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Equivalent photon

® Equivalent Photon Approximation
‘41t « Photon Flux o Z2

ﬁ
E . pr < ~30 MeV (Q2~0)
\
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Equivalent photon

® Equivalent Photon Approximation
« Photon Flux o Z2
pT < ~30 MeV (Q2~0)

\

E
\

maximum energy
E v max""V(hC/ R)

typical pr (& virtuality)
PTmax ~ hc/R

Coherent strengths (rates)
scale as Z2: nuclei >> protons

Shuai Yang



Photon interactions

Photon-nuclear
interactions

Photon-photon
iInteractions

| +

vVRC l
V o

[[{fee

p, I, Y...

®© QED
® ALP search

Shuai Yang

® Little “EIC”



Photon mteractlons

Photon-photon
Interactions

(a) Pb Pb (b) Pb Pb (c)P

® QED STAR, PRC 70 (2004) 031902; PRL 121 (2018) 132301;
PRL 127 (2021) 052302

® ALP search | ATLAS, Nat. Phys. 13 (2017) 852: PRL 121 (2018) 212301

PRL 123 (2019) 052001; PRC 104 (2021) 024906
Shuai Yang CMS, PRL 127 (2021) 122001 3



Conventionally studied in UPC

. Exclusn\@‘pr dt

« Concentrated at low pr (back to back)



Observed 18 hadronlc colhsmns

STAR, PRL 121 (2018) 132301
10 1 —_—
Centrallty 60-80 % e 0 0.4-0.76 GeV/c?
" Solid: Au+Au 200 GeV %< 0.76-1.2 GeV/c x 1072

- Open: U+U 193 GeV ¢ 0 1.2-2.6 GeV/c® x 107
| —— Au+Au Cocktail 5

(-
o)
L

(-
=
w

dN/dp,_ (GeV/e)h
=

1077
107 :
5 STAR p;>0.2 GeVle, mel<1, ly*l<1 -
-11 Ll . . . | i i A | , " , | " i d | " : .
107 0.2 0.4 0.6 0.8 1
P, (GeV/e)

Shuai Yang




Modlflcatlcn Of Iepton palrs

ATLAS PRL 121 (2018) 212301

600 — T T L L — T T T — T T T
| ATLAS 0-10% | 10-20 % | 20 - 40 % | 40-80 % |
- i F {1 t _ Gaussian + i 1
400 -ys = = 5.02 TeV -1 I —* Data 1 I background 1 -
%Ig - Pb+Pb, 0.49 nb-1 . - - - Background . T Convolution + .
—|= - 1 F 1 F background
200 - - .
| | | |

0.005 0.01 0.0150 0.005 0.01 0.0150 0.005 0.01 0.0150 0.005 0.01 0.015
a a (04 a

|¢+ o ¢_| Il A

a=1 , X X D
n a=0 a>0

® Back-to-back correlation becomes weaker towards

central collisions
Shuai Yang 6




Puzzle of the phyS|cs orlgln

STAR. PRL 121 (2018) 132301
ATLAS, PRL 121 (2018) 212301
Klein et al., PRL 122 (2019) 132301

Final-state effect?

Shuai Yang



Puzzle of the physms orlgln

STAR. PRL 121 (2018) 132301 " Zhaetal, PLB 800 (2020) 135089
ATLAS, PRL 121 (2018) 212301 Lietal, PRD 101 (2020) 034015
Klein et al., PRL 122 (2019) 132301 Wang et al., PRD 104 (2021) 056011
Final-state effect? Initial-state effect?
Z|S3"FPb + Pb 5.02 TeV 0 -10%
—= %k 4 <M, < 45 GeVic? $ data
300E P, > 4 GeVic Inp| <24
250 *y —aRD
200 ** gePA1
150
100
50
Of= == 'oftddtubt
. 1&.
0 0.005 0.01
." = .
\ ®B i  ® Described by lowest-order QED
without medium effect
S > - b dependence of initial photon pr
e . S~ , et

Shuai Yang 7



Experimentally explore the puzzle

p

@ ~ Turn off hot medium

ZRA L > b>2RA <

@ \- Control b

Shuai Yang 8
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Control b in UPC

