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Introduction LPT‘H%Q%’

» Ultra-Peripheral Collisions (UPCs) \ /W
, R g _
- Large photon flux o< 2 . ] / W\
AMAAAAS @ T R 5
- Cross section enhanced by 7* " W
E.g., PbPb is Z4 = 45M times larger than pp & e+e- b> Ra+ Rg

A z R A< Ra
Coherent Incoherent

- Coherent photon virtuality Q* < R;”
— — Equivalent Photon Approximation
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Introduction LPT‘H%Q%

THEORIQUE ET HAUTES ENERGIES

» Gold-plated SM and BSM processes Loop-induced in SM !

Process Physics motivation
yy — ete  utu “Standard candles” for proton/nucleus y fluxes, EPA calculations, and higher-order QED corrections
Yy —=1T Anomalous 7 lepton e.m. moments [29-32]
aQGC [25], ALPs [27], BI QED [28], noncommut. interactions [36], extra dims. [37]....
yy = Ty Ditauonium properties (heaviest QED bound state) [38, 39]
yy — (¢, (bg)o.g Properties of scalar and tensor charmonia and bottomonia [40, 41]
yy = XYZ Properties of spin-even XYZ heavy-quark exotic states [42]
yy = VM VM (with VM = p, w, ¢, I/, T): BFKL-Pomeron dynamics [43-46]

yy = WW(ZZ, Zy,--- anomalous quartic gauge couplings [11, 26, 47, 48]
Higgs-y coupling, total H width [49, 50]

yy — HH Higgs potential [51], quartic yyHH coupling
yy — 1t anomalous top-quark e.m. couplings [11, 49]
yy — €€, v* 3, HH SUSY pairs: slepton [11, 52, 53], chargino [11, 54], doubly-charged Higgs bosons [11, 55].
yy — a, . MM, G ALPs [27, 56], radions [57], monopoles [58-61], gravitons [62-64]....
p.A FF p.A p.A (FF) p.A
Y J\‘\r ’)’,W+,Z
@ ] (@02, (BB, T
1 H,a,¢, MM, G
Y " Y. W~Z
p. A FF p-A p. A @ p.A
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A library for exclusive photon-photon processes 1in
ultraperipheral proton and nuclear collisions (v1.5)

By Hua-Sheng Shao (LPTHE) and David d'Enterria (CERN)

Please cite arXiv:2207.03012 [JHEP @9 (2022) 248]

https://hshao.web.cern.ch/hshao/gammaupc.html
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Why do we need gamma-UPC ? i

LABORATOIRE DE PHYS|
THEORIQUE ET HAUTES ENERGIES

(Dedicated) Monte Carlo event generators on the market

STARIlight SuperChic
Two-Photon Channels Two-photon collisions
Particle Jetset ID 55 WH(—=u(8)+17(9) + W (= 7(10) + 1 (11))
P 11 56 (;f("(i') + (:'_(.7)‘
e par 57 | p7(6) + p7(7) See the talk by Lucian Harland-Lang
pty pair 13 58 7(6) + 7 (7)
P — 50 | 4(6) + ~(7)
51 pair 60 H(5) — b(6) + b(6)
TH1" pair, polarized decay 10015* 68 | a(5) = v(6) + +(7)
. 69 M(5) = v(6) + «(7) (Dirac Coupling)
0
pat e 70 | M(5) = ~v(6) + (7) (B¢ Coupling)
a»(1320) decayed by PYTHIA 115 71 m(6) + m(7) (Dlra( Coupling)
n decayed by PYTHIA 221 T m(6) + '_(17) (Bg Coupling) L
(127 PYTHIA 73 X (6)(— Xo(8) + 1~ (9) +7,(10)) +'\ (7 )(%.\0(_11)4“_/-‘ (12) + v,(13))
2 e CEIEE 225 | CO0 M) +0) 4 d(10) + X0 T + u12) + 1)
N’ decayed by PYTHIA 331 75 | X (6)(= Xb(8) + 17 (9) + Tu(10)) + X (7)(—= Xb(11) + u(12) + d(13))
f5(1525) = K*K'(50%),K°K0(50%) 335 76 | I7(5)(= X8(8) + 17(9) + IF(6)(— > ((10)+u (1))
decayed by PYTHIA ] o5) = (B (D)
ks SlEEEVEEE 441 78 | Jj(5) = e (6)e(7)
fo(980) decayed by PYTHIA 9010221 79 thas(5) — et (6)e(T7)
FPMC UPCgen CepGen
IPROC | Description + p—
16006 | 7y — 1l only pp UPC vy — LT/
16010 | vy — W+W-

16010 | vy — WTW~ beyond SM
16015 | vv — ZZ beyond SM
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https://superchic.hepforge.org/
https://starlight.hepforge.org/
https://fpmc-hep.github.io/
https://github.com/nburmaso/upcgen
https://github.com/cepgen/cepgen

Why do we need gamma-UPC ? i

LABORATOIRE DE PHYSIQUE

* Our aim is to generate any final state of interest

MadGraph5_ aMC@NLO

* Final state of elementary particles in SM and BSM both at LO and
NLO QCD+EW

HELAC-Onia

* Final state of elementary particles and quarkonia (including B¢) in
SM at tree level

+ Both can generate the standard Les Houches event files to allow
to interface to general-purpose Monte Carlo tools (e.g. Pythia)

* We need (realistic) photon-photon flux in UPC

l-—} gamma-UPC
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https://launchpad.net/mg5amcnlo
http://hshao.web.cern.ch/hshao/helaconia.html
http://hshao.web.cern.ch/hshao/gammaupc.html

Theoretical Framework i

LABORATOIRE DE PHYSIQUE

 Cross section:

(AB)
dE% dE’VQ dZJV’Yl/Zla’YQ/Z2

E, E, dE,dE,

c(AB -5 A X B) = / Ty x (W)
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Theoretical Framework i

LABORATOIRE DE PHYSIQUE

 Cross section:

(AB)
dEWl dE’VQ dZN’Yl/Z1>72/Z2
E% E72 dEWldE%
- Effective two-photon luminosity:

dQN(AB)
Y1/Z1,7v2 /2o 2 2
dE. dF — /d bld b2 Pnoinel (‘bl _bQD N’Y1/Z1(E717b1)N72/Z2(E72,b2)
Y1 Y2

(A B %AXB):/

><(9(b1 — GRA)H(bQ — ERB)
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Theoretical Framework i

LABORATOIRE DE PHYSIQUE

 Cross section:
A (AB)

dEb., dE., d? /7 y2 )7
c(AB 15 AXB)= / n NIZLRI22 5 ox (W)
Eﬂ’l E72 dEWldE72 L "

- Effective two-photon luminosity:

dQN(AB)
Y1/%1,v2/ %2 2 2
dE. dF B d61d"by |Pro inet (b1 = ba|)| Ny, yz, (Eqy 5 01) Ny, 2, (B 5 b2)
71 Y2

><(9(b1 — GRA)H(bQ — ERB)
* No hadronicl/inelastic interaction probability density:

e~ Tinel Tan(b) nucleus-nucleus
Proinel (b) = e ¢ Oinel’ TA(b), proton-nucleus
1—D(s..,b)]?, with T(sy,b)oxe /(0 pop

NN
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Theoretical Framework i

LABORATOIRE DE PHYSIQUE

 Cross section:
(AB)
dE.,, dE., N7 . 17
AB AXB Y1 71/ 17’72/ 2
( ) /E% E72 dEWldE% OWW%X(WWW)
- Effective two-photon luminosity:
dQN(AB)

1/Z1,7v2/ 22
d_;,yl qu;Q — / d2b1d2b2 Pno inel (‘bl - bQD ’Yl/Zl (Efyl bl) ,),Q/Z2 (E’,y2 , b2)

