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Plus parametric uncertainties (with N. Crepet) & NLO-QED, to be submitted


https://arxiv.org/abs/2207.03012

Photon-photon collisions with hadron beams

m Electromagnetic ultra-peripheral colls. (UPC): b _. > R, +R_, hadrons survive
m EM field = Weizsacker-Williams (Equivalent Photon Approx.) photon flux:
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m Quasi-real y (coherent emission): Q ~ 1/R~ 0.03 GeV (Pb), 0.28 GeV (p)
m Maximum y longitud. energies: o <a,..~ X ~ 80 GeV (Pb), ~ 2.5 TeV (p)
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Photon-photon collisions at the LHC

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 PbPb)
times larger than p,e*

m Beam-energy dependence:

v ~c Photon luminosities
g increase as «log3(vs)

m Quasi-real y (coherent emission): Q ~ 1/R~ 0.03 GeV (Pb), 0.28 GeV (p)
= Maximum y longitud. energies: o <w,.~ % ~ 80 GeV (Pb), ~ 2.5 TeV (p)

SYStem Sun -Eint Ebeaml + Ebeamz YL RA E;nax S%ax

Pb-Pb  5.52 TeV 5nb~! 276 + 2.76 TeV 2960 7.1fm 80 GeV 160 GeV
p-Pb 8.8TeV 1 pb_1 7.0+ 2.76TeV 7450, 2960 0.7, 7.1fm 2.45TeV, 130GeV 2.6 TeV
pP-p 14 TeV 150 b1 704+ 7.0TeV 7450 0.7 fm 2.45TeV 4.5TeV

p Single X = C-even (spin 0,2) resonances only (Landau-Yang + C symmetry)
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Rich & unigque

(B)SM yy physics with UPCs at LHC
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System SN Lint Eveam1 + Eveam2 YL Ra E;’nax \/W
Pb-Pb  5.52 TeV 5nb~! 276 +2.76 TeV 2960 7.1 fm 80 GeV 160GeV
p-Pb 8.8 TeV 1 pb! 7.0+ 2.76 TeV 7450, 2960 0.7, 71fm 245TeV,130GeV 2.6 TeV
p-p 14 TeV 150fb~! 7.0+ 7.0TeV 7450 0.7 fm 2.45TeV 4.5TeV
Process Physics motivation
yy = ete ,utu” “Standard candles” for proton/nucleus y fluxes, EPA calculations, and higher-order QED corrections
Yy = 17T Anomalous 7 lepton e.m. moments [29-32]
Yy =Yy aQGC [25], ALPs [27], BI QED [28], noncommut. interactions [36], extra dims. [37].. ..
yy = To Ditauonium properties (heaviest QED bound state) [38, 39]
vy = (cC)o2. (bg)g‘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]

yy = €6, ¥y, HH"H™
Yy = a, ¢, MM, G

SUSY pairs: slepton [11, 52, 53], chargino [11, 54], doubly-charged Higgs bosons [11, 55].
AL Ps [27, 56], radions [57], monopoles [58-61], gravitons [62-64].. ..
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Existing dedicated yy 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 ::; ”,'[‘é) » Iq(f\'l}?; 7(9)) + W={=7(10) + 17 (11))
¥ S + e
ete pair 1 57 | u*(6) + p~(7)
e 58 | ++(6) + 7 (7)
P:U- pa.lr 12 50 | 4(6) }+ +(7) I
T+ pair 15 60 | H(5) — b(6) + B(6)
T+ pair, polarized decay 10015* 68 a(5) — 4(6) + +(7)
s 33 69 M{(5) = ~v(6) + «(7) (Dirac Coupling)
el 7 M(5) —+ v(6) + ~(7) (3g Coupling)
a,(1320) decayed by PYTHIA 115 71 m(6) + m(7) (Dirac Coupling)
n decayed by PYTHIA 221 :: v_n_t?g}{v ﬁ?_[IT{'L;‘-?y fff{*l;iﬂi-@“m} ol T
T« X (6)(— xo(8) + p(9) +7, + YT —= xo + pt(12) + (15
12(1270) decayed by PYTHIA 225 7 - (6)(= xA(8) + () + d(10)) + ¥ (T)(— T5(11) + u(12) + &(13))
n'decayed by PYTHIA 331 5| ¥ (6)(— XAB) + u(9) +Tu(10)) + XT(D(— wh(11) +u(12) + d(13))
fs(1525) — K*K (50%),KPK0(50%) 335 :E E.{{.,r;)}{ ' i{#(:) {J; (9)) + 1*(6)(— x3(10) + p*(11))
T (b)) = put (6= (7
N decayed by PYTHIA 441 8 | J/i(5) = et (B)e-(7)
fo(980) decayed by PYTHIA 9010221 79 ins(5) = et (6)e=(7)
FPMC UPCgen, LPAIR/CepGen
IPROC | Description + p—
16006 | vy — 1 l only pp UPC YY — AN
16010 | vy — WHW-