Nuclei may exchange soft photon(s) = nuclear dissociation

b @

u-

No nucleus breakup

Pb__
%
—yu
,
Pb “Pb

Shuai Yang 9



Control b in UPC

Nuclei may exchange soft photon(s) = nuclear dissociation

Pb__
Y
—u
,
Pb

Shuai Yang 9



Control b in UPC

Nuclei may exchange soft photon(s) = nuclear dissociation

Y Two nuclei breakup

Pb N
Y
- u
Y
- > > 0_’

Shuai Yang 9



Control b in UPC

Nuclei may exchange soft photon(s) = nuclear dissociation

Pb - - Pb* > —
°—>
Y
> ﬂ_ ,
Y Two nuclei breakup
- I't+
Y ; :
0 5 10 15 20 25 30
_ _ _ Q ZDC,,  (a.u.)
* o— .
Pb Pb ® Zero Degree Calorimeter

Shuai Yang 9



Control b in UPC

Nuclei may exchange soft photon(s) = nuclear dissociation

Pb__ . Pb, .
Y
-> #_ ,
Y
- u+
@ Y
Pb Pb ® Zero Degree Calorimeter

N(k) = [ d’bN(k,b)Ponaqa(b)Py(b)Ps(b)

, Where P;(b) o< 1/b°

Shuai Yang 9



Control b in UPC

| ! | a
1

§ _
n‘.E 0.5 STARLIGHT -
- LHC beam energy -

! —— 0nOn _

I —— Xn0n .

— XnXn

0 o L

10 102 103

b (fm)
Klein and Steinberg, Ann. Rev. Nucl. Part. Sci. 70 (2020) 323

Dxnxn < < Donon

Shuai Yang
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CMS Supplementary PbPb 5.02 TeV (1.5 nb”

3 | ]
o 10
ch \ 8 <m,, <60 GeV ;
© 1 i —
AU) E 0.“”“ E
Z B Coe e -, i
— 10 toe E
N — | -
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o o
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I T TTTIH
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Ll LI SN

Iywl <24
p#_ >3.5GeV,In'l<24

1
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O F1 T

Shuai Yang

0.05 0.1 0.15 0.2 0.25
0

CMS, PRL 127 (2021) 122001

a spectrum in UPC
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a spectrum in UPC

(04

Decouple a spectrum with
empirical function

e CMS Supplementary Pbe 5. 02 TeV (1 5 nb ) -
i | | | | I | | § I
—Sum YY > W f |

10°g - Core | I

i N Tail ly 1<24 . - |

S 1o} oh > 35567 'l <24 '
SH T |
—o FN g, <60 GeV 5 |
O 1" - _ |
~w E ] - 3 I
< X ] |
: 10_1 = :L/ —— E I
- = _ '

102E : core: cgxe(™ —a/cr+exal®?) —t3 :

: . tail: tox(l + (tl/tz)xcx)""2 | - :

_3 Il- ] ] ] ] ] ] ] ] ] ] ] ]

1970 005 01 015 0.2 0.25 |
|
|
:
|
|

Shuai Yang CMS, PRL 127 (2021) 122001 11



a spectrum VS. neutron multlpllc:lty

CMS Pbe 5. 02 TeV (1 5 nb 1)

800 ' ——— T ] CMS, PRL 127 (2021) 122001
700 f_ «0ONnON —f
S -OnXn ]
600 - ++ « XnNXn
3 s -
-Q“’ > - lv <24
< 400F +y - Yo == -
= g1+ pi >35GeV,In'I<24
< 300:_+ ¥% 8 <m,, <60 GeV g
~ 200F *i -
: +a 5
100 = T .
==c— ]
- AE‘%_—:E—_%
;,, TR R ST RS (RS SR S S S S T R ..—:><10_3
0 1 2 3 4 5 6

0
® OnOn (fewer neutrons) = XnXn (more neutrons) %
. o spectrum becomes broader %

;
;
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a spectrum VS. neutron multlpllc:lty

800

700

CMS Pbe 5. 02 TeV (1 5 nb 1)
o 0] [0] o -
- - OnXn
S -XnXn 1 @
= . 1303
f—++ Iywl <24 E
- gi p:‘_ >3.5GeV, In'l<2.4
:_+ ¥% 8 <m,, <60 GeV E
o 41 7
: M T ;
——ge—

1107

Shuai Yang

« a spectrum becomes broader
« Seems has depletion in the very small «

6

% ® OnOn (fewer neutrons) = XnXn (more neutrons) |

CMS, PRL 127 (2021) 122001
ATLAS, PRC 107 (2023) 054907

L ATLAS
Pb+Pb 5.02 TeV, 1.94 nb
0-5%
® Data
-0 ¢ - - - Background
0.5/¢ A
i ® — — Asymptotic fit |

= 5=

12



(acorey vs. neutron multiplicity

Klein et al., Comput. Phys. Commun.