><(9(b1 — GRA)H(bQ — ERB)
* No hadronicl/inelastic interaction probability density:

e~ Tinel M) nucleus-nucleus
NN
Phoinel (b) = e~ inel m, proton-nucleus

1 — T(syn,b)|°, with D(sgy,b) oce™®/(b)  pp

NN

Glauber model
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Theoretical Framework LPT@

LABORATOIRE DE PHYSIQUE

Cross section:
A (AB)

dE.. dE., ¢°N_ "5
A B A X B Y1 Y2 ’Yl/ 1,72/ 2 W
( ) / E% E72 dEWldE% UWW/%X( ’Yv)

- Effective two-photon luminosity:

dQN(AB)
/Zl 772/22 _ 2 2
dE dE — d bld b2 Pnomel(‘bl _bQD fyl/Zl (Efyl bl) WQ/ZQ(EvzabQ)
Y1 Y2
3 : 1 1 1 1 II]I] I 1 1 | IIII] A’—I T ] I_Illl]" = ] I I_l II\III:
i IR, — bIn"s (90%CL -
No had icli | g,z 10— 2:28.8?&3.(52 «cb =
0 a l'OnIC |ne 8 & et S A - 7] b=0.05+0.02 /E
: 100 |4 , n=2.37+0.12 —
6_ O-jl_\rIll;Tl'TA ﬁ 90:_0.95— ----------------------------- + ‘ — _:
RS 8 — —
NN 09 aaal sl —]
Phoinel (b) — e_m,ain,él.TA g 805 N - -
‘1 _ F(SN] o 70;_ ¢ Fixed target (pp) _;
S anl- WUAS (o) ALICE (pp) =
» 60— xSTAR (pp) ATLAS -
S F  eET0(pp) A (PP) =
£ 50— +CDF (pp) » CMS (pp) —
20 - ~LHCb (pp) =
== TOTEM (pp) -
30F - d’Enterria et al. (2011.14909).. sucer (p-Air) =
: | | 1 111 ll] | 1 1 11 1 [ll 1 | | L1 11 ll | | | L1 111 I:
0.1 1 10 100
Vs (TeV)
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- Cross 3 2
Q)

=~ 22

o(Ag

L 20

[e)
» Effect 15
2 A7(AEGR
d N%ﬂ% 16

dE’Yl'

14
12

* No ha

10

Pno inel (b)

Theoretical Framework

IIII

IIIII]II]IIIT'III

| |

|

[ ] ] TII

= p-p collisions
—e— p-p collisions

pa—

—

| Ll

A

10°
s (GeV)

11l1Lll L0l L L1lll | ..
10° 10° 10*

— 0:. .11 A(D)
1
6 1ine ,

11 —T'(s

D, with (s,

: V17b1)N’YQ/ZQ (E727b2)

'i""----;_,___________ r -

1 — GRA)H(bQ — ERB)

1ity density:

nucleus-nucleus
proton-nucleus

b) e07/(2b0)  Hp

HUA-SHENG SHAO
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Theoretical Framework i

LABORATOIRE DE PHYSIQUE

 Cross section:
(AB)
dE.,, dE., N7 . 17
AB AXB Y1 71/ 17’72/ 2
( ) /E% E72 dEWldE% OWW%X(WWW)
- Effective two-photon luminosity:
dQN(AB)

1/Z1,7v2/ 22
d_;,yl qu;Q — /d2b1d2b2 Pno inel (‘bl - bQD nyl/zl (Efyl ] bl)»l\r’yg/zg (E’,y2 , b2)

><(9(b1 — GRA)H(bQ — ERB)
* No hadronicl/inelastic interaction probability density:
e~ Tinel Tan(b) nucleus-nucleus

Proinel (b) = e ¢ Oinel’ TA(b), proton-nucleus
1—D(s..,b)]?, with T(sy,b)oxe /(0 pop

NN

* The photon number density:

* Two form factors
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Two Form Factors i

 Electric dipole form factor (EDFF) |
» Same as STARlIight

Z%a &% [ 1 ] E.b
NEDFF (B, b) = TS K€ + 5 K3(E) L
T L i YL

- Charge form factor (ChFF)

72%q 0 dk | k2
ChFF o 1y
NGz (B b) = —5 /O R Fen,a (\/ k3 + B2 /yg) J1 (bk1)
3 1q-T 47T i .
Pch,A(Q) — d°re /OA("') — —q dTPA("“)T' S111 (Q”'“)

density profile of nuclei normalised to unity
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Photon number density LPT@

LABORATOIRE DE PHYSIQUE

- EDFF vs ChFF

EN=2760 GeV

HELAC-Onia 2.7.3
HELAC-Onia 2.7.3

° Main difference comes from the p < R 4 regime

» EDFF photon number density is divergent at b = (
* Need a (arbitrary) cutoff when convoluting with ME
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Effective two-photon luminosity i
- EDFF vs ChFF |

—~10°
S, 5 — Pb-Pb, |s,, = 5.5 TeV
810 = — p-Pb, |Su = 8.8 TeV
~10* O-p, Sw = 14 TeV
? L 2
- S48 Pb-Pb, 5.5 TeV d
= w 1.6— ~
- 2 14— =
= 2 1.2= — — ——
;7 lcf 1::-_— ‘ ! w Lo
g 18 p-Pb, 8.8 TeV
= 2 14— S
— =12 " ___——
= g 1Tt = L
_ g 18 14 TeV
= W 16 P-p €
- e 14
10~*= Solid: ChFF v fluxes g 12- — —
5 . - 1 2 3456 10 20 30 100 20
1 O % Dotted: EDFF Y fluxes WW (Gev)
10—6 % Dashed: EDFF v fluxes (Pno ir]e|=1)
10—7 \ \ \ \ [ \\‘ \ \ \ \ [ \‘
1 2 3456 10 20 30 100 200

W,, (GeV)
» Survival probability reduces luminosity
impact: AA > pA > pp and increase with W,

 ChFF > EDFF and enhancement increases slowly with W.,
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Forward neutron emission LPT;??%

AAAAAAAAAAAAAAAAAAAAA

» Exclusive processes can still excite the ions, via photon
exchange

» Giant Dipole Resonance: all protons vibrating against all neutrons

Crepet, d’Enterria, HSS (in prep)
O ATLAS onon
GDR Xn El PbPb(yy) — ww(Pb’Pb")
pp,>4GeV. Inl<24 N XnOn

'_Q' - m;‘:>10 GeV, pT'w<2Ge‘\'/'-'_'__'_},.-_,~ '
e L GDR
e | /
resonance 0
@) i A v + 208Pb% 208Pb* g e 5
S 1044
10% = l - Fit with 68% CL band 01 i
- Experimental Data
| g
| . "es, . 3 1%
10 Wl
- Regge theory » 0nOn - no neutrons on either side
e XNONn/0OnXn - neutrons on one side
| | | | |  XnXn - neutrons on both sides
1 L1111 | [N | RN | L LIl | [N | L LIl
10 10° 10° 10 10° 10°
E, [MeV]

DIFFRACTION2024 11 HUA-SHENG SHAO




Forward neutron emission LPT@

» Exclusive processes can still excite the ions, via photon

exchange

» Giant Dipole Resonance: all protons vibrating against all neutrons

O
GDR Xn Q
CMS PbPb, 1.65 nb™ (|'s, = 5.02 TeV)
= 1 —— Yy —e'e
— C —e— Data
0O — @ SUPERCHIC 4.2
8 —— —4— STARLIGHT 3.13
e 10—1 L —¥— gamma-UPC
o ——
— %
1072 ¢
, | ] ] | |
% 1.5 3 . —
~—~ 1 ; » ﬁ: """"""""""""""""""""""""
% 0.5F | | g
) Onoy, Onx,, ) Xnx;, Ony, . nx, , nyy,
Xnoy, Tnoy, Xny,

