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https://arxiv.org/abs/2207.03012

LHC = a unigue photon-photon collider

m Electromagnetic ultra-peripheral colls. (UPC): b__> R, +R_, hadrons survive
m EM field = Weizsacker-Williams (Equivalent Photon Approx.) photon flux:

E 7 m Huge photon fluxes:
o(yy) ~ Z* (~5-107 for PbPDb)
times larger than p,e*

~AN <A X
AN PV —
- m Beam-energy dependence:
JE Y &= Photon luminosities
Z increase as oclog®(Vs)

m Quasi-real y (coherent emission): Q ~ 1/R~ 0.03 GeV (Pb), 0.28 GeV (p)
m Max. (longitudinal) v energies: <, ~ % ~ 80 GeV (Pb), ~ 2.5 TeV (p)

System S\ Lint Ebeam1 + Ebeam2 YL Ra EJ Syy

Pb-Pb  5.52 TeV 5nb! 2.76 + 2.76 TeV 2960 7.1fm 80 GeV 160 GeV
p-Pb 8.8TeV 1 pb'l 7.0+ 2.76 TeV 7450, 2960 0.7, 7.1fm 2.45TeV, 130GeV 2.6 TeV
p-p 14 TeV 150fb~! 7.0+ 7.0TeV 7450 0.7 fm 2.45TeV 4.5TeV

» Single X = C-even (spin 0,2) resonances only (Landau-Yang + C symmetry)
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Rich & unique (B)SM v v physics with UPCs at LHC

Wt _ _
s? s” ] s? Moo AL G
WL T
Y Y /\/l/\' Y ¥
p-A p-A p-A FFE p-A p- A p-A

System Sun Line Eveam1 + Epeam2 YL Ra E;:n a \/W
Pb-Pb  5.52 TeV 5nb~! 2.76 + 2.76 TeV 2960 7.1 fm 80 GeV 160GeV
p-Pb 8.8 TeV 1pb! 7.0+ 2.76 TeV 7450, 2960 0.7,7.1fm 245TeV, 130GeV 2.6 TeV
p-p 14TeV 150 fb~! 7.0+ 7.0TeV 7450 0.7 fm 2.45TeV 4.5TeV

Process Physics motivation

yy = ete , utu “Standard candles” for proton/nucleus v fluxes, EPA calculations, and higher-order QED corrections

Yy = 17T Anomalous 7 lepton e.m. moments [29-32]

Yy = vy aQGC [25], ALPs [27], BI QED [28], noncommut. interactions [36], extra dims. [37].. ..

yy = To Ditauonium properties (heaviest QED bound state) [38, 39]

yy = (cC)o 2. (bg)()‘g Properties of scalar and tensor charmonia and bottomonia [40, 41]

yy = XYZ Properties of spin-even XYZ heavy-quark exotic states [42]

yy - VMVM (with VM = p, w, ¢, I/i, T): BFKL-Pomeron dynamics [43—46]

yy - WW—, ZZ, 7y, - anomalous quartic gauge couplings [11, 26, 47, 48]

yy - H Higgs-y coupling, total H width [49, 50]

yy — HH Higgs potential [51], quartic yyHH coupling

Yy —tt anomalous top-quark e.m. couplings [11, 49]

vy = €0 ¢y, HH"H™
Yy = a, 0, MM, G

SUSY pairs: slepton [11, 52, 53], chargino [11, 54], doubly-charged Higgs bosons [11, 55].
ALPs [27, 56], radions [57], monopoles [58-61], gravitons [62-64],...
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EXxisting dedicated vy MC event generators

m So far dedicated MC event generators include only hard-coded yy

processes, LO QED/QCD only, no extra y/gluon FSR, no generation of
(“uninteresting”) background processes,...

STARIight SuperChic
Two-Photon Channels [ Two-photon collisions
Particle Jetset ID 55 WH(— 14(8) 4 ,'[:r]]] + W (=7 (10) + 17 (11))
B o 56 | e*(6) + e ((?j]
57 pH(6) + po (7

+11" nai 13 58 7H(6) + 7 (7)
’u_:u_ pa.lr = 590 | 4(6) + 4(7)
T'T par 60 H(5) = b(6) + B(6)
T+ pair, polarized decay 10015* 68 | a(5) —=(6) + +(7)

R 33 69 M(5) = 4(6) + 4(7) (Dirac Coupling)
p=pair T M(5) = v(6) + ~(7) (39 Coupling)
ap(1320) decayed by PYTHIA 115 71 m(6) + m(7) (Dirac Coupling)
n decayed by PYTHIA 221 T2 m(6) + 'rff[lT'] (Bg Coupling) :