162107 PbPb 5.02 TeV (1.5 nb7) 515 17/ osg
- CMS 1 Klein et al., PRL 122 (2019) 132301
i ] Brandenburg et al., arXiv:2006.07365
1.5F ... STARIight + E : -
1.4F + -
= . _
e S i I <
S 1.3f + """""" ¢ | .
< | ; >
1.2F 7
- @
| : Iywl <24 : ) -
W 1.1F p_‘F >35GeV,In"I<24 4
) 8 <m,, <60 GeV '
1_ | | | | | | i
% 0/70,7 On In On)(n ’n In 7/7)(/7 )(n)(n %

® Strong neutron multiplicity dependence of (acere)
* b dependence of initial photon pt

Shuai Yang CMS, PRL 127 (2021) 122001 13



(acorey vs. neutron multiplicity

PbPb 5.02 TeV (1.5 nb'1) Klein et al., Comput. Phys. Commun.

x107°

1.67 | | 1 212(2017) 258
[ CMS Supplementary 1 Kleinetal., PRL 122 (2019) 132301
! ] Brandenburg et al., arXiv:2006.07365
1.5F __ STARIlight (EPA) + ” _ >
L --- QED w/ Sudakov Corr. + T P
1.4F fay i | -
o~ [ i ; <
o r S S S S L gl PP e r
o 1.3F ! f o
3 : L +’ - i
~— ] : . >»
1.2 .. | -
’ i
| g Iywl <24 : ) >
| 1'1F p_‘F >35GeV,In"I<24 4
E 8 <m,, <60 GeV ] .
1 | | | | |
% 0/70,7 On In On)(n ’n In 7/7)(/7 )(n)(n %
| | k1

® Qualitatively described by a leading order QED model

Shuai Yang CMS, PRL 127 (2021) 122001 13



Rapidity dependence of a spectra

CMS, PRL 127 (2021) 122001

10SCMS Pbe502TeV (15nb)
AL BN B BN UL AL BRI BN LA B
O 102[! Onin !‘ 1an
O 5
o> 10k e Larger n hemisphere 1
S »n 1% o Smaller n hemisphere |
% 10—1i 8%=Q= —o— 1
20) _25 == . ) —— ?
S 103? T t 'ifp >3.5GeV, 'l <2.4 | ]
T 107°F 8<nhw<GOGeV ¥ 1
v, | T l vyl 0y l 06, . 4,...l,.,.,,,.. ./ . J+.49. 1,911 l 1l y 00y | v 4
10 =005 01 015 02 0 005 01 0156 02 0 005 01 015 02 025
o ol o
| I
-Smallern ! Largern
|
| . ® For the tail contribution
— l —  Larger n hemisphere > Smaller n hemisphere
: o—
|
|

Shuai Yang
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Rapidity dependence of a spectra

ATLAS, PRC 104 (2021) 024906
1 | | | | | |

fdis

i ATLAS o OnXn|-

0.8 PbPb(yy) — u+u'(|13b Pb ) D

p i 5.02 TeV 0.48 nb | i

B e 10<my, <20 GeV -

u 0.6— o 20 < my, <40 GeV —

p (in Pb) Pb* 4+ X : :

0.4— + ]

0.2 K -
- Smaller n Larger n 0 , % AN R B
— 0) 2

signed Y

—9

1T

® Similar observation by ATLAS

Shuai Yang 15



Impact to explore QGP EM properties

| Brandenburg etal., EPJA 57 (2021) 299

® The b dependence of photon §'F asaue .- a0cey
pt should be considered to é e ]
explore QGP EM properties = st t
+ RHIC run 2023-2025 s i
« LHC run3 & 4 P o | N |
P T geon
355—,1.11.111' L, _IIQIEIDIYY_)eel pelpesd pis iy