Neutron multiplicity category

DIFFRACTION2024 11

Crepet, d’Enterria, HSS (in prep)

ATLAS .
PbPb(yy) — ww(Pb’Pb")
Pr.> 4 GeV, mul <24 e
m,, >10 GeV, pTw <2 GeV'_.__'__,.-» . - IR

3 \@°
Py \
Gl/} ?/,LOG"

e 0OnONn - no neutrons on either side
e XNONn/0OnXn - neutrons on one side
 XnXn - neutrons on both sides
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Reintroduction of photon virtuality LPT@

LABORATOIRE DE PHYSIQUE

* Charge form factor (ChFF) in kr space s jeqerria 2407.13610)

2

AT

NS (B, k) = 2nky —— T dbky F k2 + E2 /42 ) J,(bk
~/Z vy RT ) = &4TRT 2 ; ch,A T—|_ fy//YL 1( T)

2 |k + B3/ :
2%« ki {
_ Fo ( k2 +E2/72)}
2 3 T L
T (K} + B3/ \/ ’
7% dz d@? Qoin
-5

) Faa(@F°

1. Sampling over Q2

2. Momentum reshuffling
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Z\2 T
N’YC/}gF (E’)’? kT) — 27TkT | v 104 ey
27 204 O

s (;'8;

2! :
— ANCHF (g2 0|

100

- Pb-Pb (5.02 TeV): yy—u*y, m > 10 GeV

1. Sampling over Q2 [ ATLAS data (ly, |<2 4,p" <2 GeV)
I~ gamma-UPC (ChFF):
1 =5 Merged

- == NLO QED g
2. Momentum reSthfIIng i e LO QED + kJ_ smear
N U e S R

([ ]

([ ]
[ ] ° °

5 Lo

- -3 | | “““‘—2 | “ -1
10 107 A =1-1A¢IAS
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A few selected results LPT@

LABORATOIRE DE PHYSIQUE
TES ENEF

 Total cross sections

« Quarkonia

Process: yy — J/ud gamma-UPC o

Colliding system, c.m. energy EDFF ChFF average
p-p at 14 TeV 20*!" fb 23*1 b 2212+ 2 fb
p-Pb at 8.8 TeV 5532 pb 64+ pb 6037 + 4 pb
Pb-Pb at 5.52 GeV 103%3; nb 128*1! nb 115%37 + 12 nb

* Loop-induced rare processes in SM (BSM potential)

Process: yy — Zy gamma-UPC o

Colliding system, c.m. energy EDFF ChFF average
p-p at 14 TeV 36.2 ab 44.7 ab 40.5+ 4.3 ab
p-Pb at 8.8 TeV 10.3 b 15.6 fb 13.0+£2.61b
Pb-Pb at 5.52 TeV 109 b 152 b 130 + 22 fb
Process: yy — ZZ gamma-UPC o

Colliding system, c.m. energy EDFF ChFF average
p-p at 14 TeV 52.8 ab 78.4 ab 66 + 13 ab
p-Pb at 8.8 TeV 12.3 fb 18.8 fb 155+3.21fb
Pb-Pb at 5.52 TeV 46.8 fb 63.2 fb 55+8fb

HUA-SHENG SHAO
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A few selected results i

RATOIRE DE PHYSIQUE
THEORIQUE ET HAUTES ENERGIES

 Total cross sections
» NLO QCD (with a private version of MadGraph5_aMC@NLO)

Process: yy — 1t gamma-UPC oo gamma-UPC o1 0

Colliding system, c.m. energy EDFF ChFF EDFF ChFF average

p-p at 14 TeV 0.164 fb 0.238 fb 0.198*0003 fb 0.287:“8%S fb 0.2421‘8%i +0.045 b
p-Pb at 8.8 TeV 28.3 fb 46.4 fb 36.5705 fb 59.3*}7 b 48+ 0+ 11 fb
Pb-Pb at 5.52 TeV 9.23 b 13.6 fb 12.6793 fb 18.8% fb 15.7403 +3.1fb

 BSM interactions

Lo - ‘j\‘gw Tr | W, WP W5 |- o = osm+ (( ‘r\tgw X 1 TeVQ) TWWW
Process: yy — WTW~ gamma-UPC EDFF gamma-UPC ChFF gamma-UPC average
Colliding system, c.m. energy OSM TWWW OSM TWWW OSM TWWW
p-p at 14 TeV 52.4 b 44.7 ab 73.6 fb 60.6 ab 63+111fb 53 +8ab
p-Pb at 8.8 TeV 20.9 pb 23.1 b 30.3 pb 32.8 tb 26 +5pb 285 1b
Pb-Pb at 5.52 TeV 233 pb 330 b 321 pb 458 fb 277 =44 pb 394 + 64 b

HUA-SHENG SHAO
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A few selected results LPT@

RGIES

Total cross sections
BSM particles

AXxion Graviton

8
10°
- _ -1 . s : -1
= 3 7 =
.. PbPb vexn=5.52TeV — ] 107 F %%% PPb “jNN VRNV
[ ., PPb Vs =8.8 TeV _ j PP VS =14 18V =
10t b e pp Vonn=14TeV — | 10° Foom .
R s 10°F Ty E
= 1 03 """""""""""" w’." J _ e
s F 3104 -
z P z E
", 1 3| . -1
10° Lin: 3 ab” (pp) R\ 4 107 Lint: 3 @b _(1pp) 3
12pb7 (PPb) %\ : 1-2pb “{pPb) 3 \
13nb" (PoPb) %\ ] 10°F 13 nb™ (PbPb) AN
’ - A
10" F E .
Dotted: EDFF 10" . Dotted: EDFF .
[ Solid: ChFF : Solid: ChFF :
2\ ,
0 L 0oyl L 1o aaal 5y ' oo a gl 2 L% 1 1l L 13
10 1
10° 10’ 10 10° 1 10 f0*
m, [GeV] mg [GeV]
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A few selected results LPT@

RGIES

Fiducial and differential cross sections
Electron-positron

Process, system Scaled CMS data [13] gamma-UPC o STARLIGHT o | SUPERCHIC o
EDFF  ChFF average
yy — e*e~, Pb-Pb at 5.02 TeV 275 £ 55 ub 272 ub 326 ub 298 + 28 ub 285 ub 318 ub
% — e*e’, PbPb(5.02 TeV) | el 160/ YY— €'e, PbPb(5.02 TeV)
O 102 L CMS,d " : od =, o CMS data (scaled)
9 * ata (scaled) 31 40 gamma-UPC (ChFF y fluxes)
~ o gamma-UPC (ChFF Y quxes) % . gamma_upc (EDFF y quxes)
g 10 —— gamma-UPC (EDFF vy fluxes) B 120 SuperChic 3.03
= | SuperChic 3.03 © ----- StarLight 3.0 Py
2 . StarLight 3.0 e
z ! \ 100 -
P 80
10
60
-2
10 40
107 - £0
215 O 14f
3 ] S :
s 0.5 &
© © 0-6 \

0 10 20 30 40 50 60 70 80 90
M,... (GeV)

A general observation: EDFF ~ STARIight & ChFF ~ SuperChic
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A few selected results LPT@

