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* The studies of two-photon processes
» ete- colliders (PETRA, PEB TRISTAN, LEP, SLC, ..., CEPC/FCC-ee)

» ep colliders (HERA, ..., EIC/EicC/LHeC)
| Hadron (pp, pA,AA) colliders (RHIC, LHC, ..., SppC/FCC-hh) |
» Laser collisions (HERCULES, CALA, ...)
* Interests revive because of experimental advances

» Ultra-Peripheral Collisions (UPCs)

+ Large photon flux oc Z2
» Cross section in AA enhanced by Z*
» Coherent vs incoherent photons
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Coherent Incoherent
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Introduction LPT‘H%Q%

+ Gold-plated SM and BSM processes

Process Physics motivation
yy — ete  ut “Standard candles™ for proton/nucleus y fluxes, EPA calculations, and higher-order QED corrections
Yy —=1T Anomalous 7 lepton e.m. moments [29-32]
YY — VY aQGC [25], ALPs [27], BI QED [28], noncommut. interactions [36], extra dims. [37]....
yy —= 7o Ditauonium properties (heaviest QED bound state) [38, 39]
yy — (¢, ('b5)0_3 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]
yy — H Higgs-y coupling, total H width [49, 50] HSS d’Enterria (JHEP’22)
yy — HH Higgs potential [51], quartic yyHH coupling
yy — 1t anomalous top-quark e.m. couplings [11, 49]
yy — €€, vy, 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 FE p.A p.A (FF) p.A

7. W*Z

(cC)o2, (55)0,2 »To
H, a, ¢7 MM, G

A

s on

p. A FF p-A p. A @ p.A
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THEORIQUE ET HAUTES ENERGIES

* Gold-plated SM and BSM processes | oop-induced in the 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] HSS d’Enterria (JHEP’ZZ)

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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(AB)
dE% dE’VQ dZJV’Yl/Zla’YQ/Z2

E% Ew dE 71 dEW

» Cross section:

s(AB 1% A X B) = / Tyy-x (Wae)
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(AB)
dE% dE’VQ dZN’Yl/Z1>72/Z2

E% E72 dE 71 dEW

» Cross section:

c(A B %AXB):/

gamma-UPC
HSS, d’Enterria (JHEP’22)

o HUA-SHENG SHAO



http://hshao.web.cern.ch/hshao/gammaupc.html

Introduction LPT@

 Cross section:

(AB)

A
dE., dE., N7
A B %AXB :/ Y1 Y2 Y1/Z1,v2/ 72 W
O( ) E% E72 dEWldE% UWW%X( ’Yv)
+oo A(ko)+p
Oyy—x (Way) = argr o) qetko) Z Z E/fo+z>,q04<sA(k0)ﬂ)_q()‘q
p=0 qg=0

— U(LO)(WW) T 0<NLO)(WW) T
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 Cross section:

(AB)

A
dE.,, dE,, N7
(A B %AXB):/ SE i N2y o (W)
E% E72 dE’Vl dE% L "
400 A(ko)+p
Oyy—x (Way) = ags(kO)O‘C(kO) Z Z E/fo+z>,q04<sA(k0)ﬂ)_q()‘q
p=0 qg=0
LO NLO
= o )(va)+0< )(va)+---
A(ko)
J(LO)(WW) _ ags(ko)&C(ko) Z Zko,qaf(%)_qaq
q=0

p— ZLOl —l— « o —I_ ZLOA(kO)—I—l
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(AB)
dE% dE’VQ dZJV’Yl/Zla’YQ/Z2

E% Ew dE 71 dEW

» Cross section:

c(A B %AXB):/

+o00 A(ko)+p
Oyy—x (Way) = ags(kO)O‘C(kO) Z Z E/fo+z>,q04<sA(k0)ﬂ)_q()‘q
p=0 qg=0
LO NLO
=o' )(va)+0< )(va)+---
A(ko)
J(LO)(WW) _ ags(ko)&C(ko) Z Zko,qaf(%)_qaq
q=0

— ZLO1 +.o. ZLOA(RO)-F1

A(ko)+1
o NHO (W) = agaho) N 7wy L ettt maas

q=0
— ZNLO1 ..t ZNLOA(’*ﬂo)JrQ
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A(AB)

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

 Cross section:

+o00 A(ko)+p
UWV%X(WWW) — ags(kO)@c(kO) Z Z Eko—I—p,qasA(ko)—l—p—qaq
p=0 qg=0
(LO) _|_ O_(NLO)

L0 O 0 0
W/ 7\

w® & & - 6

NLO QCD NLO EW Subleading NLO
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* In this talk, | will only consider

» Coherent/elastic photon-photon processes in UPC
» Elementary particles (no bound states)

« Standard Model

* On matrix elements not on modeling of photon fluxes
* In collinear factorization
- Summary of existing NLO calculations