16015 || vy = ZZ beyond SM
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gamma-UPC yy MC event generator

m gamma-UPC features:
— Any 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©)0.2, (b2, To

m gamma-UPC key properties:
1) Matrix elements: MG5@NLO & HelacOnia (N y/g FSR’s, NLO QCD/EW)

2) p,A form factors: Charge (ChFF) (and Electric Dipole, EDFF) y fluxes
3) p,A survival probability: Glauber-MC (and optical) based eikonal
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Heavy-ion form factors & y fluxes: ChFF,

M Electric dipole form factor (EDFF)
« Same as STARIight

2o €2 1 E.b
E/I%FF(E%{’) WQ bH2 [K2(5) + ')’LKZ(O] §= 7—1
B Charge form factor (ChFF)
1 Z2a | [T dk, k2 2
NngF(E .b) = 3 /(; —ki n EQl/»yﬁ Fen.A (\/ki + Eg/fyg) Jy (bk )
3 dm .
Fanalg) = [ &®repa(r) = p d?"pA(?")?" sin (gr)
0
] EDFF — 1
] ChFF -
N i ] | ;
23—10_3 " RA _ 2312-11 ] E,=2760 GaV 1
N | Ey=2760 GeV EPITIRC & ENi5cn?u Ge\? i
107 | Ep2GeV 15 1078 | v 1:
B
107 0 o 20 35 o o 0 2 ES
b [fm] b [fm]
* Main difference comes from the ) < R 4 regime B ChFF, much more
- EDFF photon number density is divergent at b = 0 realistic, preferred.

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

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

AR 1
NERH () = L3 | KE@ + o K5O
L

B Charge form factor (ChFF)

Z%a
ChFF
Nyyy " (Ey,b) = —5=

R+ B

A

too dky k2
-/ L FC}].1A (\/ki +E,%/'}’E) Jl (ka_)
0

. +0oo
Fonwa(q) = /dg‘re"q"‘pA(?‘) = ?/ drpa(r)rsin (qr)
0

m Proton dipole form-factor:

1
Fanp(q) = ———  withay” = 05 = 0.71 GeV?

(1)

m Updated proton elastic ChFF, from
fit to latest A1+PRad data:
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vy EPA cross sections & survival probability

B Cross section:

2 A7(AB)
dEy, dE,, d NM/Zlnfz/Zz

E’Yl E’Yz dE’YldE’Yz
® Effective two-photon luminosity:

dQN(AB)

[%1,7v2/2
dj;;(;g; 2 fd2bld2b2 Pnoinel(|bl —b2|) Nwl/zl (Ef},l:bl)Nj,z/zg(E,},,_”bﬂ

c(AB L5 AXB) =

Ty x (Wyy)

><9(61 — ERA)G(bQ — ERB)
® No hadronicl/inelastic interaction probability density:

NN
e~ Tine Tan (b) nucleus-nucleus TAB(b) overlap from
NN .
Pooinel (b)) = e~ Tma Talb) proton-nucleus parametrized
2 . 12
1= T(sun: D)7, with T(syy.b) oce™ /) pp Glauber MC:
E- T T T T Illl‘ T T T 7 ¥ IT! T T | N § WTY[ T T % Bl :
E 110 ] IR ' 7 ==a+bin"s (90%CL) 4] 1
b§ ws—-l --------------- } ------------- i }+ ------------- - g;ﬁaogi-ﬁoogz = 100 ¢ Optical Glauber — _
£ 100 |4 . ! l * n=2.37+0.12 =
(A | R W L KA. = — MC Glauber +
@ = o 10 F E
g 9 . = E
o = =
c 70 — ¢ Fixed target (pp) = 5.
2 ® UAS (pb) ¥ | CALICE = =10 F Pb208+Pb208 E
60" xSTAR (pp) ' *ATLAs((p p)) & 2 | iy
T @ E710 (pp) : PP = - : Ra=6.624 fm
£ 50— +CDF(pp) 7 CMS (pp) 3 a=0.549 fm
” ; “LHCb (pp) = 102 F W 0' i
: : TOTEM (pp) = : = ]
- d’Enterria et al. (2011.14909), auazn (oai —
1 1 Illl‘ 1 1 B 5 [I 1 ] 1 R \\‘ 1 11 :I\l: [
0.1 1 10 100 1073 '
(s (TeV) 0 10 20

b [fm
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vy EPA cross sections & survival probability