LABORATOIRE DE PHYSIQUE

* Fiducial and differential cross sections

- Electron-positron CMS-PAS-HIN-21-015
OCMS — 271.5 + 1-9stat T 18-38yst ,ub

STARIlight (no FSR) SuperChic+Photos++ gamma-UPC (ChFF)+PY8
251 ub 201 ub 265 ub

. CMS Preliminary PbPb, 1.65 nb™ (|s,,, = 5.02 TeV) CMS Preliminary PbPb, 1.65 nb™ (|/s,,, = 5.02 TeV)

; 10 :""l'"I""l"_"’l""l"']""IY"'I"'I"": < 102"I""I"’ LA B B L L B "I"'—=
B z yy—>e'e : 2 yy—e'e =
(D - . Data _ (D ‘ Data -
3 10° ——e— gamma-UPC/MG5 + FSR (PY8) = S 10 —e— gamma-UPC/MGS5 + FSR (PY8) —
— ——ma—— SUPERCHIC 3.08 + FSR (PHOTOS++) = ——=—— SUPERCHIC 3.03 + FSR (PHOTOS++) =
S " STARLIGHT 3.13 7 3 & STARLIGHT 3.13 n
a 10° = £ 1 -
= =
g, . 8
© — o 10°"

g

—
o

LLLLLL) A HTIIT] lllllllll IIHIHII IIIIHII

N1 llllll[l | { |

]_]_l]lllll‘ I I O O WA B

1 10°?
107" 107~
| 1 1 1 1 | | PR T | ..*..
O 14F = O
S 12f . " . ~ NN = fees M » S
Y A e T AN RN | SEERRRRRAT W N oo *PrigeMeogrerearragannnzhananaihassnnnnaasgnannas -
3 odf unhnnlnnhanluntinney  § offesteret gy
O 0 01 02 03 04 05 06 07 08 09 1 Q 10 20 30 40 50 60 70 80 90 100

P (GeV) mee (GeV)

Importance of final state radiation !
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A few selected results

* Fiducial and differential cross sections
HSS, d’Enterria (2407.13610)

LABORATOIRE DE PHYSIQUE %

THEORIQUE ET HAUTES ENERGIES

* Dimuon
yy — utu” measured 3@ gamma-UPC o© | gamma-UPC oNO ratio ¢-43@ /o-NLO
System, experiment ChFF (EDFF) ChFF (EDFF) ChFF (EDFF)
p-p at 7 TeV, CMS [54] R .381“&% pb 3.62 (3.20) pb 3.50 (3.10) pb O.97t8;%§/ (1 .O9f8ﬁ8)
p-p at 7 TeV, ATLAS [37] 0.628 + 0.038 pb 0.687 (0.59) pb 0.653 (0.56) pb 0.96 +£0.06 (1.12 £ 0.07)
p-p at 13 TeV, ATLAS [55] 3.12+0.16 pb 3.23(2.88) pb 3.09 (2.76) pb 1.00 £ 0.05 (1.13 £ 0.06)
Pb-Pb at 5.02 TeV, ATLAS [58] 34.1+0.8 ub 39.4 (31.5) ub 37.5 (30.0) ub 091 £0.02 (1.14 £ 0.03)
= 30 —_ - — 1
! N e 3 o e -
& BT 2 LT JEY
5 o= = N - 5, 03 -
'8 B e _8“_ 1:_ —_— _8“- 02 ] _._.:._._ .
Sr e L _ . T
4+ B ot
3 - - .
oL Pb-Pb (5 TeV): yy—utu, m, = 10-20 GeV ] B : R ——
[T+ ATLAS data 0.1 Pb-Pb (5 TeV): yy» 'y, m  =20-40 GeV =% 883: Pb-Pb (5 TeV): yy-> uus; m,, = 40-80 GeV
4l — NLO QED (gamma-UPC, ChFF) ; ] ATLAS data 0.02- [ ATLAS data
- --- LO QED (gamma-UPC, ChFF) - —— NLO QED (gamma-UPC, ChFF) — NLO QED (gamma-UPC, ChFF)
- femme : I LO QED (gamma-UPC, ChFF) s 0.01— 77 LO QED (gamma-UPC, ChFF) *
0.4+ C
colcvn b b b b b b b b e 0.01= R R 0.006- P I U R
15 ¢ 15, 15¢
]‘3‘ £ [=] data/(NLO QED) 1% g: ["=7] data/(NLO QED) 1% 3 [[=] data/(NLO QED)
1:2 ; — NLO/LO QED (gamma-UPC, ChFF) 1:2 E_ —— NLO/LO QED (gamma-UPC, ChFF) 1:2 ; —— NLO/LO QED (gamma-UPC, ChFF)
] = -0 & e B o | S Vs mmmc W |
S 09 %o . - —— . S g9Es : 3 [ C C g9F+— 5 -
0.8 & * 0.8 & * . 0.8 = . e
0.7 & 0.7 = 0.7 & .
0.6? L 0.6: “““““““““““““““““““““““““ 0.65“_ .. s ] e
O'50‘ 02 040608 1 121416 18 2 22 24 O'50 02040608 1 12141618 2 22 24 0'50 02 04 06 0.8 1 1.2 14 1.6
1y, v, 1V,

Impgrtance of NLO and ChFF!
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LIGHT-BY-LIGHT
SCATTERING

w/ Ajjath A.H., E. Chaubey, M. Fraaije and V. Hirschi
(arXiv:2312.16956 [PLB’24], arXiv:2312.16966 [JHEP'24])
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Theory status i

LABORATOIRE DE PHYSIQUE

» Going beyond LO (for fermions)

* Low-energy (LE) approx. : NLO from Euler-Heisenberg Lagrangian
Martin, Schubert & Villaneuva Sandoval NPB'03

* High-energy (HE) approx. : NLO from unitarity-based technique
Bern, De Freitas, Dixon, Ghinculov & Wong JHEP'O

* Our aim is to have NLO without approximation

(AB)
dE’Yl dE’Yz dQN’Yl [Z1,v2 /22

W.
E71 E72 dE’Vl dEWz O-’YW—W”Y( 77)

o(A B ﬂAva):/
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Theory status i

LABORATOIRE DE PHYSIQUE

» Going beyond LO (for fermions)

* Low-energy (LE) approx. : NLO from Euler-Heisenberg Lagrangian
Martin, Schubert & Villaneuva Sandoval NPB'03

* High-energy (HE) approx. : NLO from unitarity-based technique
Bern, De Freitas, Dixon, Ghinculov & Wong JHEP'O

* Our aim is to have NLO without approximation

2 An7(AB)
dE’Vl dE’VQ d N’Yl/zla’YQ/ZQIO_ (W )
E% E72 dE’Vl dEWz e "

o(A B QAWWB):/

gamma=-UPC
HSS & d’Enterria JHEP’22
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http://hshao.web.cern.ch/hshao/gammaupc.html

Theory status

» Going beyond LO (for fermions)

* Low-energy (LE) approx. : NLO from Euler-Heisenberg Lagrangian
Martin, Schubert & Villaneuva Sandoval NPB'03

* High-energy (HE) approx. : NLO from unitarity-based technique
Bern, De Freitas, Dixon, Ghinculov & Wong JHEP'O

* Our aim is to have NLO without approximation

dE% dEWz

42N

AB)
Y1/Z1,v2 /22

2 _
o(A B HAWWB)—/ N

~ AN N ' ~ n N ! ~ NN
I ANVVWV—— VWY YA —$— WY YAV %V\,
¥ S f N % T~ f W N
+ V" A 'J"'v'”‘v"\ -

TVVWWN—— VWY YAV

dE. dE., =7y (W)

VWY YAV

lflu'\vl.\ A! -_—

f

VWY YVWWW—

L P
g‘lﬂ;\s‘é
W

2
¥ Z;}MX‘

AWVY

arXiv: 2312.16956, arXiv:2312.16966
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Analytical approach for 2-loop

A traditional approach with a fully analytic contrc;i

Feynman diagram

gener. :
Qgraf/FeynArts

Algebraic calc. &

integral family proj.:
Form/Mathematica

Integral reduction:
FiniteFlow/Kira

RIQUE ET +

arXiv:2312.16966

Solving master integrals:
DEs in Mathematica

Simplifying amplitudes:
FiniteFlow/MultivariateApart

DIFFRACTION2024

Initial Final
#indtec%iﬁl: " - 10k cr::))(:s-il-ng
wapop| T30 | e
#::ac:ieci)’: ’ - 200 crilss-il-ng
amp.litude > 300 MB | Few pages
size
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Numerical approach for 2-loop LPT@

EEEEEEEEEEEEEEEEEEEEE

» Local unitarity construction with loop-tree duality tech.