73 | ¥ (6)(= xA(8) + p(9) + 7. (10)) + T (TI(—= xA(11) + pt(12) + 1,(13))
fzf1270) gecayad Dy, EXGIEILA 225 7 v~ (6)(—= %A(8) +T@(9) +d(10)) + ¥ (T)(—= %3(11) + u(12) + Tf{l:n?
n'decayed by PYTHIA 331 75 | 1 (6)(— XA(B) + p(9) + 7u(10)) + XH(T)(—= XB(11) + w(12) + d(13))
f2(1525) = K*K'(50%),K°K0(50%) 335 76 {{g;)}{ >i{;':n(;) { - (9)) + I*(6)(— X§(10) + u*(11))

T @(h) = pt (6}~ (7
N decayed by PYTHIA 441 78 | J/4(5) = e*(6)e=(7)

f(980) decayed by PYTHIA 9010221 79 | das(5) = e*(6)e=(7)
FPMC UPCgen, LPAIR/CepGen
IPROC | Description + p—
16006 | v — 1 only pp UPC YY — L5L
16010 | vy — W+W-

16015 || vy — ZZ beyond SM

16010 || 77 — W W~ beyond SM I
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gamma-UPC vy MC event generator

m gamma-UPC features:

— Arbitrary (B)SM & QQbar matrix elements w/ MG5@NLO & HelacOnia
— N y/gluon FSR out-of-the-box. Extendable to NLO QCD & EW

— LHE output: Shower+hadronization via PS (PY8, HERWIG,...)

— 2 different form factors (y fluxes) coded. Glauber MC for the non-overlap
— Any colliding combination: p-p,p-A,A-A (for any A)

p.- A

(c€)o.2, (bb)o2, To

p.A

m gamma-UPC key properties:
1) Matrix elements: MG5@NLO, HelacOnia, custom (N y/g FSR’s, NLO QCD/EW)
2) p,A form factors: Charge (ChFF) (and Electric Dipole, EDFF) Yy fluxes
3) p,A survival probability: Glauber-MC (and optical) based eikonal
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Heavy-ion form factors & 7 fluxes: ChFF,

H Electric dipole form factor (EDFF)
+ Same as STARIight

2
NEDFF e 5 2 |- E.b
NERE (B = T2 o+ SRie] =2
m Charge form factor (ChFF)
1 Z2a | [T dk, k2 ?
N’S/}ZFF ’b) - T2 /0 ki + E277% Fch,A (\/ki + E,Q},/'}’E) Jl (ka_)
3 dm :
Fanalg) = | &Prepa(r) = . d?"pA(?")?" sin (gr)
0
] EDFF — 1
i ChFF -~
N i 1 Nygof 1
Zotf  Ra { Zonf | aoa
al | Ew2760 Gev 1072k EN—=5;D Ge‘j 1
104 & | Ep2Gev 39 108 " 1;
10° 0 BERT: 20 35 A 0o 2 0
b [fm] b [fm]
* Main difference comes from the ) < R 4 regime m ChFF is much more
- EDFF photon number density is divergent at b = ( realistic: preferred.

* Need a (arbitrary) cutoff when convoluting with ME
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Proton form factors & % fluxes: ChFF, EDFF

m Electric dipole form factor (EDFF)
» Same as STARIlight

Z2 2 1 E b
Nf/%FF(Emb) — w2a§_2 [Kf(g) + T%Kg(g)] ¢ = 7_1
B Charge form factor (ChFF)
2

2
NChFF(ET,b) _ Z

o gk k2
v/ Z 2 -/0 Fcth (\/ki —|—E,%/’}’E) Jl (ka_)

K+ B3/

- 4 [0 _
Fena(q) = /dgrer‘q"‘pA(?‘) = ?/ drpa(r)rsin (qr)
0

K
m Proton dipole form-factor: g 4
G T
1 ’ ST
Fanpl@) = ————  witha;2 = 02 = 0.71 GeV? G gl g
(l+q3al;) -OF G%L |
’ ) -
N?(:;r},ﬁ(Ey, b) = %i—; “Iﬁ(f) - 1 +a%K, (.;f 1+ a;z)J - %Kg (g 1+ a[;z)} 0.6j 948
P L 096
. 04 j 0‘94: Eﬂ_ﬁéﬁi World data (up to 2018)
m Updated proton elastic ChFF, from [ s e
fit to latest A1+PRad e-p elastic data: 0.2~ o o
E 107 1072 107! o (Ge ‘1[ 2 ::;
0 \I\IHI‘ \I\I\I\l | \\II\I\l \\I\\I
10°° 102 10