B Cross section:

2 ar(AB)
dEy, dE,, d N’n/zl,'}fz/zz
E’Yl E’Yz dE’YldE’Yz

® Effective two-photon luminosity:
dQN(AB)

[%1,7v2/2
dg‘;]d};’; 2 fd2bld2b2 Pnoinel(|bl —b2|) Nwl/zl (Ef},l:bl)Nj,z/zg(E,},,_”bﬂ

c(AB L5 AXB) =

Ty x (Wyy)

><9(61 — ERA)B(bQ — ERB)
® No hadronicl/inelastic interaction probability density:

NN
Tinel ' TaB(b) ? nucleus-nucleus

o
NN
Pioinel (b) = e~ Tina Ta(b) proton-nucleus

1 T(sos D)2, with T(s.o.b) o =b/@0)  pop Parametrized proton

elastic slope data:

! LA AR T TR : L AR P L | . LI ) {[""32 R | ] ! HRRLL|
110 n_"'“”'“’"' _________________ 4 _' ____________ _ = :;3_};’3}_&?""‘“’ % 30 —— p-p collisions
100— +.L } I i ﬁ:g:g%gﬁ% L —— p-p collisions
1| S AT, . o . [ [ et

g ,I.

Inelastic cross section o, (mb)

70 4 Fixed target (pp) A
60 ¥ STAR (pp) &
@ E710 (pp) VATLAS (pp)
50 + CDF (pp) > CMS (pp)
“LHCb (pp)

d’Enterria et al. (2011.14909). xucer (eain
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How peripheral are Pb-Pb UPCs at the LHC?

m Average |b,-b,| vs. m m Pb-Pb survival probab. vs. m_
m <5 GeV: (Ab) > 100 fm m <5 GeV: (P > 90%
m _>100 GeV: (Ab) ~20 fm m > 100 GeV: (P < 40%

EDFF Survival Factor yy uncertainties due to:
Pb radius, Pb diffusivity (crossed direction), MCGlauber fit, o, fit

non-overlap>

non-overlap>

s 1.0
E 10 N PbPb (5.5 TeV) UPCs: yy— X —— PbPb @ 5.5 TeV ony = 68.1420.89 mb
~ C \\ Impact parameter
.g o N =~ Median (-2", +3% quartiles) 0.81
10" = SN
~ U E S || quartil
- ~
~
E . === Average 0.6
3 S
1 0 E \\ ~N

:N\ _ \\* 0.4

e \\\\\\\
- SN S . 0.2
10 SRR Ab=2R,, . R ey
F 0.0 MCGlauber = def
—gamma -UPC ~ 50, 10° 10" 102
1 Ll Ll Lol &:’ PbPb @ 5.5 TeV g, = 68.14+0.89 mb
0.1 1 10 100 ¢
m, (GeV) ¢ °
©
Q _ . : ‘
x =20 10° 10! 102

Wy, (GeV)

UPC(2023), Yucatan, Dec’23 11/25 David d'Enterria (CERN)



How peripheral are p-p UPCs at the LHC?

m Average |b,-b,| vs. m m p-p survival probab. vs. m_:
. . 0
m <10 GeV: (Ab) > 50 fm m <10 GeV: (P overiap) > 99%
. . 0
m >1TeV: (Ab) <3 fm m >1TeV: <Pnon-over|ap> < 80%
- < L0 —————
g 10° g_ \\ pp (14 TeV) UPCs: yy— X “ﬁ\ T pPeIEY
~ - AN Impagt parameter: g
210" \\ S~ Median (-2, +3° quartles) 0.8 | | Lt |
~ \\ D  quartile o~
10° _ \\ === Average U: 0.6l
o \\\ 8
102%\\ N 8
- \\\ © 047
10:= . _ >
; \\\\\\\\\\\\\‘ U?)
B 0.2
1 ””””””” AszRE ”””””””””””””””””””
—1 E‘gar\nr\n\a\-\l\J\ﬁC | I | H‘ I I I\‘ [ | \‘ | 00 T T T
1071 1 10 100 1000 10! 102 10°
m,, (GeV) Wy, (GeV)
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Effective yy luminosities (LHC/FCC)