Cutkosky cuts alphaloop team (V. Hirschi et al.)
A ) H/ U Capatti et al. JHEP'20, JHEP'22

] No need of loop-integral reduction
~AS— . Fﬂ No need of (FS) IR subtraction

|6 non-isomorphic 3-loop FSGs  * New paradigm of loop calculations

Fully differential

<
000000000000000

* Main idea: converting a four-dimensional Minkowski loop
integration measure into a three-dimensional Euclidean phase-
space measure

3L-dim momentum-space
UV/IR finite integrals

L-loop FSG >

DIFFRACTION2024 HUA-SHENG SHAO



https://alphaloop.ch/

Cross section LPT@

 Let us first consider only a fermion species

107 ¢ 1
104 | .
10° | { * Exact result agrees with the
0t 1 approximations in their
g i applicable regimes
o 10°F 1
S 0 e oD o . 1 ¢ Analytical exact result agrees
10 ¥ a(0)=1/137.036, 1,=0.118 1 with the numerical exact one.
10" F PPREIS Exact (analytic) —
10713 E Exact (numeric,LU) +e- ?
107 HE — 1 « The structure of the exact K
107 ~ 1 factor is more rich than the
= 1 approximations
S Ll ° Coulomb sing. -
g o ﬂ// { * The exact K factor approaches
| | the HE K factor rather slowly
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Theory-data comparison LPT@

LABORATOIRE DE PHYSIQUE

PbPb—>PhbyyPb 1 | OATLAS — 120 4= 22 nb
— Ven=5.02 TeV o.. 1| oLo=T76nb
1 mma-UPC ChFF R 1.
1001 > { VS ONLO’' — 8121_08 nb
NLO' QCD+QED =& )
';' ........... =
3 ~ ATHASdEa ™ 1 . Tension persists though is
2 10w L | 1 reduced a bit
& 15(25) | .
5 o0(2P) I« H(L)E under(over)estimates
s | the size of quantum corr.
10 - Xb2(1h> =
" X(6900) ]
pl>25Gev, <237, m >5Gev | * 6 C-even bottomonia and
: | X(6900) cannot explain the
A T HE— F Baam 4 discrepancy neither
= 1.1k .
Q105 ¢ Caveat: some di-photon widths are not
< 0 9; ] | | | | well constrained (only theory calc.) !
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Theory-data comparison i
O-CMS — ].07 1 338tat 1 2088

st I]_b VS

+2.0
o r = 95.4 ( nb
NLO 1.0/scale \—1.9/ param

(0P CMS Preliminary PbPb, 1.65 nb™ (s, = 5.02 TeV) 50 CMS Preliminary PbPb, 1.65 nb™ (/S = 5.02 TeV)
< :I | I I I | I I I | I I I | I I I | I I I | I I I | I I I | I_ P _I | [ | L | T 17T | T 17T | L | [ | [ | I T 11 | I_
% N Ty . = - YY =YY i
O] B ¢ Data . :’ B ¢ Data ]
3 ] —+— gamma-UPC@NLO ] ., 50— —+— gamma-UPC@NLO —
= } —e— SUPERCHIC 3.03 S - —e— SUPERCHIC 3.03 -
>E l -8 40 :— —:
< E : :
>—D - N o ]
- — 20 __ __
C . )
1 — B _
- ] 10— -
- = - CMS-PAS-HIN-21-015 .
I I I I I I I I I I I O _I | I | | 111 1 | I | | I | | I I | | I | | I | I | I_

O 3
s 2 i s } -
- R R S S A SR S -

o + 1

a S 0l
6 8 10 12 14 16 18 20 2 15 -1 05 O 05 1 15 2

m" (GeV) Yy

No excess in CMS vs NLO
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Conclusion LPT@

* LHC is a unique photon-photon collider

* Novel BSM programmes: axions, gravitons, monopole, anomalous
couplings, ...

* Increasing number of SM rare/precise measure: LbL, tau g-2, ...

- gamma-UPC is a new versatile code to generate any photon-photon
exclusive processes in UPCs with protons and ions

* Interfaced to MadGraph5 aMC@NLO and HELAC-Onia
* Some custom codes, like LbLatNLO

* Exclusive photon-photon processes, such as LbL, provide an ideal
testing ground for novel multi-loop techniques

» A subfield for fruitful experiment-theory collaborations
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Conclusion LPT@

* LHC is a unique photon-photon collider

* Novel BSM programmes: axions, gravitons, monopole, anomalous
couplings, ...

* Increasing number of SM rare/precise measure: LbL, tau g-2, ...

- gamma-UPC is a new versatile code to generate any photon-photon
exclusive processes in UPCs with protons and ions

* Interfaced to MadGraph5 aMC@NLO and HELAC-Onia
* Some custom codes, like LbLatNLO

* Exclusive photon-photon processes, such as LbL, provide an ideal
testing ground for novel multi-loop techniques

» A subfield for fruitful experiment-theory collaborations

Thank you for your attention !
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Backup Slides
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Usage in MadGraph5_aMC@NLO 7=

LABORATOIRE DE PHYSIQUE

* |t has been released since MG5 aMC version 3.5.0
* Only LO and loop-induced modes are supported now (NLO in future)

./bin/mg5 aMC
MG5 aMC> import model <a model>

MG5 aMC> generate <a process>
MG5 aMC> output; launch
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Usage in MadGraph5_aMC@NLO 7=

LABORATOIRE DE PHYSIQUE
THEORIQUE ET HAUTES ENERGIES

* |t has been released since MG5 aMC version 3.5.0
* Only LO and loop-induced modes are supported now (NLO in future)

#*********************************************************************

# Collider type and energy *
# lpp: 0=No PDF, l=proton, -l=antiproton, *
= 2=elastic photon of proton/ion beam *
= +/-3=PDF of electron/positron beam *
= +/-4=PDF of muon/antimuon beam *

#*********************************************************************

2 = lppl ! beam 1 type
2 = lpp2 ! beam 2 type
7000.0 = ebeaml ! beam 1 total energy in GeV
574080.0 = ebeam2 ! beam 2 total energy in GeV

#*********************************************************************

# PDF CHOICE: this automatically fixes alpha_s and its evol.
# pdlabel: lhapdf=LHAPDF (installation needed) [1412.7420]

none=No PDF, same as lhapdf with lppx=0

AR EEEREEREEEEREEREBREBEREBEREREEREBREBRERRBRBRRBEERRBRBRRBRBRRRRBRERRBRBRRBRRRRRRRRRR%

edff = pdlabel ! PDF set

*

*
B iww=Improved Weizsaecker-Williams Approx.[hep-ph/9310350] *
= eva=Effective W/Z/A Approx. [2111.02442] *
= edff=EDFF in gamma-UPC [22yy.zzzzz] *
= chff=ChFF in gamma-UPC [22yy.zzzzz] *
# *
=