06 0.8 1 1.2 14 16 18 2
M, (GeV/c?)
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Impact to explore QGP EM properties

: Brandenburg etal., EPJA 57 (2021) 299

® The b dependence of photon §'F asaue .- a0cey
pt should be considered to é o e ]
explore QGP EM properties = st t
. RHIC run 2023-2025 s
) LHC run3 & 4 45; XnXn é ¢ Past Measurements
:Z;i‘; T I Projection
E,I.II.III'I_IIQIEIDIYY_)GGI111111
06 0.8 1 1.2 14 16M1?Gevic)
® {pT) or {a) W.r.t. event plane
» In plane > out of plane = Magnetic 53?*'?’_;'78’; /t
» In plane < out of plane = Multiple {2
scattering

ATLAS, PRC 107 (2023) 054907
Shuai Yang 16



Impact to image the nuclear

do(yA - VA)
: |e=0 X [xG4(x, Q%)]°
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Impact to |mage the nuclear

ICE PL 78(2079)13492 T
ALICE, EPJC 81 (2021) 712 ® Nuclear gluon suppression

—_
AN

ALICE Pb+Pb — Pb+Pb+J/y  |/s =5.02 TeV factor RP b _ 0.64 +0.04 at
g . = V.

1 ALICE coherent J/y
- - - - Impulse approximation
- STF,)ARLIGIF-)IEI)' X~ 1 O 3
—— EPS09 LO (GKZ2)
—-—— LTA (GKZ)
- [IM BG (GM)
— — IPsat (LM)
- BGK-I (LS)
- - - - GG-HS (CCK) Rl
— — b-BK (BCCM) e

do/dy (mb)
x

RN
o
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Impaet to |mage the nuclear

ALICE PLB 798 (2019) 134926
ALICE, EPJC 81 (2021) 712

—_
AN

® Nuclear gluon suppression

1 ALICE coherent J/y
- - Impulse approximation

SRR STARLIGHT
—— EPS09 LO (GKZ)
——— LTA (GKZ)
- [IM BG (GM)
— — |Psat (LM)
— - BGK-I (LS)
- - == GG-HS (CCK)
— — b-BK (BCCM) -~

do/dy (mb)
x

RN
o

ALICE Pb+Pb — Pb+Pb+J/y |s, =5.02 TeV

f"

‘1\III|III|III|III|III|III

factor Rg b —
x~10-3

- @ Two-way ambiguity in A+A
UPC

0.64 = 0.04 at

photon emitter
(higher energy)

T
- | | | | | | | I l I
0 —4 - s _1 | 1
y
dGAA_)AA/J/w
4 = Njs(@) -

Shuai Yang

@ photon emitter
(lower energy)

M M
_ Jhy oY _ Jhy ot
2Ebeam 2Ebeam
OyA— JhyA (@) T N /A(a)Z) Oy A= JIyA (w,)
18



Impaet to |mage the nuclear

ALICE PLB 798 (2019) 134926
ALICE, EPJC 81 (2021) 712

—_
AN

ALICE Pb+Pb — Pb+Pb+J/y |s, =5.02 TeV

1 ALICE coherent J/y
- - Impulse approximation

SRR STARLIGHT
—— EPS09 LO (GKZ)
- LTA (GKZ)
- [IM BG (GM)
— — |Psat (LM)
— - BGK-I (LS)
- - == GG-HS (CCK)
— — b-BK (BCCM) -~

do/dy (mb)
x

RN
o

= 1
- 57

‘1\III|III|III|III|III|III

|"
-"

.-
-"
vt
.

| ~60% Iarge x|

L;ahw,

" ~95% Iarge x §

|

dy

Shuai Yang

® Nuclear gluon suppression

factor Rg b —

x~10-3

UPC

photon emitter

= y/A(wl)

0.64 = 0.04 at

- @ Two-way ambiguity in A+A

(higher energ)_/g_ R % target 5
e —"
target ‘ — Ay
photon emitter
(lower energy)
M M
_ Jhy oY _ Jhy ot
2Ebeam 2Ebeam
A—>J/1//A’(a) ) + y/A(a)Z) ) O-yA—>J/l//A’(a)2)
18



See Zaochen’s talk tomorrow

Impact to image the nuclear

CMS, PRL 127 (2021) 122001

10 CMS PbPb 5.02 TeV
—~ 30@ = . T do0n
3 PR AA—>AA’J/1//
~ 25§ B :ji
s CHES) dy
S e
O 20 &
£ OnXn
Q LB dGAA—>AA’J/1//
__'. d
10F 2% Y
¥ 5 XnXn
5 - dO-AA—>AA’J/z//
. i a1 d
00 5 /\10 15 0 25 Y
| ZDC,, . (a.u.)