* In customized ways:

vy — tt NLO QCD HSS, d’Enterria (2207.03012)
YY — M_I'M_, 7'+7'_ bare leptons, NLO QED HSS, d’Enterria (2407.13610)
Yy — Tt bare leptons, NLO EW Jiang, Lu, Si, Zhang? (2410.21963)
L TR _ bare leptons, NLO EW Dittmaier, Engel, Hernando Ariza, Pellen
VYT T e Vebrule  NWA, spin correlations (2504.11391)
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* In this talk, | will only consider
» Coherent/elastic photon-photon processes in UPC
» Elementary particles (no bound states)

« Standard Model

* On matrix elements not on modeling of photon fluxes
* In collinear factorization
- Summary of existing NLO calculations

* In customized ways:

vy — tt NLO QCD HSS, d’Enterria (2207.03012)
YY — M_I'M_, 7'+7'_ bare leptons, NLO QED HSS, d’Enterria (2407.13610)
Yy — Tt bare leptons, NLO EW Jiang, Lu, Si, Zhang? (2410.21963)
L TR _ bare leptons, NLO EW Dittmaier, Engel, Hernando Ariza, Pellen
VYT T e Vebrule  NWA, spin correlations (2504.11391)
VY Y wo-loop, NLO QCD+QED 01 1¢55e 517 1esee)

* NLO automation in MadGraph5 aMC@NLO  HSss, Simon (2504.10104)
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THEORIQUE ET HAUTES ENERGIES

* NLO QED in the o(0) scheme: HSS, d’Enterria (2407.13610)

yy = measured o943 gamma-UPC o© | gamma-UPC oM ratio ¢4 /o-NLO
System, experiment ChFF (EDFF) ChFF (EDFF) ChFF (EDFF)
p-p at 7 TeV, CMS [54] ) .38‘_“8:23 pb 3.62 (3.20) pb 3.50 (3.10) pb 0.97f8:{§, (1 .09:'8:%8)
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 0.91 £0.02 (1.14 £ 0.03)
—~ 30 - _ — 1
el o0 B e 3 c_ 2 -
z% * e :% : e >% 04: -
2 10 . <] - ¢ e S 03F - - - -
2 - == I T .l
_8 B . _8 1; e _8 02 ° o 7
oI — & T
4 B o=
3- e - .
ol Pb-Pb(5TeV):yy—uys,m =10-20GeV s - : - B
l:| ATLAS data 01 - Pb-Pb (5 TeV): VY- S muu =20-40 GeV == 88;: Pb-Pb (5 TEV): Yy- u*u_, mlill =40-80 GeV
4/ — NLO QED (gamma-UPC, ChFF) - [ ATLAS data 0.02 2] ATLAS data
- --- LO QED (gamma-UPC, ChFF) - —— NLO QED (gamma-UPC, ChFF) — NLO QED (gamma-UPC, ChFF)
- feme : L LO QED (gamma-UPC, ChFF) mgen 0.01— 77 LO QED (gamma-UPC, ChFF) ®
0.4- =
A I VRN AN AT AV VRN RN AR W W 0.01= N B 0.006[-  , | ...,
15 15 15
14 = 7] data/(NLO QED) 14 & [ data/(NLO QED) 1.4 £ [[=7] data/(NLO QED)
13 3 —— NLO/LO QED (gamma-UPG, ChFF) 13 3 —— NLOJ/LO QED (gamma-UPC, ChFF) 1% = —— NLO/LO QED (gamma-UPC, ChFF)
g 12 e ST [ DN | 2 Vg pmm W
€ ggEes - - . = | S o9 : . = € 09— . -
08" . 08 c . . 08 E .« e
07 ¢ 07 07 .
0.6; L 06; ““““““““““““““““““““““““ 0.6? ‘ ‘ | ‘ ‘ | ‘
05002040608 1 12141618 2 2254 9% 02040608 1 12141618 2 2224 0502 04 06 08 1 12 14 16
ly,! Y, 1y,

Importance of NLO and photon flux modeling (ChFF) !
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* NLO QED in the a(0)scheme:

LABORATOIRE DE PHYSIQUE E

THEORIQUE ET HAUTES ENERGIES

HSS, d’Enterria (2407.13610)

yy = vt Measured 0% | gamma-UPC o© | gamma-UPC oN-© K factor

Colliding system (kinematic cuts) (extrapolated) ChFF (EDFF) ChFF (EDFF) oNLO /L0
CPb-Pb at 5.02 TeV (inclusive) 580-850 ub 1060 (860) ub 1070 (870) ub 1.01 )

p-p at 13 TeV (m., > 50 GeV) 855f§?2 fb 900 (730) fb 895 (725) tb 0.995

p-p at 13.6 TeV (m,. > 300 GeV, [y*| < 2.5) _ 1.35 (1.02) fb 1.31 (0.98) fb 0.965

HUA-SHENG SHAO
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HSS, d’Enterria (2407.13610)

yy = vt Measured 0% | gamma-UPC o© | gamma-UPC oN-© K factor

Colliding system (kinematic cuts) (extrapolated) ChFF (EDFF) ChFF (EDFF) oNLO /L0
CPb-Pb at 5.02 TeV (inclusive) 580-850 ub 1060 (860) ub 1070 (870) ub 1.01 )

p-p at 13 TeV (m., > 50 GeV) 855f§?2 fb 900 (730) fb 895 (725) tb 0.995

p-p at 13.6 TeV (m,. > 300 GeV, [y*| < 2.5) _ 1.35 (1.02) fb 1.31 (0.98) fb 0.965