1 10
Q? (GeV?)
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Y'Y EPA cross sections & survival probability

m Cross section:

2 A7(AB)
dE~, dE., d N’n/zlm/zz

E, E, dE,dE,
B Effective two-photon luminosity:
d2N(AB)

Y1/%1,7v2/% 27 12
dEihdlEjQ 2 __ fd bld b2 Pnoinel (‘bl _b2|) Nvl/zl (E’Ylibl)N’}’z/Zz(E’}fQ:b2)

c(AB L AXB)=

Tyy—x (Wyy)

><9(bl — €RA)9(62 — ERB)
B No hadronicl/inelastic interaction probability density:

NN
e~ Tine Tan (b) nucleus-nucleus TAB(b) overlap from
NN .
Phoinel (b) = € TinaTalb)] proton-nucleus parametrized
2 : —b2/(2b
1= D(syn,b)[7, with T(sg,b) e/ pp Glauber MC:
E : T T T 1T ]I‘ T T T T 7T T! T T T { L ; IWI[ T T T T 1 nII|:
E 410 o : 1 == a+bln"s (90%CL) =
- (ENEY 1 EOO USRRRIERRIN PO !L ------------- bee— a=28.84+0.52 -E 101 E Optica| Glauber — 7
I ] + | [ b=0.05+0.02 = 3
g 100 +T‘ — - n=2.37+0.12 =
o = ; ¢ =
A IR til 1L L R MC Glauber -
prd = = 'T_Q 10" F E
o 8OE- : T . E E
E = e “I =]
) 70? + Fixed target (pp) 4y = B 5
2 o WUAS(R) » | CaLcE = = Pb208+Pb208 E
@ 60— xSTAR(pp) ' - ATLAS(F p)) 5 2 ¢ §
S =  @E710(pp) : PP = - : Ra=6.624 fm
£ 50— +CDF(pp) CHED) S a=0.549 fm
405 . "LHCb (pp) = 102 b w0 i
E : ; “TOTEM (pp) : = =
| ol Il 1 1 11 ll‘ 1 1 11 i1 [I 1 ] 1 11 |\I‘ 1 Ill:
0.1 1 10 100 1073 '
Vs (TeV) 0 10 20
b [fm]
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Inelastic cross section o, (mb)

Y'Y EPA cross sections & survival probability

m Cross section:

2 A7(AB)
dE~, dE., d N'YI/ZI:'Y?/ZZ

E, E, dE,dE,
B Effective two-photon luminosity:
d2N(AB)

V1/%1,v2 /2o 2 2
= d db Pno]ne b - E b E b
dE,,dE., / b1d"b; 1([b1 = b2]) Ny, yz, (B, 01) Ny 7, (B, b2)

c(AB 5 A XB) =

Ty x (W)

XG(bl — €RA)9(62 — ERB)
B No hadronicl/inelastic interaction probability density:

NN
e~ Tinel TAB(b) nucleus-nucleus
Pooinel (b) = e~ Tinal TA(b) proton-nucleus

11— T(syy,b )‘2: with T'(syy,b) x o—b2/(2bo) D-D

Parametrized proton
elastic slope data:

T T T T \]]l‘ T T T lllTi T T Iblll InWI[ lCLl T T 1 ||| :G-‘32 T T |IIIIII T T IIIIIII
i Ratia (DasaTiil) j Y ' _ a + l"l S 903’ . ..

L S k _____________ .L _____________ - a=28.84i0.(52 " E 30 —=— p-p collisions
. b=0.0510.02 _ . .

100 +L ‘ | + ' { n=2.37+0.12 =28 —— p-p collisions

%

70 ¢ Fixed target (pp)
u UAG {pp) * ALICE (pp)
60 % STAR (pp) =
© E710 (pp) ATLAS (pp)
50 + CDF (pp) > CMS (pp)
“'LHCb (pp)

WIIWHII[1i!I}II!T][IH{]IIF'I!H[I|IIIHH

RTETARTERACRTRINNRTE ARRTY ARUR] ATNRE kunun anly

40 “TOTEM (pp)
30 ’ AUGER (p-Air) =
— | |\lll‘ 1 1 l[ll[l 1 ] 1 lll\l‘ Ill_ 10 1 1 ||||||I 1 1 ||||||I
0.1 1 10 100 107 10°
Vs (TeV)
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How peripheral are Pb-Pb UPCs at the LHC?

m Average ml-HJ vs.m, m Pb-Pb survival probab. vs. m,,
m, <5 GeV: (Ab)>100fm m, <5GeV: (P eriap) > 90%
m,, >100 GeV: (Ab) ~20 fm m, > 100 GeV: (P erap) < 40%