Single neutron peak

Shuai Yang

0 0
)dg_n(a)l)

OAX
},/Z o)) -

NXnX
N,y"(@y) - o

Guzey et al., EPJC 74 (2014) 2942

Cypa— JiyA' (@) TV

CyA— JiyA'(w) T V.

O\A— JiyA(w) T N

0n0n
yIA (@) - Oy A= JIyA(w,)
Oan
yIA (@3) * Cyas, J1ya ()
Xan
yIA (w,) - o Oy A= JIyA (w,)
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See Zaochen'’s talk tomorrow

Impact to image the nuclear

Guzey et al., EPJC 74 (2014) 2942

CMS, PRL 127 (2021) 122001 Experimental

measurements
w0ide CMS PbPb 5.02 TeV 00
- B . e Y | Ll Bk T N o - nun
S5 T P Pl dGAAaAAUMI
« : 0n0n OnOn
o B dy N (@1) = O pryap  Nypa™ (02) * Gup s ()
g | dOﬁ%wﬁA'/
N 15 — JW Oan(a) ) + N Oan(a) )
d }//A 1 A—>J/l//A’(a) ) y/A 2 A—)J/l//A’(a)z)
10 y
1 dO.Xan /
SE ol F ey h g AA—AA J/w XI’an(a) ) + N Xan(a) )
0 BT R R A o] | 03 dy ma 1) * OyA=JpA (w) 2) " OyA= J1yA (w,)
0 5 /\10 15 0 25
| ZDC,, . (a.u.)

Single neutron peak
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See Zaochen'’s talk tomorrow

Impact to image the nuclear

Guzey et al., EPJC 74 (2014) 2942

CMS, PRL 127 (2021) 122001 Experimental Photon flux
measurements from theory
.10° CMS PbPb 5.02 TeV
Bl 5 A SR dqgﬁonAA’J/z/f
| - OO 0RO
5225' dy Ny (@1) « Cpu yaiop T Noa™ (@2) * Cpu, s (ary)
é
O 20
0 : OnXn /
N dGAAeAAJM/ N+ NI
dy ﬂA 1) " OyA—JiyA (o)) yIA 2) " OyA— JiyA (w,)
10
sk deﬁﬁﬁAvm/
& - _ anjXnX XnX
i -..-.:c‘”‘ A A x103 dy o N)//X n(a)l) ) O-)/A—>J/l//A/(G)1) + Ny/ﬁ n(a)2) ) O-]/A—>J/WA/(0)2)
00 5 /\10 15 0 25 3
| ZDC,, . (a.u.)

Single neutron peak
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See Zaochen’s talk tomorrow

Impact to image the nuclear

Guzey et al., EPJC 74 (2014) 2942

CMS, PRL 127 (2021) 122001 Experlmental PhOton ﬂux
measurements from theory
dOﬂ%MAAU/
—AAJY A 70n0 0n0
dy Nya (@1) * Opus sy + Nya (@2) * Cpass 1ya (@)
dOﬁ%wﬁAU/
— Vv x70 0
o = Ny/ﬁxn(a)l) " Opuss iy (@) T V. y/ﬁxn(wﬂ " OyA—JIyA ()
deX”ﬁAU/
— W
b Nyyi ™ (@1) * O sy + N (@) * Gra ity
What we need!
Single neutron peak Solve the “two-way ambiguity”

i

Probe gluons at small x In heavy nucleus!
Shuai Yang 19
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Summary

® Observed Brelt Wheeler process in non- UPC
Probe QGP medium using yy — [T~ o

107! |

C talty 60807l 04076GV/
| Solid: Au+Au 200 GeV *sf:?0761.2GV/ 10
| Open: U+U 193 GeV ¢ 01226 GeV/c® x 10 -

N —— Au+Au Cocktail
3 ﬁ

:_ == ° o ~—
»%—%ﬁ; e

[~ STAR pe>0.2 GeV/e In <1, Iy <l

[y
<
!In |

dN/dp_ (GeV/e)™)
s

[y
<

[y
<

® Observed of b dependence of photon pr ()

Precise reference for probing QGP EM effects " cws

150 .. STARIight + ]
- ---b-dep.y P, :
14 L ] rmem---- =

o~ = .