* NLO EW in the same scheme:

HSS, Simon (2504.10104)

Process: yy — 141~

gamma-UPC+MG5_aMC

Colliding system, c.m. energy OLO ONLO EW ONLO EW/OLO
p-p at 13 TeV 190.57(6) pb 192.30(6) pb 1.009
p-p at 13.6 TeV 194.93(7) pb 196.68(7) pb 1.009
p-p at 14 TeV 197.67(6) pb 199.45(7) pb 1.009
p-Pb at 8.8 TeV 564.3(2) nb 569.6(2) nb 1.009
Pb-Pb at 5.52 TeV 1.1628(4) mb 1.1742(4) mb 1.010
p-p at 100 TeV 459.5(2) pb 463.6(2) pb 1.009
p-Pb at 62.8 TeV 1.6578(6) ub 1.6727(6) ub 1.009
Pb-Pb at 39.4 TeV 5.117(2) mb 5.164(2) mb 1.009

HUA-SHENG SHAO
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* NLO QED in the a(0)scheme: HSS, d’Enterria (2407.13610)
yy = T Measured 0% | gamma-UPC o© | gamma-UPC oN-© K factor
Colliding system (kinematic cuts) (extrapolated) ChFF (EDFF) ChFF (EDFF) oNLO /g0
CPb-Pb at 5.02 TeV (inclusive) 580-850 ub 1060 (860) ub 1070 (870) ub 1.01 )
p-p at 13 TeV (m., > 50 GeV) 855f§?2 fb 900 (730) fb 895 (725) b 0.995
p-p at 13.6 TeV (m.. > 300 GeV, [y"| < 2.5) - 1.35 (1.02) fb 1.31 (0.98) fb 0.965
* NLOEWinthe (G, scheme: Jiang, Lu, Si, Zhang? (2410.21963)
ONLO
\/SNN [TeV] L0 [mb] (SO’QED [mb] (5aweak [mb] ONLO [mb] 10
5.02 1.02 1.00x1072 [-4.18x1072| 0.99  0.97
‘50-vveak‘ > ‘5O-QED’
5.36 1.08 1.06x1072 [-4.44x1072| 1.05  0.97
5.52 1.11  1.09x10~2 |4.57x10~2| 108 0.97  atascale < My ?
6.00 1.20 1.17x1072 |-4.92x1072| 1.16  0.97

NG
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* NLO QED in the a(0)scheme:

HSS, d’Enterria (2407.13610)

yy = vt Measured 0% | gamma-UPC o© | gamma-UPC oN-© K factor

Colliding system (kinematic cuts) (extrapolated) ChFF (EDFF) ChFF (EDFF) oNLO /L0
CPb-Pb at 5.02 TeV (inclusive) 580-850 ub 1060 (860) ub 1070 (870) ub 1.01 )

p-p at 13 TeV (m., > 50 GeV) 855‘3?2 fb 900 (730) fb 895 (725) tb 0.995

p-p at 13.6 TeV (m.. > 300 GeV, [y"| < 2.5) - 1.35 (1.02) fb 1.31 (0.98) fb 0.965

- Comparison of two EW schemes:

Dittmaier, Engel, Hernando Ariza, Pellen

(2504.11391)
vy — 7T a(0)-scheme G -scheme
o or Ao [mb] § [%] oor Ao [mb] | §[%]

e 1.063(2) i 1.136(3) i
AodED 0.010(3) 0.94(3) 0.012(1) 1.08(6)
AoNLO 9 1(7) x 1078 | 8.5(6) x 10° | —0.009(3) | —0.84(1)
AoRHO 6.6(1) x 1077 | 6.2(6) x 107° | —0.058(1) | —5.10(2)

oNLO 1.073(2) 0.94(3) 1.081(3) | —4.86(6)

NOPP2025
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* NLO QED in the a(0)scheme:

HSS, d’Enterria (2407.13610)

yy = vt Measured 0% | gamma-UPC o© | gamma-UPC oN-© K factor

Colliding system (kinematic cuts) (extrapolated) ChFF (EDFF) ChFF (EDFF) oNLO /L0
CPb-Pb at 5.02 TeV (inclusive) 580-850 ub 1060 (860) ub 1070 (870) ub 1.01 )

p-p at 13 TeV (m., > 50 GeV) 855‘3?2 fb 900 (730) fb 895 (725) tb 0.995

p-p at 13.6 TeV (m.. > 300 GeV, [y"| < 2.5) - 1.35 (1.02) fb 1.31 (0.98) fb 0.965

- Comparison of two EW schemes:

Dittmaier, Engel, Hernando Ariza, Pellen

(2504.11391)
vy = 7T a(0)-scheme G -scheme
o or Ao [mb] § [%] oor Ao [mb] | §[%]
oLO 1.063(2) i, 1.136(3) i, Two LO are quite different !
AodED 0.010(3) 0.94(3) 0.012(1) 1.08(6)
AgNLO 9.1(7) x 107% | 8.5(6) x 107 | —0.009(3) | —0.84(1)
AoRHO 6.6(1) x 1077 | 6.2(6) x 107° | —0.058(1) | —5.10(2)
oNLO 1.073(2) 0.94(3) 1.081(3) | —4.86(6)
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* NLO QED in the a(0)scheme:

HSS, d’Enterria (2407.13610)

yy = vt Measured 0% | gamma-UPC o© | gamma-UPC oN-© K factor

Colliding system (kinematic cuts) (extrapolated) ChFF (EDFF) ChFF (EDFF) oNLO /L0
CPb-Pb at 5.02 TeV (inclusive) 580-850 ub 1060 (860) ub 1070 (870) ub 1.01 )

p-p at 13 TeV (m., > 50 GeV) 855‘3?2 fb 900 (730) fb 895 (725) tb 0.995

p-p at 13.6 TeV (m.. > 300 GeV, [y"| < 2.5) - 1.35 (1.02) fb 1.31 (0.98) fb 0.965

- Comparison of two EW schemes:

Dittmaier, Engel, Hernando Ariza, Pellen

(2504.11391)
vy = 7T a(0)-scheme G -scheme
o or Ao [mb] § [%] oor Ao [mb] | §[%]
oLO 1.063(2) ; 1.136(3) i, Two LO are quite different !
AodED 0.010(3) 0.94(3) 0.012(1) 1.08(6) |
AcNO  19.1(7) x 10 | 8.5(6) x 1076 | —0.009(3) | —0.84(1) L-arge correction from
AoNEO 1 6.6(1) x 107 | 6.2(6) x 10° | —0.058(1) | —5.10(2) ?gsrﬁ';‘;egeﬁ?;ﬁieg:%?sa
oNLO 1.073(2) 0.94(3) 1.081(3) | —4.86(6)

NOPP2025
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* NLO QED in the a(0)scheme: HSS, d’Enterria (2407.13610)
yy = T Measured 0% | gamma-UPC o© | gamma-UPC oN-© K factor
Colliding system (kinematic cuts) (extrapolated) ChFF (EDFF) ChFF (EDFF) oNLO /g0
CPb-Pb at 5.02 TeV (inclusive) 580-850 ub 1060 (860) ub 1070 (870) ub 1.01 )
p-p at 13 TeV (m., > 50 GeV) 855‘:%%) fb 900 (730) fb 895 (725) b 0.995
p-p at 13.6 TeV (m.. > 300 GeV, [y"| < 2.5) - 1.35 (1.02) fb 1.31 (0.98) fb 0.965

- Comparison of two EW schemes:

Dittmaier, Engel, Hernando Ariza, Pellen

(2504.11391)
vy = 7T a(0)-scheme G -scheme
o or Ao [mb] § [%] oor Ao [mb] | §[%]

oLO 1.063(2) ; 1.136(3) i, Two LO are quite different !
AodED 0.010(3) 0.94(3) 0.012(1) 1.08(6) |
AcNO  19.1(7) x 10 | 8.5(6) x 1076 | —0.009(3) | —0.84(1) L-arge correction from
AoNEO 1 6.6(1) x 107 | 6.2(6) x 10° | —0.058(1) | —5.10(2) ?gsrﬁ';‘;egeﬁ?;ﬁieg:%?sa

oNLO 1.073(2) 0.94(3) 1.081(3) | —4.86(6)

Importance of choosing an appropriate EVV scheme !

NOPP2025
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Dressed or bare leptons ?

* At high scales, EW corrections can be enhanced by quasi-collinear logs

* Log enhancements can be mitigated by using more inclusive lepton definitions

2ppﬂ>p7+7_p Vs =14TeV 102 pp S prtr p Vs = 14TeV
107 4 amma- | a~
E‘I'jgi.| e ch bare T - Ing e o bare 7
% o --.L-,_1 ~—=- dressed 7 (AR, =0.1) % | | ~==- dressed 7 (AR, =0.1)
g = —-— dressed 7 (AR, = 0.2) g 104 | =-—-| —-— dressed 7 (AR, = 0.2)
"a i"L.. --------- dressed 7 (AR, = 0.4) "a | e T dressed 7 (AR, = 0.4)
) _4 | L, =y
| 10 [hoosee dressed 7 (AR, = 0.8) - b e dressed 7 (AR, = 0.8)
- _
S| & mn S S—
“|1£10° T <5107 i_____
T HSS, Simon (2504.10104) | )
100 200 300 400 500 200 400
S 100 rnnnanpmnnyno i T T T S .
3 hwnr"-'_":'i-—":-h_q:_-.;__ e, fﬁé 1.0 T Tt
S = e 4 R el ETE
0.95 - S R sy
< < 0.9
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} } } } LABORATOIRE DE PHYSIQUE %
THEORIQUE ET HAUTES ENERGIES

* NLO for fermion loops
* 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’OI)

* NLO with full fermion-mass dependence
Ajjath, Chaubey, Fraaije, Hirschi, HSS (PLB’24)