1.0
T10° L —+— PbPb @ 5.5 TeV g, = 68.1420.89 mb
=N PbPb (5.5 TeV) UPCs: 77— X
~ C \\ Impact parameter
.3] o ANy =~ Median (-2", +3% quartiles) 0-81
10" = N
~ B N || fquartie
M ~
>~ 0.6-
= \\ === Average
103 E \\,\ N;
= _ "‘s\
. > 0.4
k\ N
0 S
= \\\\\\\\\ e 02/ gamma-UPC
— e .
Boooe i e : R= g.g§+ g.gs -0.02pm
10 E Ab = 2R, 0.0 MCGlauber = def
-gamma-UPC 5 2020 10° 10°
< PbPb @ 5.5 TeV opp = 68.14+0.89 mb
‘I | I ‘ | I | | I ‘ §
0.1 1 10 100 5
my, (GeV) 2
©
()
& —20T 50 101 102
W,,(GeV)
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( Ab ) (fm)
= N

—_

_L
=

How peripheral are p-p UPCs at the LHC?

e
m Average |b,-b | vs. m

m,, < 10 GeV: (Ab) > 50 fm
m, > 1 TeV: (Ab) <3 fm

= \\\\ pp (14 TeV) UPCs: yy— X
- N Impact parameter:
\\ S Median (-2 +3 quarties)
\ \\ ] Fouartlle
\\
3 N —=—= Average
I \\\
~
N ~
A\ .
C \\\
E N
% \\\\\\\\\\\\‘_‘“
E Ab = 2Rp
%ganuna-qPC | | |
0.1 1 10 100 1000
m,, (GeV)

Grenoble-DIS April 2024
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Survival Factor Sw

m P-p survival probab. vs. m,:

1.0

m. < 10 GeV: (P
YY

mW> 1TeV:

non-overla

(P

non-overlap

Yy > 959

p

Yy < 80%

0.8

0.6

0.44

0.2

0.0

11/16

| T

—+— pPP@14TeV

gamm

|a-UITC

10!

102

103
W,y (GeV)
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Effective vy luminosities (LHC/FCC)

—~10° Pb-Pb 5.5 TeV
%10° e

~— — p-Pb, \s,, =8.8 TeV

. —p-p, [Sw = 14 TeV

Solid: ChFF v fluxes
Dotted: EDFF v fluxes
Dashed: EDFF vy fluxes (Pnchi E=1)

Solid: ChFF v fluxes
Dotted: EDFF vy fluxes

- Xe-Xe, ys, = 5.86 TeV
Kr-Kr, m =6.46TeV
Ca-Ca, s,y =7 TeV

- Ar-Ar, (s, = 6.3 TeV
- 00, (S =7TeV

nel
|

LHC

. lighter
= ions

—7 T B B R
1072 3456

— Pb-Pb, \ISNN =39 TeV
— p-Pb, {5, = 83 TeV

— PP, YSyy = 100 TeV

10 20 30 100 200
W,, (GeV)
& 25 /
o 1.8 Pb-Pb, 5.5 TeV -
w 1.6 -
2 14 _/’_',.4/—\
E 1:—______ 1 1 11 1 I 1 1 1 1 1 11 1 I
5 18E p-Pb, 8.8 TeV
2 14
e {oEe 0O OO O ———
g E=——e——c—ca-—rcr e el e I
51 p-p, 14 TeV
2 1.4F -
o 1.2 [
o e e - |[—— —
1 2 345 10 20 30 100 200
W, (GeV)

m ChFF/EDDF y-fluxes differences (pp—PbPDb):
Low masses: 7-15%. High masses: 20-50%

Grenoble-DIS April 2024
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Dotted: EDFF v fluxes
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Effective v+ luminosities (LHC)

m Thanks to Z* boost, A-A vy lumis (per collision) much above p-p ones:

T10°g — Pb-Pb, 5w =55 TeV o
%105 = — pPb, {fﬁm:;!.s-Tev 35 10° Solid: ChFF vy fluxes
%1 g o ‘ e, S = 14 TeV %105 ‘ Dotted: EDFF vy fluxes

