ cos 2¢

N
N7
R +’s 71
W“‘ -
0

(+3| — 1) ~ cos 4¢

for azimuthal asymmetries in p° production see:
H.X. Xing, C. Zhang, J. Zhou and Y7Z,
JHEP10(2020)064,

Y. Hagiwara, C. Zhang, J. Zhou and Y7,
PRD103, 074013 (2021) and PRD104, 094021
(2021)
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e cos(2¢) azimuthal asymmetry in p® — nr photoproduction,

Model I

2

dN/dltl (arb. norm.) ©
o

STAR: AutAu ys,,=200 GeV

L ¥ Data: |¢| < /24
e, Modelll, =

? ——~— Woods-Saxon,

- 5\,\;7.90 fm, a=0.54 fm

Il
0 0.005

5 0. 02
P2 (= Itl) GeV?

B STAR Signal «*x- pairs vs. Models

;‘é ST - AurAu [5,=200 GeV
N4 g
2 # ----- Model I: R=6.38 fm, a=0.535 fm
© " \
~ JT Modelill: R=6.9 fm, a=0.535 fm
0.2ff
‘S
. Ay
o/ S SRR =ss T2 S
1 1
0 02 025
P; (GeV)

STAR collaboration, Sci.Adv. 9, eabq3903 (2

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

Fermi-scale interference effect, linearly polarized photon

in Zhou

(ChEF
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The prediction for the impact parameter dependence is verified by ALICE

e
w
o

ALICE Preliminary
Pb +Pb — Pb+Pb+p°

o
o
o

IIIIIHHIIIHIHIIIIIHIHIIIIIII

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

cos(2¢) amplitude
o
w

IIII|JHI|IIIJ|IJII|III\!HII|II[I

0.2 H. )("19 etal. frobEr b BEi Y
% W.Zhaoetal.
0.1
- ALIGE {5y =5.02 TeV, p_<0.1 GeV/c, |yl < 0.8
e == s STAR {5, = 200 GeV, p. < 0.06 GeV/c
| 1
0 OnOn Xn0n + OnXn XnXn
b~49 fm b~23 fm b~18 fm
SDU-SCNU4A: Hongxi Xing, Cheng Zhang, Jian Zhou, Ya-Jin Zhou JHEP 10 (2020) 064
BNL4A: % Heikki Mantysaari, Farid Salazar, Bjoérn Schenke, Chun Shen, Wenbin Zhao Phys.Rev.C 109 (2024) 2, 024908
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ALICE data

3 ALICE Preliminary
N 1.6F onon 1.6f XnOn 1.6F XnXn
@
E = ALICE data
2 — fitcurve ALIGE Pb-Pb UPC {55 = 5.02 TeV
= 1.4 1.41 Pb+Pb—Pb+Pb+p”
o - = 0nO component
,g == XnOn + OnXn component
- = XnXn component
%10k por
+.
1P = =
0.8f
0.6f 0.6r
0.4r 0.4F 0.4F
ool v v ool v ool v v e
- 0 T - 0 T - 0 T
E o o ¢

ALICE Collaboration, talk by A. G. Riffero on UPC 2023 (Mexico)
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o cos(4¢) azimuthal asymmetry in p° — 77 photoproduction

oR :
’;é 0'“; STAR Preliminary P
0.2 -
sz F —+ntnt+nw
0.15 _ i
\8/ STARLight
X 0A1:— —k— -
[aV} £ o
0.05F- —%- L
B == s
E pr>0.2 GeVic, Iyl <1 L
—0.05r” < -
Ely_1<1,06<M_<1.0GeVic |
- C 1 1 1 1
01 0.05 0.1 0.15 0.2
P| (GeVrc)
Daniel Brandenburg, QM 2019

<2cos4¢>

STAR
0.10r, total
0.08F elliptic gluon
QED
0.06

q.[GeV]

elliptic gluon Wigner distribution is important to describe the STAR data

Y. Hagiwara, C. Zhang, J. Zhou and YZ, PRD104, 094021 (2021)
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Pion pair production in e*e™ collisions and UPCs

Motivations:

e yy — MM is important

e at py < Pum, transverse momenta non-negligible, TMD factorization

o the first attempt to study the azimuthal asymmetry in heavy composite particles

e yy — ant is the cleanest and most important one

e may shed light on Light-by-Light (LbL) scattering process mediated by the pion loop

e interdisciplinary study among TMD physics & Chpt & dispersion relation

Yajin Zhou (ChEFT2024@Changsha) Azimuthal asymmetries in 7r production 17 /29



direct pion pair production, e*e™ collider vs. UPC

. . . . . + - .
UPC : only low invariant mass is possible e*e” collider, not effected by p resonance
B L B A A R A o5
L 3]
> F Fullfit
% 20:— p Breit-Wigner 300 + CELLO
T S S pinterference m m ¥ gknkn
— 15— ® Breit-Wigner 250 ‘ — G?vllcv[, 1 subtraction
'D§ C ------- o interference p | ~— ChPT, I subtraction
s F N | — GMM, 2 subtractions
3 b === Non-resonant & x o 200 | ChPT, 2 subtractions
g - —— + - Remnant background i ‘
C ] © 150 |
5 [t i |
s ~ ] 100f |
of e p
E (S 3 sol |
I T T T I T Ereu T I T [
8.5 06 07 0 09 1 B 12 13 oll . , . .
L IR . pion pair invariant mass [GeV/c*] 0.4 0.6 0.8 1 12 14
STAR, Phys.Rev.C96(2017)5,054904 \/t_/ GeV