L

"‘, ,\‘J'\anrv\ £ .v'f\}f‘ N ’} f"’ ,\‘J/\anf\jf\ Vﬂ'\.‘ﬁvl\.lf\ ’} f"‘, ,\/\J'\V",v,f\ g]\‘\/‘v’\f \Vl-\ A' ’} ’\/‘.j‘ ‘v:"v"‘- %:é \/\\,‘ﬁuv‘\ A'
Y Y f L 4

Af ¥ 4\f Af

REATAVAVAY A e VAVAVAVARS SRS A VAVAVAV) vwwwY Yvywwe—m—mwwwt YamWWW—— VWY

» Two radically different computational approaches

* A traditional approach with a full analytic control Ajjath, Chaubey, HSS (JHEP’24)

* A numerical approach with local unitarity construction Capatti et al. JHEP'20, JHEP’22)
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) ) ) ’ LABORATOIRE DE PHYSIQUE
THEORIQUE ET HAUTES ENERGIES

* One fermion species Ajjath, Chaubey, Fraaije, Hirschi, HSS (PLB"24)
107 : I
10* | 1
10° | {1 * Exact result agrees with the
00 1 approximations in their
— 10" F 4 . .
2 ol applicable regimes
5 10°F :
S 10_10; The fermion f loop: q o A I I I I
o 10 o 285 . 3 5 nalytical exact result agrees
10 ¥ C(0)=1/137.036, 0,=0.112 ! with the numerical exact one.
107 F PPREIS Exact (analytic) — 3
10713 3 Exact (numeric,LU) 4 7
0 "€~ 1« The structure of the exact K
o _. 1 factor is more rich than the
=1 { approximations
3 o Coulomb sing. |
g | J { * The exact K factor approaches
'- | the HE K factor rather slowly
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; } } } LABORATOIRE DE PHYSIQUE E
THEORIQUE ET HAUTES ENERGIES

* Theory-data comparison Ajjath, Chaubey, Fraaiie, Hirschi, HSS (PLB"24)
PbPb—>PbyyPb 1 | OATLAS — 120 £ 22 nb
— VENN=5.02 TeV o.. 1| oLo=T76nb
10" SaA gamma-UPC ChFF 11lvs o R 81 2—|—1.6 nb
NLO’' QCD+QED &= NLO ==0.9
+
';' ........... =
8 ~ ATHASdEa ™ 1 . Tension persists though is
2 10w L | 1 reduced a bit
= ) | : .
5 o | « H(L)E under(over)estimates
3 %ol the size of quantum corr.
10” 3 Xb2(1hj E
S Y | « 6 C-even bottomonia and
pT>2.5 GeV, |T]Y|<2.37, mW>5 GeV 1 X(6900) Seems Cannot
o2l | explain the discrepancy
91?? : HE — LE — Exact & : neither
9 1.05 ¢ | e d. | —@VEAL: SOMe di-photon widths are not
20_9;?, 1 well constrained (only theory calc.) !
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} ; } } LABORATOIRE DE PHYSIQUE %
THEORIQUE ET HAUTES ENERGIES

* Theory-data comparison Ajjath, Chaubey, Fraaije, Hirschi, HSS (PLB"24)
O-CMS — 107 1 Bgstat 1 2058

st I]_b VS

+2.0
onLo’ = 95.4 ( nb
NLO —1.0/scale \—1.9/param
CMS Pbe (1 7+o43 nb \/_ 5.02 TeV)
S\ 102_| | T T T T T T | | | | T | T T T | I_
> - —— ]
Q) B ¢® Data |
~ B —¥— gamma-UPC@NLO .
2 - + —m— SUPERCHIC 3.03 .
E
= 10 E
© N ]
© — _|
i * |
i3 1 E
B ]
> i | | i
R
o 0 - -

* No excess in CMS vs NLO
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NLO Automation i
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THEORIQUE ET HAUTES ENERGIES

- MadGraph5_aMC@NLO (to be released)  Hss, Simon (2504 0104)

./bin/mg5 aMC
MG5 aMC> import model myNLOmodel w gcd ged

MG5 aMC> generate !a! 'a! > pl p2 p3 p4 [QCD QED]
MG5 aMC> output; launch

gamma-UPC+MG5_aMC

Processes without jets Processes with jets

QCD (i =1) EW (i > 2) QCD (i=1) EW (@ >2)
fL.O v v v v
LO+PS v v v v
fNLO v v v v
NLO+PS v X X X
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NLO Automation i

LABORATOIRE DE PHYSIQUE

» Coherent photon generation syntax: !a!