S 13  TT{ITTGECT PR ]
s "
1.2} Pttt
. ¢ : ly <24 ]
TAE- pi>3.5GeV, Il <2.4
[ 8 <m,, <60 GeV

T T ¥ 1
b ( fm) 1 1 1 1 1 1 1
Ong, Ony, Ony, Tnz, Tny, ’\’/7)(,7

® New tool of exploring small x physics from b dependence

of photoproduced vector mesons
Shuai Yang 20
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Breit-Wheeler process

A A

® Breit-Wheeler process: converting real photon into e e~
* Proposed in 1934 Breit & Wheeler, Phys. Rev. 46 (1934) 1087

0’ < (h/RA)2 in UPC — almost real

Shuai Yang 22



Determine neutron multiplicity

100 CMS bPb 5.02 TeV CMS PbPb 5.02 TeV

—~ 30 T el J = N ;
- I _JIIII;= _-=- .G_J :
g | S ari T =
— 25| N c
é ; L
S 20F
0 :
N 15}
10}
.
0- |. L= -. - it . _ . -'-"",-'-:'"J'--'-—.'—' 10 L_: ..... 'I:‘ ...... w.' ...... ?\ .......... S X103

L.
0 5 10 15 20 25 30 0O S 10 15 20 25 30 35 40 45 50

ZDC_ _(a.u.) ZDC (a.u.)

Plus

® Straight cuts to disentangle neutrons
* OnOn, On1n, OnXn, 1n1n, 1TnXn, XnXn (X=2)

Minus

% erneutrons 0000 = %
More neutrons %

Shuai Yang % CMS, PRL 127 (2021) 122001 23



a spectrum VS. neutron multlpllc:lty

o CMS _ PbPb 5.02 TeV (1 5 nb”
i | ononf on1n OnXn
3

S

2 1F \ \ \‘
5 Iywl<2.4 \ ‘ ‘\ ‘\
E i :

: pl>3.5GeV, 'l <2.4 :

F 8<m, <60GeV | ,\

T R R ERTTY R NI

N 1n1n
10°F

® OnOn (fewer neutrons) = XnXn (more neutrons)
% » Tail contribution becomes larger

10—3 L el NPT I A PR T P NPT BTN N PPN | , : , L
% 10* 1073 080—2 10"  10* 10° 080—2 10" 10 10—3 10— 10— %

Shuai Yang CMS, PRL 127 (2021) 122001



(My.»> vs. neutron multiplicity

" CMS, PRL 127 (2021) 122001
PbPb 5.02 TeV (1.5 nb™)

15—
- CMS +
--- STARlight +
| ---bdep.yp_ N B LR R e T
> 14F ' i““; """""""""""" n
Q ! EEEPTEEY -
o ,.'_.'_'._*.:.:.'_ ...... .
/\i :
£ o
131 ! 7
~ | ly, | <2.4
S pt>3.5GeV, m'1<2.4 1
[ 8 <m,, <60 GeV
12

Onop,  Ony,  Onx,, Inz,  Tnx, Any,

® Strong neutron multiplicity dependence of (M,,)

« Deviation from constant: » 5¢

* b dependence of initial photon energy
Shuai Yang 25



CMS, PRL 127 (2021) 122001

Rapidity dependence of (acore)

PbPb 5.02 TeV (1.5 nb™)

1.6X10°
. CMS
~ Supplementary I
1.9 ly, ) <2.4 j
- p.>3.5GeV, Inl <2.4 ] -
n Q
6«\14—8<nhu<606ev 1 _
S | : <
3 . + ]
~ 131 + + . >
I ] S
1.2 e Larger n hemisphere
[ o Smaller n hemisphere
A 0 0 v

® (acore) has no rapidity dependence

« Core dominantly comes from LO yy scatterings
26
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Event plane dependence

Shuai Yang

ATLAS, arXiv:2206.12594
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