#*********************************************************************

# Heavy ion PDF / rescaling of PDF *

#*********************************************************************

1 = nb_protonl # number of protons for the first beam

0 = nb_neutronl # number of neutrons for the first beam
82 = nb_proton2 # number of protons for the second beam
126 = nb_neutron2 # number of neutrons for the second beam
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Usage in HELAC-Onia P

EEEEEEEEEEEEEEEEEEEEE
THEORIQUE ET HAUTES ENERGIES

* It has been released (download from here)

<HELAC-Onia Path>/ho cluster

HO> set colpar = 14

HO> set nuclearA beaml = <an integer>
HO> set nuclearA beam2 <an integer>
HO> set nuclearZ beaml <an integer>

HO> set nuclearZ beam2 = <an integer>

HO> set UPC photon flux type = <an integer>
HO> generate <a process>

HO> launch
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http://hshao.web.cern.ch/hshao/helaconia.html

How peripheral are Pb-Pb UPCs ? LPT@

RGIES

Crepet, d’Enterria, HSS (in prep)
m Average |b |vs m,,: m Pb-PDb survival probab. vs. m,,

m, <5 GeV: (Ab)>100 fm M, <5 GeV:i (P . overap) > 90%
m,, >100 GeV: (Ab) ~20 fm m, > 100 GeV: (P ) < 40%

non-overlap

1.0
’é‘ws__ — |~ PbPb @ 5.5 TeV gy, = 68.14+0.89 mb
= B PbPb (5.5 TeV) UPCs: yy— X T —
~ : \\ Impact parameter:
g . B ‘\ =~ Median (2", +3" quartiles) 0.8
10°E N .

v~ O E \\ | fquartile

h 0.6

B Sa === Average
~ -
0.4

02. gamma-UPC

............................................................................................... R = 6.62+ 0.05 - 0.02pm

— . a=0.55+ 0.1
10 = Ab = 2pr 0.0 MCGlauber = def
-gamma-UPC s 2010 10 10°
< - PbPb @ 5.5 TeV o, = 68.14+0.89 mb
1 | 1 [ 1 11 1 | 1 1 5
0.1 1 10 100 5 i
@
m,, (GeV) 2
©
@
-20 . . .
* 10° 10! 10?

W,y (GeV)
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How peripheral are p-p UPCs ? LPT@

LABORATOIRE DE PHYSIQUE
,,,,,,,

Crepet, d’Enterria, HSS (in prep)

> > .
m Average [D,-b,| vs. m_ m P-p survival probab. vs. m_:
. . O
m, < 10 GeV: (Ab) > 50 fm m,, < 10 GeV: (P .. veriap) > 95%
. . O
m, >1TeV: (Ab)<31im m,>1TeV: (P overan) < 80%
A105— AN 1.0 —+— pp @14 TeV
EVE o op (14 TeV) UPCs: 17— X
~ [ AN Impact parameter:
.g 10* = \\ ~— Median (-2, +3° quartiles) 0.81
~ = \\ || quartile N -
10° N A === Average u: 0.6
S
102 = 5
£ T 04
10 - 2
- ?
1= AszRp
"gamma-UPC gamma-UPC
10—1[ L1 Ll | n | L | 1 (. 0.0 rl 72 *3
0.1 1 10 100 1000 10 10 10
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Parametric uncertainty i

LABORATOIRE DE PHYSIQUE

Creépet, d’Enterria, HSS (in prep)
- Parametric uncertainty of modelling photon-photon flux
» ChFF & Glauber MC: variations of R4, a4, o N

inel
S 20 _
%’ 1 gamma_upc | N PbPb @ 5.5 TeV = % D
5 ol =
w
2 + —
© o\
L
& —20 11— L - e
100 101 102
W, (GeV)

 Low-mass: a few %

* High-mass: ~7 %
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Breit-Wheeler process

L AAAAAAAAAAAAAAA IQUE %
EOR

RGIES

* Fiducial and differential cross sections

a 180

=

8 160

<)

% 140

©T 120
100
80
60
40
20

&)

% 1

=~ 0

8 O

Electron-positron

CMs Pre/:mmary PbPb, 1.65 nb™ (|'s,,, = 5.02 TeV)

T UL BB BB B AL ELELN BRI BLLELE
'H—’ee

¢ Data
——e— gamma-UPC/MGS5 + FSR (PY8)
——ma—— SUPERCHIC 3.03 + FSR (PHOTOS++)
4 STARLIGHT 3.13

—

IIIITIITIITII]IITIIIIITII]IIT]IT[I

.
-
-]
-
® _—
-
]
-
-
-

| | . |
= _—__ 8 . 8. R I U P 3
. LA AN . §-
2 15 -1 -05 0 05 1 15 2
yee

do®®/dicos6**® (ub)

Data/MC

§

CMS-PAS-HIN-21-015

CMS Prel:mmary PbPb, 1.65 nb™ (s, = 5.02 TeV)

T 1] vvvvlvvrv]vv Tl 71771 rTrTrl 0

= yy—e'e B

- ¢ Data n
500 [— ——e— gamma-UPC/MGS5 + FSR (PY8) —
- ——ma—— SUPERCHIC 3.03 + FSR (PHOTOS++) —

- ot STARLIGHT 3.13 -
400 [— —
300 _L; —
200 (— —
100 — —
N s

AT PP BPEPETEE RPETETE ATETR N | | ey o el
1.2 , =
= o AN ... .| . ... »..... oo P R RN N
08 — . ) T —
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Azimuthal modulation LPTE?%

m MG5 expects colinear & unpolarized EPA [+
photons. A dedicated python script is run on

gammaUPC+MGS5 LHE files to modify the ¢ = 17 4+ 1~
v vy — 1" I'initial and final state

m A¢ follows:

A+ Bcos (2A¢) + C cos (4A0) -
(‘.’_;) 2 2+(_2_2 22\ D2 - R . ) R ‘ R
,‘l — I -2 . )I,[) | :) - ] - "] - Il .1‘2 / (]-]\'l | (]- 1\3 1 (5- | ([- o ]\l 1 o l\-) 1 lfl | .I'l . /\T :'fl ( I_). /\-) )
{m-= f‘])j - . 1 21

. ' oo 4
+ n =12 /(/2/"1 ] !/2/\"_3‘ fs.')ll]‘ — k11— ko) 12(k1y - koy :'2— l] l(f (. l‘l—) :'hl*- I:.I'g.]\'g‘ )

; XY
(m2 + P<)2

) im? P> o S .
B = (2 4 [)‘.', I.).I'l.l'g/(/"/{] 1 l/-l\'g L07(qL— /\'1 L — ]\'-_3_ )
1= T T)- )
- { F'-’l/\'zA L) - l} flxy. k3 hi (xo. k3 ) + ﬂ_’ll;l* GL)" - l} hyi(x1. ki ) (22, k3, )o}
_I-)'[)l ‘ 9 2 -9
© T it P ;.:"""'3/""1"" e Cong Li, Jian Zhou, and Ya-jin Zhou:
o | L S arXiv.1903.10084
| L (‘.’I/f:- qu)(k1i-qu) — ki ~/\'2-> - ll hi (@1, ki )hy (22, k3,)
2

)
RZae? .2

1

m Photon TMD: Ifl‘ (1 ,11'2 ) _ J.hl—ﬁ- (l l‘])_)

7'{.—

F(k2 +22M2) |
(k2 + 22M2)

Slide by Nicolas Crepet at DIS2024
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Azimuthal modulation LPT@