Conclusion: to study the polarization effect of poin pair production from yy fusion,

e'e” collider is better |
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Theoretical setup:

DA
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Some ChPT calculations for yy — an

Nuclear Physics B296 (1988) 557568 J. Phys. G: Nucl. Part. Phys. 23 (1997) 823-835. Prunted in the UK PIL S0954-3899(97)82483-8

North-Holland, Amsterdam
e.g.,

Photoproduction of neutral pion pairs in the Coulomb field
of the nucleus

. TWO-PION PRODUCTION IN PHOTON-PHOTON COLLISIONS

A A Bel'kovt§, M Dillig} and A V Lanyovt
LS Nuclear Physics B 728 (2005 Dot Dhie T abwstonn I

Johan BIJNENS and Fernando CORNET*

Low-energy photon—photon collisions to two loops

Theoretical study of the .. Nuclear Physics B 745 (2006) 84-108 |
revisited ’

Yy — meson—meson reaction

J.A. Oller, E. Oset J.Gasser*, M.A. Ivanov®, M.E. Sain

Revisiting yy — 77~ at low energies

Low-energy photon-photon collisions
to two-loop order

T oAas AR A T b oaaT o.ioiocd

Electromagnetic Interactions

Ear. Phys. 1. C 2013) 732358 and Chiral Multi-Pion Dynamics

DOI 10.1140/epjc/s10052-013-2358-1

J. Gasse

Diplomarbeit
von

Photon-fusion reactions from the chiral Lagrangian Maximilian Duell
with dynamical light vector mesons

LV. Danilkin'*, M.EM. Lutz'#, S. Leupold®, C. Terschliisen” fiir August, 2012
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Some ChPT calculations for yy — an