—~10° 10
> 10° - LHC :F’_'DF;E'J{'S_SUK_ - ZF’TJSV > 10F Solid: ChFF y fluxes
4 ... R0, V8w = O Dotted: EDFF y fluxes
=107k . ——p-p, Sy =14 TeV 107 = LHC
=10° = = 10%
D402 1'}103' lighter
° 10 ©10° I _ions
1 10
10" !
10°2 107" - Xe-Xe, Yy = 5.86 TeV
1072 1072 - Kr-Kr, Sy = 6.46 TeV
-3C .. . —
10~*F Solid: ChFF y fluxes —~ o | iffa’viﬁ{';;f\;
10k Dotted: EDFF y fluxes ““, 10_5 _____ o Or, EN_} 'i'eVe
10°6F Dashed: EDFF yfluxes (P =1) 10 P VRN | |
10—? 1 I L I 1 R ‘5-:1“0“76 I I E— I E— )
1 2 3456 10 20 30 100 200 > 108 FCC — Pb-Pb, s =39 TeV
W,, (GeV) 3 ; — p-Pb, {5 = 63 TeV
w E ~1 — p-p, =100 TeV
& 1.%;— Pb-Pb, 5.5 TeV P S 04 PP o °
S 1eE ~ =10
g 1:22_______% %103
% 1-;5— | Ipl-i;b SBT;V B ©10°
s 18E - 10
g1 0 1
R | ey e S ———— .
[ E —1
2 18 p-p, 14 TeV 102
s 13E " 107 —
R | =Ty mp———————— L 3 T—
1 2 3 45 10 20 30 100 200 10 T
W,, (GeV) 107*E Solid: ChFF y fluxes T
_ 10755 Dotted: EDFF y fluxes
m ChFF/EDDF vy-fluxes differences (pp—PbPb): 10-8 i L
) 1 2 3456 10 20 30 100 200
Low masses: ~7-15%. High masses: 20-50% W,, (GeV)
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Effective yy luminosities (LHC)

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

10 — Pb-Pb, 5., = 5.5 TeV 10
(“»5'5,105 | — PP, {5 =8.8 TeV 2 106 Solid: GhFF y fluxes
210°L S pepy 5w = 14TV % 10°E Dotted: EDFF v fluxes
%*“102 %?“m:' _ Lighter
f?o | ;;182 = ions
1 10

107" 1

102 10 - Xe-Xe, Sy = 5.86 TeV
1078 1072 Kr-Kr, {5, = 6.46 TeV

107*E Solid: ChFF 1y fluxes 1073 Ca-Ca, sy, = 7 TeV

10°°E- Dotted: EDFF y fluxes 10~ - Ar-Ar, 5y = 6.3 TeV

1078 Dashed: EDFF vy fluxes (Pmmel=1) 10_5 ----- 0-0, sy =7 TeV

—7 1 I Lol ] 1 Lol _ | | L ol | | Lol

107123456 10 20 30 100 200 102 3456 10 2030 100 200
) W,, (GeV) v (GeV)
m ChFF yy luminosity uncertainties (PbPb): Low-mass: few %. High mass: <7%
gé" 20 I I I
— - PbPb @ 5.5 TeV

5 gamma-LUFL ~ | ChFFyspectra

o 0 Glauber MC:

> T — . .
= Variations of R,a,c,,
L

_20 T T T
- 10° 101t 102
W,,(GeV)
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Effective yy luminosities (LHC): pp vs. PbPb

m Thanks to Z* boost, Pb-Pb yy lumis (per collision) well above the p-p ones.