+ Same as the tagged final-state photons at NLO  Pagani, HSS, Tsinikos, Zaro (2106.02059)

* Generally, a long-distance photon at NLO

* A hybrid EW renormalisation scheme:

* Interactions with long-distance photons are in the a/(0) scheme

* Other interactions are in the GM scheme

- Treatment of IR divergences

* Amendments of FKS subtraction in order to accommodate
* Initial-state particles can only be photons

* Initial-state collinear singularities in jet processes
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NLO Automation: an example LPT@

HSS, Simon (2504.10104) R
42 yy o utu

4.3 yy > 1T

44 yy > WW-

45 yy -t

4.6 yy — ttyiso

47 yy — ttj

48 yy o utuTuTp

49 yy - ptve ve
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NLO Automation: an example LPT@

HSS, Simon (2504.10104) R
42 yy o utu
43 yy-> 11
(44 yy > WWw- ) on-shell
45 yy -t

4.6 yy — ttyiso
47 yy — ttj
48 yy o puTuTuTp
(49 yy o> utvee v, ) off-shell
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NLO Automation: an example LPT;@

HSS, Simon (2504.10104) R
42 YY — /,l+ l,[_ Process: yy — tt gamma-UPC+MGS5_aMC
43 77 - T+ T Colliding system, c.m. energy oLO O'NLO QCD ONLO QCD+EW
4.4 yy — WHW- p-p at 13 TeV 212.40(6)ab | 256.43(9)*%3 ab 244.8(1)*43 ab
C 15 vy — 7 ) p-p at 13.6 TeV 228.53(6) ab 275.5(1)*35 ab 263.1(1)*33 ab
— p-p at 14 TeV 239.58(7) ab 288.7(1)*39 ab 275.5(1)"39 ab
4.6 vyy — ityiso p-Pb at 8.8 TeV 46.89(1)fb |  59.87(2)*13 b 57.32(2)*13 fb
47 yy —> ttj Pb-Pb at 5.52 TeV 30.64(1) fb | 39.08(1)*93 b 37.43(1)*087 fb
48 vyy—> ,u+ ,u+ Uy p-p at 100 TeV 2.3080(2) fb | 2.7111()*0%1fb | 2.5816(2)*0%4! fb
49 yy— ,u+v,1 eV, p-Pb at 62.8 TeV 3.0742(2) pb | 3.6721(3)005, pb | 3.5045(3)*00%; pb
Pb-Pb at 39.4 TeV 0.9583(1)nb | 1.2062(2)*9926nb | 1.1545(2)*9926 nb
K factor ONLO QCD/0LO O'NLO QCD+EW/0LO
,7 _[/_ p-p at 13 TeV 1.207 1.153
p-p at 13.6 TeV 1.205 1.151
t p-p at 14 TeV 1.205 1.151
p-Pb at 8.8 TeV 1.277 1.222
Y t_ Pb-Pb at 5.52 TeV 1.276 1.222
p-p at 100 TeV 1.175 1.119
p-Pb at 62.8 TeV 1.194 1.140
Pb-Pb at 39.4 TeV 1.259 1.205
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NLO Automation: an example LPT??%

HSS, Simon (2504.10104)
42 YY — /,[+ l,[_ Process: yy — tt gamma-UPC+MGS5_aMC
43 77 - T+ T Colliding system, c.m. energy oLO O'NLO QCD ONLO QCD+EW
4.4 vy — WHW- p-p at 13 TeV 212.40(6) ab | 256.43(9)*43 ab 244.8(1)*43 ab
= p-p at 13.6 TeV 228.53(6) ab 275.5(1)*35 ab 263.1(1)*33 ab
(4'5 Yy = tl: ) p-p at 14 TeV 239.58(7) ab 288.7(1)*39 ab 275.5(1)"39 ab
4.6 YY — 4 t)’iso p-Pb at 8.8 TeV 46 R9(1\ fh 59 R7(N*13 fh 5732(2)"13 fb
47 yy —> ttj Pb-Pb at 5. 3(1)70%7 fb
48 vy — 'u+’u+’u—'u— p-p at 100 » Sizable NLO QCD 6(2)*0.%41 fb
4.9 vy — 'u+vﬂ eV, p-Pb at 62. n 2 OO /0 5(3)t§;§§é pb
Pb-Pb at 3¢ 5(2)+0926 nb
K factor QCD+EW/0LO
v 4 PPAIT * Non-negligible NLO EWV: 1.153
p-p at 13.6 -50/0 1.151
t p-p at 14 Tt 1.151
p-Pb at 8.8 TeV 1.277 1.222
Y t_ Pb-Pb at 5.52 TeV 1.276 1.222
p-p at 100 TeV 1.175 1.119
p-Pb at 62.8 TeV 1.194 1.140
Pb-Pb at 39.4 TeV 1.259 1.205
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NLO Automation: an example LPT@