e.g.,
600 . . , T T T
7y + T
o (nb) —_ToTAL
.- BORN MODEL e
Yoo | ‘=
2
g =4 -
8 200
S 2
~~~~~~~ @«
200 ¢+ T g
T 5 100
| cos(e)] < 0.6
| | | |
0 250 300 350 400 450 500
0.2 0.3 0.4 0.5 0.6 0.7 s [MeV]
W,, (Gev)

J.BIJNENS and F. CORNET, NPB296(1988)557-568 J. Gasser et al., NPB745(2006)84—108

. P1-€1p2-&  P1-&2P2 €1
A _,+—=2182{C.91-82— - }
e p1-k1 p1-ko

Q% . o, 1 32 1 o 9 2 2.2 2
C=1+ f2 (L9+L10)_16ﬂ—2f2 EQ +§m,[ln g,r(Q)+mKln gK(Q)

in Zhou (ChEFT20



Dipoin production in e*e™ collider, ChPT

Numerical results:

Belle, LO
Belle, LO+NLO
BES, LO

BES, LO+NLO

036 0.38 040 042 044 046 048 050

Q[GeV]

n Zhou

2<cos4¢p>

036 038 040 042 044 046 048 050
Q[GeV]

-0.60
Belle, LO
-0.65p .. Belle, LO+NLO %
- L, - BES,LO
8 0.70f,
N == BES, LO+NLO
2 -0.75)
8
v
N -0.80
-0.85
-0.90
036 0.38 040 042 044 046 048 050
Q[GeV]
0.05
Belle, LO

o [nb]
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Dipoin production in e*e™ collider, data-driven method

Ling-Yun Dai and M.R. Pennington, “Comprehensive Amplitude Analysis of yy — 7", 7% and
KK below 1.5 GeV”, PRD90, 036004 (2014)

partial wave expansions of the amplitudes:
do  p(s)

— = M, P+ M P
20~ 12822 M- 1Mo M., (5,0.9) = VTGRS Fiols)Y (0. 4.
7%0
M, _(5.0,) = V161 Y Fp(5)Y1o(0. ).
. . . . =2
isospin decomposition of the amplitudes: 500

= B‘elle i ' ' ' '
o) 1 | =501 ]
Fils) = —f;ﬂ%) = \@f!fzm,

PO = =m0 4\ T, g™
@

1 1 ﬁ 200
Firto) =00 - i) &

100 4

FO(s) = —f%fﬁfo(ﬂ + \[%Hf‘ (5)-

T T
04 06 08 1.0 12 14

m(nr) GeV
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Dipoin production in e*e™ collider, data-driven method

cross section in helicity amplitude form with linealy polarized photon:

do 1
= d%ky, d%k
d2p;, d2py dyrdys  1672Q4 f LR

X 6%(qu - ki —koi)xixp

il ) ) ) ) Reduce to collinear factorization after
—_—

X {E (|M+‘| + M.l ) e, Ky o, by ) integrating over ky ), > %(|M++|2 + | My _|?)ff

— cos(261)Re[M, M}_1f(x0, k2 Yhi(x1, k2 ) Contribute to cos(2¢) azim. Assym.,

i linearly polarized photon
_ 99 Re[M. . M*_15(x1, k2. Yh(xy, k2 induced by yp p ,
cos(22)RelM M, T f(x1, ky )by (o, k3, ) Involve the relative phase between

T
+ 5[c0s 21~ goIML P + cos2gr + M| M and My
—— Contribute to cos(4¢) azim. Assym.

x hf(xl,k%l)hm,k%l)}
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Dipoin production in e*e™ collider, data-driven

Numerical results:

] AR E iR mEEE F

05 Belle,xPT ree
Belle,xPT one-loop
05
04 Belle,Dispersion
% = BES,xPT tree wrnan,
© o3yl emeeen BES,xPT one-loop 4  a R
2 g i
= - BES,Dispersion 8 v/
5 g \/ Belle,xPT one-loop
202 « N
‘g =+ Belle Dispersion
~05 = BES,XPT tree
01
= BES,XPT one-loop
BES,Dispersion
0.0
0.4 0.6 08 10 12 14 0.4 0.6 0.8 1.0 12 14
Gev] Q[GeV]
0.04 Bolle XPT tree
Bele PT one-loop Belle, Q0.805]CeV.
- Belle,Dispersion 0.015 Belle, Q:[1.2,1.35]GeV
003 - BESXPTwee BES, Q{06091GeV
- BESPT one-loop -+ BES,Q[121.351GeV
BES Dispersion
= 5
z £ o010
s K
S
3
0005
0.00

method

2<cosdd>

P,

Belle XPT tree
Belle, XPT one-loop

== Belle Dispersion

BES XPT tree

BES,XPT one-loop

BES Dispersion

0.6 0.8 1.0

Q[GeV]

/
/

1.2
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about the light-by-light scattering in UPCs

arXiv:2410.13781

Azimuthal modulation in light-by-light scattering from ultraperipheral collisions at

LHC
Yu Jia *,! Shuo Lin T2 Jian Zhou 24 and Ya-jin Zhou $3
li.
P \/\l\’\’\[\,\/V
W
2 VVVV\"""'
*"\/
/

Yajin Zhou (ChEFT2024@QCh a) Azimuthal asymmetries in 7w production 26 /29



UPCHYIIETH I K El FRE07S
>ERUPCYIEARER: tEREASY, SEAY, #BITEAY, WRKSE...
>UPCHIIESCIOFRSS. STAR, ALICE, ATLAS, CMS
>ERAXE . Snowmass UPC £, WIEFREEET

EF07: Ultra-Peripheral Collisions in Heavy-lon

Physics .
Jaroslav Adam’, Carlos Bertulani'2, James D. Brandenburg’, Frank Geurts’, Victor P. B ERTROSRETRUARRE
Goncalves’, Yoshitaka Hatta, Yongsun Kim'?, Spencer R. Klein?, Cong Li*, Wei Li", SHSE, i, R, AR
Michael Murray®, Joakim Nystrand’, Mariusz Przybycien'”, John P. Ralston®, Christophe
Royon®, Lijuan Ruan’, Bjoern Schenke’, Janet Seger'’, Peter Steinberg?, Daniel Tapia IEBSME, 2023, 72(7): 072503, doi: 10.7498/aps.72.20230074
Takaki®, Zebo Tang'', Zhoudunming Tu?, Ralf Ulrich'*, Ramona Vogt', Bowen Xiao®,
Zhangbu Xu>', Shuai Yang’, Wangmei Zha'!, Jian Zhou®", and Ya-jin Zhou®
Coherent p i high energy i in ultraperipheral heavy ion collisions

Pu Shi, Xiao Bo-Wen, Zhou Jian, Zhou Ya-Jin

Acta Phys. Sin., 2023, 72(7): 072503. doi: 10.7498/aps.72.20230074
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E—EREUPCS F—REEIRUPCEIX
'—: =— 5 physics 2023
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Fud ersity
indico.ihep.ac.cn/event/18418

UPC 2023: International workshop on the physics of Ultra Peripheral

Collisions

11-15 Dec 2023
Playa del Carmen

FZEPEUPCRIN

E—REEngmEnEnie @
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Summary

o UPC KFEEMMME, EZMNRERLF=HEMNNFTTE

o ete” WMFREEIZ™AX dipion, HTFXFHIEZMUMML, SHEIEE KR cos2phi N,
B AFSR B 1Z BB R F, XIERE £5(1270) XM C even HIRETTEER
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