LABORATOIRE DE PHYSIQUE
AUTES ENERGIES

m MG5 expects colinear & unpolarized EPA B/IA (%) CIA (%)
photons. A dedicated python script is run on
gammaUPC+MG5 LHE files to modify the

v v — 1" I' Initial and final state gammaUPC 1.0£05 21.7x0.6
m Fitted A¢ distribution from gammaUPC,
Superchic and RHIC data samples to: Superchic 45+06 195+06
A(l + %cos (2A0) + %COS (4A9))
Yt —e' € inAuAu UPCs @ 200 GeV RHIC data 2024 16.8+£25
£ | 1 "
83% 0.022 ;_;_?? J ; %;*’_," o owl pzf}air < 0.1GeV
o2y | # Nk P4 0.45 < e < 0.76GeV
0.018 | +: *—#. f pr > 0.2GeV
. ‘_i.j,_* . Superchic | [y
0.016 -_‘z: + +1 Supercf:jc; f(l:t +‘1 i . . .
O SR, @\ A . T maUPG i Crepet, d’Enterria, HSS (in prep)
C = RHIC .
0.012 - AHCH RHIC data:
o o | arXiv:1910.12400
0.010—. T R o Y E— . =5 — AA :é(ra(-j)
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Introduction LPT@

» Scattering of Light-by-Light (LbL)
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Introduction o

LABORATOIRE DE PHYSIQUE
THEORIQUE ET HAUTES ENERGIES

» Scattering of Light-by-Light (LbL)

* One of the earliest predictions in Dirac’s theory Heisenberg & Euler 30s
Euler-Heisenberg Lagrangian for low energy limit
Consequences of Dirac’s Theory of the Positron

W. Heisenberg and H. Euler in Leipzig®
22. December 1935

Abstract

According to Dirac’s theory of the positron, an electromagnetic field
tends to create pairs of particles which leads to a change of Maxwell’s
equations in the vacuum. These changes are calculated in the special case
that no real electrons or positrons are present and the field varies little
over a Compton wavelength. The resulting effective Lagrangian of the

field reads:

s M =2 21D E RN rorrrn i
cos ( E<s—-PB<42i(EDBV))+conj.
e} W\/ onj

cos (—é]:r \/éz _‘32 t2i(€W))—conj.

. 2 - 2,
c=3(e*-3%)+5 [T e "%f;l{in‘)(_é%L

- 2
+ e,\,|~’+-'13—(932—e21}

Y

¢.B field strengths

1 |[€5l= '"3:3 :% = ,.v;m? = critical field strengths
4 6 T Y : : . I :
The expansion terms in small fields (compared to € ) describe light-light

scattering. The simplest term is already known from perturbation theory.
For large fields, the equations derived here differ strongly from Maxwell’s
equations. Our equations will be compared to those proposed by Born.

German title: “Folgerungen aus der Diracschen Theorie des Positrons”
Zeitschr. Phys. 98, 714 (1936).
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Introduction Lpn'f?%

» Scattering of Light-by-Light (LbL)

* One of the earliest predictions in Dirac’s theory Heisenberg & Euler 30s
Euler-Heisenberg Lagrangian for low energy limit

* The first complete LO calculation in QED Karplus & Neuman PR'5|

T
M
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Introduction Lpn'f?%

» Scattering of Light-by-Light (LbL)

* One of the earliest predictions in Dirac’s theory Heisenberg & Euler 30s
Euler-Heisenberg Lagrangian for low energy limit

* The first complete LO calculation in QED Karplus & Neuman PR'5|

* A fundamental process for many interesting questions ...

T
M
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Introduction LPT‘H%Q%’

» Scattering of Light-by-Light (LbL)
* One of the earliest predictions in Dirac’s theory Heisenberg & Euler 30s
Euler-Heisenberg Lagrangian for low energy limit

* The first complete LO calculation in QED Karplus & Neuman PR'5|

* A fundamental process for many interesting questions ...
* How light interacts with itself ?
Furry

e o

oy O(a*) @LO

M

Y
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Introduction Lpn'f?%

» Scattering of Light-by-Light (LbL)

* One of the earliest predictions in Dirac’s theory Heisenberg & Euler 30s
Euler-Heisenberg Lagrangian for low energy limit

* The first complete LO calculation in QED Karplus & Neuman PR'5|

* A fundamental process for many interesting questions ...
* How light interacts with itself ?

1 1 .-
Laim—s O 57 FFFF, - FFFF

1 1
L orn—Infeld — : 1 — 1 F VF'uV_
B Infeld 5 ( \/ +262 M 1654

(FMVFMV)Q)
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Introduction LPT@

» Scattering of Light-by-Light (LbL)

* One of the earliest predictions in Dirac’s theory Heisenberg & Euler 30s
Euler-Heisenberg Lagrangian for low energy limit

* The first complete LO calculation in QED Karplus & Neuman PR'5|

* A fundamental process for many interesting questions ...
* How light interacts with itself ?

* SM resonances ?

",
o

-t

[ 55

M,
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Introduction Lpn'f?%

» Scattering of Light-by-Light (LbL)

* One of the earliest predictions in Dirac’s theory Heisenberg & Euler 30s
Euler-Heisenberg Lagrangian for low energy limit

* The first complete LO calculation in QED Karplus & Neuman PR'5|

* A fundamental process for many interesting questions ...
* How light interacts with itself ?

« SM resonances ?
 BSM resonances ?

mi\xiﬁon-like particles

graviton-like particles
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Introduction i
» Scattering of Light-by-Light (LbL)

* One of the earliest predictions in Dirac’s theory Heisenberg & Euler 30s
Euler-Heisenberg Lagrangian for low energy limit

* The first complete LO calculation in QED Karplus & Neuman PR'5|

* A fundamental process for many interesting questions ...
* How light interacts with itself ?

* SM resonances ? * BSM particles in loops ?
« BSM resonances ?

Monopol

Extra dim%
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* SM resonances ? » BSM particles in loops ?
* BSM resonances ? + g-2 indirectly ?
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» Scattering of Light-by-Light (LbL)

* One of the earliest predictions in Dirac’s theory Heisenberg & Euler 30s
Euler-Heisenberg Lagrangian for low energy limit

* The first complete LO calculation in QED Karplus & Neuman PR'5|

* A fundamental process for many interesting questions ...
* How light interacts with itself ?

* SM resonances ? » BSM particles in loops ?
* BSM resonances ? + g-2 indirectly ?

* An ideal testing ground for new methods for loops

Gauge invariance & IR finiteness —>  Cancellations among diagrams

String-inspired, unitarity- or cuts-based, numerical local unitarity ...
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Introduction LPT‘H%Q%

» Scattering of Light-by-Light (LbL)

* One of the earliest predictions in Dirac’s theory Heisenberg & Euler 30s
Euler-Heisenberg Lagrangian for low energy limit

* The first complete LO calculation in QED Karplus & Neuman PR'5|

* A fundamental process for many interesting questions ...
* How light interacts with itself ?

* SM resonances ? » BSM particles in loops ?
* BSM resonances ? + g-2 indirectly ?

* An ideal testing ground for new methods for loops

Gauge invariance & IR finiteness —>  Cancellations among diagrams

String-inspired, unitarity- or cuts-based, numerical local unitarity ...

> How to measure it ?
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Introduction LPT‘H?%

THEORIQUE ET HAUTES ENERGIES

* First directly observed by ATLAS in 2019 ATLASPRLI9

Earlier evidence: ATLAS Nature Physics ’1 7, CMS PLB’19

Candida
Light by gh S
5663
.l‘.ll'“l

EXPERIMENT Zois1
ATLAS-CONF-2019-002

=

* PbPb 5.02 TeV
* |.73 nb-! (2018 data)

* 59 events vs |2 background events
8.2 std dev.