HSS, Simon (2504.10104)
42 ')/‘y — /,l+ l,[_ Process: yy — tt gamma-UPC+MG5_aMC
43 77 - T+ T Colliding system, c.m. energy oLO O'NLO QCD ONLO QCD+EW
4.4 vy — WrW- p-p at 13 TeV 212.40(6) ab 256.43(9)*4> ab 244.8(1)*43 ab
C 15 7 ) p-p at 13.6 TeV 228.53(6) ab 275.5(1)*35 ab 263.1(1)*33 ab
. —>
YY — p-p at 14 TeV 239.58(7) ab 288.7(1)*39 ab 275.5(1)"39 ab
4.6 YY — 4 t)’iso p-Pb at 8.8 TeV 46 R9(1\ fh 50 R7(N+13 fh 5732(2)"13 fb
47 yy —> ttj Pb-Pb at 5. . 3(1)70%7 fb
4.8 Yy — l’l+:u+ﬂ_/1_ p-p at 100" Slzable NLO QCD 6(2)+88§‘11fb
( +0. 061
4 9 ,y,y — ,u+V e~y p-Pb at 62. 0O 53) 5050 P
. /1 e
Pb-Pb at 36 +20 /O 5(2)10:92¢ nb
K factor QCD+EW/0LO
,7 _[/_ p-p at 13 T« ° Non-negligib|e NLO EW 1.153
p-p at 13.6 1.151
o
t p-p at 14 Tk 5 /O 1.151
p-Pb at 8.8 TeV ‘ ‘ 1.277 ‘ 1.222
Y t_ Pb-Pb at 5
o How about NNLO QCD 2.,
p-Pb at 62.8 TeV 1.194 1.140
Pb-Pb at 39.4 TeV 1.259 1.205
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NNLO QCD & Coulomb Resummation LPT@

Capatti et al. (HEP'20, JHEP'22)
- NNLO QCD with Local Unitarity construction (aL.oop)
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NNLO QCD & Coulomb Resummation LPT@

Capatti et al. (JHEP20, JHEP22)
- NNLO QCD with Local Unitarity construction (aL.oop)

Capatti, Fraaije, Hirschi, Huber, Ruijl, HSS (in prep)

10% ¢
n LO -

10
100k -
O
2
8 ‘IO_1 =

r w—>QQ+X,
o _ _ _
102 L Q=t, mg=172.56 GeV, n,=5
“R=5pMq *c=25pMaPq
102 L 0.5<ERr<2
5-loop a, RG running

107

15 | .
()]
O
e,
O 1
=
Z = i
s | ]
= | ]
'-'(%0.5 - 1
T 18

14
107 1073 1072 107 10° 10’ 10°
(Vs-2mg)/2mq
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NNLO QCD & Coulomb Resummation LPT@

Capatti et al. (HEP'20, JHEP'22)
- NNLO QCD with Local Unitarity construction (aL.oop)

Capatti, Fraaije, Hirschi, Huber, Ruijl, HSS (in prep)

10% ¢
n LO -
NLO QCD x
10" | E
_10° E
O
2
8 ‘IO_1 =
r : w—>QQ+X,
-
o) _ _ _
102 | Q=t, mp=172.56 GeV, n,=5
' “R=SRMq: *c=25rMaPq
102 L 0.5<ERr<2 |
5-loop a RG running
107
15 | .
()]
O
S
O 1
= I
Z = _
s | ]
= ]
'(-%0.5 _— —_ 8"
= 10
14
107 1073 1072 107 10° 10’ 10°

(Vs-2mg)/2mq
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THEORIQUE ET HAUTES ENERGIES

Capatti et al. (JHEP20, JHEP’22)
- NNLO QCD with Local Unitarity construction (aL.oop)

Capatti, Fraaije, Hirschi, Huber, Ruijl, HSS (in prep)

10% ¢
C LO —
A NLO QCD
©F NNLO QCD &3 7
. 10° _:
QO
2
S 107 _:
|
-
o = = —
102 Q=t, mg=172.56 GeV, n,=5
ax=ErMq, %c=2EgMqPq
5-loop ag RG running
10™
15 | _
o |
8 I
@) 1 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\‘\_‘_‘_____________fk _
21 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\“- “’;‘:’;:3:,:3,3:;‘2?—’—‘"
< £ :
-9 _
O _
0.5 |
’ 18
14
= o £
10" 107 10 107 10° 10 102
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NNLO QCD & Coulomb Resummation LPT@

Capatti et al. (HEP'20, JHEP'22)
- NNLO QCD with Local Unitarity construction (aL.oop)

Capatti, Fraaije, Hirschi, Huber, Ruijl, HSS (in prep)

10% ¢
N LO -
| NLO QCD &=
10 ] NNLO QCD = 73

NNLO QCD+LP

W—>QQ+X,

102 L Q=t, mp=172.56 GeV, nq=5
“R=ERMq, %c=2EpMqPq
103 L 0.5<ERg<2
5-loop ag RG running
107
15 F .
()]
O
e,
o)
|
zZ
Z i
S ]
o ]
: {3
14
107 1073 1072 107! 10° 10’ 10°
(Vs-2mq)/2mq
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Capatti et al. (JHEP20, JHEP’22)
NNLO QCD with Local Unitarity construction (ael.oop)

Capatti, Fraaije, Hirschi, Huber, Ruijl, HSS (in prep)

10% ¢
B LO —
o NLO QCD k&
100 ¢ NNLO QCD &
I NNLO QCD+LP i
e ____ NNLOQCD+NLP =1 _
El r '_____:_;:;;:"_"; R N E
& - TS
8 ‘|0_1 =
1
-
° o2 Q=t, mq=172.56 GeV, n =5
“R=SRMq@s *c=25rMaPq
10'3 | O-5<§R<2
5-loop a, RG running
1074
15 | _
()]
S
O 1 \\\\ \\\ \\\\\ “‘-‘ s = e
2I \\ \\“\\\\\\\\\\\\\““ .;::::‘:1”""’;‘1:/ -m:.:.;~2~:33§2§2§§§§
= S5 )
_9 i
'*% 0.5 7 ? | o
= «;».:;::3’3::’:’ b 8
B 14
107* 107 102 107 10° 10 10°
(Vs-2mg)/2mq