?—1 03 T E"104 - ] I
%102 __ % A N L_|ghter
¥ E I IoNs
5 10 S 10°

1 10

107" 1

02E 1078 Xe-Xe, {5y =5.86 Tev
1 0_3 .1 0—2 _____ Kr-Kr, \IS_NN =6.46 TeV

107*E Solid: ChFF y fluxes 10— Ca-Ca, sy =7 TeV
10°5E- Dotted: EDFF y fluxes 10 Ar-Ar, s = 6.3 TeV
1078 Dashed: EDFF vy fluxes (Pminel=1) 10_5 ----- 0-0, {5y =7 TeV
—7 1 1 o 1 1 Ll —| L L Lo oo L L Lol
10742 3456 10 2030 100 200 102 3456 10 2030 100 200
.. W,, (GeV) W, (GeV)
m ChFF vy luminosity uncertainties (PbPb): Low-mass: few %. High mass: ~7%
gé" 20 I I I
%.- gamma_u C PbPb @ 5.5 TeV ChFF Y Spectra
t - __._'_,_...--"'
g o Glauber MC:
(D] . .
2 ——— | Variations of R,a,0,,
1o}
0 _ ol | .
- 10° 101t 102
W,,(GeV)
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v v = 1" I azimuthal modulation

from lineary polarized vy fluxes

m MG5 expects colinear & unpolarized EPA [+
photons. A dedicated python script is run on
gammaUPC+MGS5 LHE files to modify the ¢ = 1T + 1~
v v = 1" Iinitial and final state A
m A¢ follows: N
+ 71—
A+ Bcos (2A¢) + C cos (4A¢) - PJ_ — 1%
(Q% —2m?)ym? + (Q* — 2P )P? , L X R ,
A = (m? 1 P2)2 fl’?jff'r‘ﬂ'l_ff'r‘ﬂ'z_ﬂ'[fi_ —ky — koo ) fi (@ R ) i (2, R )
e /I—’A- Phas 82(q— krs— ar) [2(k1e - hos)®— 1] B @y, k3 )R (02, K2,
(m?2 4 P?)2 e B 2—-[“- 1L~ h2l) ] AT, Ry )y T2, Ry
Am2pP? , S _ _
B = mflf }/ﬂr Ll_ff Lj_ﬁ [If!'_— IEI]___ Lg_)
X { 2(kay - Gu)2— 1] fllar, k3 hy wa, k3 ) + [?[.i!:'l_-fj_}g— 1] hi (. L-f_)f;r_.rg.aa-ﬁ_)}
. —2P] 2 2 -2 P .
¢ = m'l”/fg k11 d k2107 (q — k1 — ko) Cong Li, Jian Zhou, and Ya-jin Zhou:

arXiv.1903.10084

2

x {2 (2(ka2qu)(eise 4u) = kiikes) = 1} hi (@, k2 i (@, k2, )

m Photon TMD: of] (2, k2 ) = ohi (z, k2 )_ k2

2
F(k? + 2>M2)
(k2 + x2M2)
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v v = 1" I azimuthal modulation in Au-Au 200 GeV

UPCs

m MGS5 expects colinear & unpolarized EPA B/IA (%) CIA (%)
photons. A dedicated python script is run on

gammaUPC+MG5 LHE files to modify the

v v — I" Iinitial and final state gammaUPC 1.0+05 21.7+0.6

m Fitted A¢ distribution from gammaUPC,
Superchic and RHIC data samples to:

Superchic 45206 195x0.6
B
Al + — cos (2A¢) + % cos (4A¢))
77" in Au AuUPCs @200 GeV RHICdata  2.0+24 16825
% 0.024;
g‘i‘% 0.022;— ‘;:;;;‘, pgair < 0.1GeV
o-oz} 0.45 < mee < 0.76GeV
0018: pr > 0.2GeV
0 015: ,,‘»-::Z'?f;': * Superchic
s . GanmalpG
0014 — e gammaUPG fit
- = RHIC
oot2— == RHIC fit RHIC data:
0o1C L, arXiv:1910.12400
-0 05 1 15 2 25

3
A¢ (rad)
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Photon-photon collisions: Summary

m gamma-UPC is a new versatile code to generate any Yy process in UPCs
with protons & ions. Interfaced to MG5@NLO & HelacOnia & custom codes.
m New developments:

e Parametric uncertainties
» A¢ distribution modulation for lepton pairs

m Future developments:
» Non-exclusive collisions possible
» Semi-exclusive W/Z-y processes
 NLO EW corrections
» UPCs for e-proton & e-ion collisions

m Download it, test it, use it (or ask us | 851 58/ 581 55 8
. \$$ \/ $3 | | $%1 $3 331 $3

to produce the LHE files) for your \$E S5 N\Ss4SSSI S5 | 51 ssasEss 188

favourite yy EXP/PH studies! ot R IRy e

A library for exclusive photon-photon processes in
ultraperipheral proton and nuclear collisions

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

Please cite arXiv:2207.03012
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https://hshao.web.cern.ch/hshao/
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