P82+ P, (+)82+
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Introduction

Discrepancies between theory (LO) and ATLAS m:asure

ATLASJHEPZI
v 80T N B B B < T T L L e B B ™
§ : ATLAS : E SZL::\[_ 5.02TeV |
70 - < +Pb sy, =5.02TeV |

P . Pb+Pb sy, =5.02 TeV ] = ¢ Data 2.2nb"
§ 60F = o q\ [ 7] Syst. @ Stat. _
] i —e-Data, 2.2 nb"' E _g>- ;\_/ s SuperChic 3.0 ;
50:?"" [_]Signal (yy — yv) B ;-E : -

- [CJCEPgg — vy . 5 - -
40:_* -YY — ee —: - i
aof- Syst. uncertainty E 1
0 Wi o 0250 + 1.. 9. : 10— — l Lo l T B R B R

0 0.02 0.04 0 06 0. 08 0. 20 25 30
P82+ P, (+)82+ PhH%L A Pb(*)82+ m,, [GeV]

- PbPb 5.02 TeV
« 2.2 nb-! (2015+2018 data)
» 97 events vs 27 backg.
oaq = 120 £+ 22 nb vs
82+ (%)82+ 82+ (%)82+
Pb Pb Pb Pb 01,0 — 70 Ilb
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Helicity amplitudes

Y(p1, A1) +v(p2, A2) + ¥(p3, A3) + v(pg, Ag) = O

» Lorentz decomposition

4
M; = (H 5}\7:7/”(])2.)) MM R 3
i=1

M,U'l,u2,UJ3,u4 _

A19M1M29M3M4 _|_A29M1M39M2M4 _|_A3gM1M4gM2M3

3
1 12 M3, 4 2 P13 M2 ) 4
+ Z (Bj1j2g Dy, Py, +Bj1j2g pj, Py,
J1,J2=1
3 1 g M2 M3 4 2 s M1
+Bj1j2g pj1 pjz +Bj1j29 pjl pjz
5 2 g M1, 3 6 3 a1 MQ)
+B5, 5,970 Dy, vy, + B 5,975, D,
3
o a2, 3 4
+ Z CjrgziagaP, P, Py Py,
J1,J2,J3,J4a=1

arXiv:2312.16966

S = (pl +p2)27t — (pQ +p3)27u — (pl +p3)2

s+t4+u=20
AZ',B;-]{;Cz'jkl : (s,t,u,m?c)
~ T(S, t, u, m?")](sa t) u, m?)

| 38 form factors

Tranversality € (pi) ~pi =0
Bose symmetry
v Gauge invariance

5 independent linear combinations

* 5 independent helicity amplitudes

Mo+

M_jyp Moy My My
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Theory-data comparisons of LbL i

LABORATOIRE DE PHYSIQUE

5 PbPb—PbyyPb arXiv:2312.16956
10 - 3
i \/§NN=5.02 TeV
'I" gamma-UPC ChFF LO ---
NLO" QCD+QED x
1 |
10' b T -
> " ATLAS data
O
re
= 0
== 10" =
A
-8 p>2.5 GeV, In'l<2.37, m, >5 GeV
10-1 E_ : -
1 2L A R I B
C)195 — HE — LE — Exact & E
= 1.1 g3 E
9 1.05 F B 3
zZ 1 =
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Theory-data comparisons of LbL
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LPTHE

LABORATOIRE DE PHYSIQUE
THEORIQUE ET HAUTES ENERGIES

arXiv:2312.16956
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LPTHE

Theory-data comparisons of LbL

LABORATOIRE DE PHYSIQUE

THEORIQUE ET HAUTES ENERGIES
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Coulomb resummation LPT‘H%Q%

LABORATOIRE DE PHYSIQUE

0.40 e, —— NLO (fixed-order) = —— LO (fixed-order) [
:qth::_ NLO (resummed) —— LO (resummed)
0.35 ‘ 5

——t—t—
| — b —

.

0.15 - - —

oy "'_°|_j_._-o-""‘ S LO ( 1) :

. T e e = resumimec ~

125 - NLO (resummed) a1 T R - - - »
7 + LO (fixed-order) LO (fixed-order) -

. . . NLO (resummed’
NLO (fixed-order) —— =0 ((fo.:_‘d-ordcr)) .

+ - LO (fixed-order) o e o T .
1.00....:.,..":",.._1:j__ —

Ratio

1 1 1 1 1
330 335 340 345 350 355 360
M~ [GeV]
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Two photon decay of X(6900) LPT,‘E&’%

LABORATOIRE DE PHYSIQUE

* Vector meson dominance Biloshytskyi et al. PRD’22
______ _Q
Parameter Interference |No-interference

e x [MeV] 6886 =11 4+ 11| 6905 117
FX_>,]/¢,,]/¢ [MeV] 168+331+69 | 80 £ 19 £+ 33

Bry®, .. 4.0799 .10 5.671%-10"*
BT\QE;W [ IR+04- 1()—6j 6.4-+0.8-10°
JPC _ O‘|“|‘ O—‘I‘
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Two photon decays of bottomonia

LOBT@

ERGIES

Wang et al. EPJC’18

This work Expt. [52] GI [26] Ref. [27]
State  Channels Width B(%)  Width B(%)  Width B(%)  Width B(%)
m(1S) gg 17.9 MeV ~100 16.6 MeV ~100  20.18 MeV ~100
Yy 1.05 587x 107 ... 0.94 57107 0.69 3.42x 1072
Total 17.9 MeV 100 10 MeV 16.6 MeV 100  20.18 MeV 100
n(2S) gg 8.33 MeV ~100 7.2 MeV ~100  10.64 MeV 09.86
Yy 0.489 5.86x 107 0.41 57x107°  0.36 3.38 x 107~°
hy(1'Py)y 2.467 2.96 x 1072 2.48 34x107% 285 2.68 x 1072
T(1°S 1)y 0.0706 8.47 x 107* 0.068 04x107*  0.045 422 %107
m(1'So)ar 10.3 0.124 12.4 0.17 11.27 0.1058
Total 8.34 MeV 100 <24 MeV 1.2 MeV 100  10.66 MeV 100
xoo(1°Po) vy 0.199 5.87x 1073 0.15 58x 107  0.12 591 x 107
gg 3.37 MeV 09.4 2.6 MeV  ~100 2.00 MeV 98.61
T(1°S )y 22.8 0.673 1.76 £ 0.35 23.8 0.92 28.07 1.38
Total 3.39 MeV 100 2.6 MeV 100 2.03 MeV 100
Yu(1°Py) yy 0.0106 5.41x107 03x107 52x10% 3.08x102 251x 1073
gg 165 84.2 147 81.7 83.69 68.13
T(1°S 1)y 31.4 16.0 19.1+12 328 18.2 39.15 31.87
hy(1'Py)y 9.37x107° 478 x 107> 06x107 53x10° 888x10° 7.23x 107
Total 196 100 180 100 122.84 100
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Limits on axion-like particles LPT;}%

EEEEEEEEEEEEEEEEEEEE
FFFFFFFFFFFFFFFFFFFFFFFFF

 Absence of excess over LbL continuum

L%./L CMS-PAS-HIN-21-015
N__—_ﬂ LD (9 aOta — %ag gZ'yaFWﬁ’W

CMS Preliminary

10 BaBar LEP land Il
» s

. e - Strongest limits on
10 ca ALPs over mass
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T UI
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E SN1837A Wriboone gog; CMS
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E S 6 8 910 20 N a4 50":0((7;0:3)
10—5_ | | lllllll | llllllll | 1 1111111 | 11111111 | | 1111111 | 11111111 |
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Graviton Decay Branching Ratio [%)]

Limits on graviton-like particles

LABORATOIRE DE PHYSIQUE E
T

HEORIQUE ET HAUTES ENERGIES

 Absence of excess over LbL continuum
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