NOPP2025 HUA-SHENG SHAO




EEEEEEEEEEEEEEEEEEEEE
THEORIQUE ET HAUTES ENERGIES

Capatti et al. (JHEP20, JHEP’22)

- NNLO QCD with Local Unitarity construction (aLoop)

Capatti, Fraaije, Hirschi, Huber, Ruijl, HSS (in prep)

Process: vy — tt gamma-UPC+aLoop
Colliding system | op0 ONLO QCD ONNLO'QCD ONNLO QCD+NLP
p-p at 13 TeV ~ |212.3 ab| 257.3%37 ab | 270.2%29% ab 267.510 ab
3.5 2.0 1.0
p-p at 13.6 TeV |228.5 ab| 276.7 31 ab | .290.572% ab 287.617 ab
p-p at 14 TeV ~ |239.5 ab| 289.8730 ab | +304.1737 ab 301.1707 ab
K factor ONLO QCD/@L0 [ONNLO QCD/OLO | ONNLO QCD+NLP/OLO
p-p at 13 TeV 1.212 1.273 1.260
p-p at 13.6 TeV 1.211 1.271 1.258
p-p at 14 TeV 1.210 1.270 1.257
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NNLO QCD & Coulomb Resummation LPT‘H%‘:%

Capatti et al. JHEP’20, JHEP’22) ot o pvKoUE
« NNLO QCD with Local Unitarity construction (acl.oop)

Capatti, Fraaije, Hirschi, Huber, Ruijl, HSS (in prep)

Process: vy — tt ‘ gamma-UPC-+aLoop

Colliding syste! o D+NLP
* Non-negligible NNLO QCD:

p-p at 13 TeV 8 ab

O

p-p at 13.6 Te\ +6 /O ] ab

p-p at 14 TeV _ (1) ab
* Small Coulomb resummation effect:

K factor NLP/OLO

.40

p-p at 13 TeV 1 /O )

p-p at 13.6 Te\ 3

p-p at 14 TeV ‘ ‘ 1.210 ‘ 1.270 1.257
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NLO Automation: an example LPT‘H%‘:%

LABORATOIRE DE PHYSIQUE
THEORIQUE ET HAUTES ENERGIES

« At NLO QCD (w/o NLO EW), we can have NLO+PS simulations
HSS, Simon (2504.10104)

2 e &

10° F E 107 F E

10" b fNLO £z - = 102} NLO & -
a : O
S NLO+PS ™ O] NLO+PS =
i— 0 L ] o) _
= 10 =, 107 |

Y A i3 = n
%e : pp—pttp ‘ | € ppsp tt p
: gamma-UPC ChFF 1 3 gamma-UPC ChFF :
- m - ©

102 | L 10° | |z

15 i
A ] n>:

1+ essssssrrrarred] +
(@]

10 | 18 10 | ' ' ' %
w15 150 15 . 15
o 145 2 I 1%
I a o 1%,
s 15 3 {
Z 1F = zs = 1 = %
e | AR I
2 i 1o O E— O

[ ] o
05 [ 13 o5 | ; 13
1€ 1€
| Lol ) ool ) IR | "_g , T | | Lol ) | ”_rg\
10 103 102 107! 10° 107" 10° 10’ 102 10°
Ayt prth) [GeV]
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Conclusion LPT@

* For two-photon processes in UPC, NLO calculations have been
automated

* Restricted to: SM+elementary particles+elastic/coherent+not loop-induced

* NLO QCD+PS for processes without jets is automated too
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Conclusion LPT@

* For two-photon processes in UPC, NLO calculations have been
automated

* Restricted to: SM+elementary particles+elastic/coherent+not loop-induced

* NLO QCD+PS for processes without jets is automated too

* Two-photon processes also provide an ideal testing ground for novel
multi-loop & (local) IR subtraction techniques
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Conclusion LPTQ:EQ%

* For two-photon processes in UPC, NLO calculations have been
automated

* Restricted to: SM+elementary particles+elastic/coherent+not loop-induced

* NLO QCD+PS for processes without jets is automated too

* Two-photon processes also provide an ideal testing ground for novel
multi-loop & (local) IR subtraction techniques

* The theoretical accuracy of gamma-gamma collisions is starting to
catch up with that of parton-parton collisions
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Conclusion LPT@

* For two-photon processes in UPC, NLO calculations have been
automated

* Restricted to: SM+elementary particles+elastic/coherent+not loop-induced

* NLO QCD+PS for processes without jets is automated too

» Two-photon processes also provide an ideal testing ground for novel
multi-loop & (local) IR subtraction techniques

* The theoretical accuracy of gamma-gamma collisions is starting to
catch up with that of parton-parton collisions

Thank you for your attention !
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