—UptoW ~ 30 GeV, accounting for much larger p beam luminosity

—UptoW =~ 300 GeV requiring double-arm p tagging at PPS (~220 m)
(kinematic matching required to remove huge pp pileup):

34 [ ] ' T ' ]
10 PbPb, L = 6 x 10" ecm™2s57 1, /s = 5.52 TeV ——
-~ 10% L=2x10%cm 25! =14 TeV ——
L - e ¢ m PPS p-p acceptance
32 .
o 10%2 [ pp, RP 220 m vs. central mass & y
O L3t pp, RP 220 + 420 m —mem |
| L
T ol > 5 CMSTOTEM2016, 04" (5= 13 Tev
Sl T = :
% ??: _:'f _:
3 E 1028 i Q| T ]
T B 7
1077 | Y .
o
1026 A e % ]
1 10 100 1000 2 =
M'Y'Y [GGV] 4 7 No acceptance =
e []Acceptance in 210-NFF
e [_] Acceptance in 210-F —:
C [ Double-arm acceptance 7|
-8 | Ll Lol

10? 10° i 10*
m(I'T") (GeV)
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Effective yy luminosities (LHC): pp vs. PbPb

m Thanks to Z* boost, Pb-Pb yy lumis (per collision) well above the p-p ones.

—Upto W =~ 30GeV, accounting for much larger p beam luminosity

—UptoW =~ 300 GeV requiring double-arm p tagging at PPS (~220 m)
(kinematic matching required to remove huge pp pileup):

34 T T ]
10 PbPb, L = 6 x 10" ecm™2s57 1, /s = 5.52 TeV ——
= 1033 _ 34 o —2.—1 _
:|> 10 pp, L =2 x10°* cm “s™*, /s = 14 TeV | m PPS p-p acceptance
v 10% pp; RP 220m ---- vs. central mass & y
£|j oo | pp, RP 220 + 420 m —mem |
‘T; woerE : e DHESIOTENAE LesSit , (1SN,
S 102 | / = o E
o ¢ ! E
3 E 1028 i I Q| T ]
o I oF B
1027 B : : ]
i Of =
1026 [ : R i R N ] : = ’ .
1 10 1@0 1000 —2_‘,?: [ 7 7 -
Mn GVl 1 (B)SMviayy L7 D
(B)SM Vla E ) ) : 77 [_] Acceptance in 210-N/F
Rule of thumb: @&:impinppwith - AT
H Rl P 5o

'YY |n Pb'Pb g tagged p’S P

10° H 10° rr G1$‘
m ~100 GeV e (GeV)
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Light-by-light scattering: Data vs. gamma-UPC

m LbL scattering yy — yy (1 studided in PRL 111 (2013) 080405):

p,Pb p.Pb ‘
Integrated fiducial cross-section:
g
N ® Measurement:
r | 0 fig = 120 £ 17(stat.) = 13(syst.) £ 4(lwmi.) nb
y g ATLAS data [15] gamma-UPC o SUPERCHIC o
v EDFF ChFF average
120 £ 22 nb 63nb 76nb 70x7nb 78 £ 8 nb
p.PDb p,Pb
ATLAS: JHEP 03 (2021) 243 CMS: Phys. Lett. B 797 (2019) 134826
160 [
I ] o b (XaEDFFXachrF)=(1.53,1.57) corr _
% I;E;?,EE ] I Niata=4 ChFF — ]
L nEDFF - | 120 L NEDFF - ]
10 F NChFF - 7 ! NChFF - |
= L ATLAS data i ] — 100 L _ ATLAS data + ]
% i ((AEDFF-XachFF)=(2:22,2.17) 1 =2 - E
Et i - Nc!lataﬂ ;:.t 3
£ 5 -
S ot MMy 3 |y’Y’Y| .
_ é 20 [ 18
é U, TR E
A U S S S R S = ol o L | ) 1=
5 10 15 20 25 30 i) 06 1.2 18 2.4
m,., [GeV] Iy,

m Shape well reproduced except lowest mass: Data is 2c larger than theory
m But CMS does not see excess: (non)exclusive backgrounds at low masses?
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http://arxiv.org/abs/1305.7142

Example yy — X° cross sections (LHC)

m C-even SM resonances (9 states with m~3-10 GeV, plus Higgs):

Colliding Form gamma-UPC o(yy — X) ps A ps A
system factor n(18)  7;(28) X<o X2 m(18)  mR(28) Xu0 X Ta H
pointlike 6lph I3pb 17pb 19pb 110fb 44fb 20/ 89f O0I2f 017
p-p. 14 TeV EDFF(S3,=1)| Slpb  1ipb I4pb ISpb 88 35M 23 7.1M 010 012 =
EDFF S0ph  Ilpb l4pb 15pb 86fb 35f 23 7.0 0.10f 0.11fb (c€)o.2, (bbYo2,To
ChFF S6pb  I12pb  ISpb  17pb 99fb 40fb 26/ S80fb Ol 014 H,a,6, MM, G
EDFF 0.16ub 33nb  43nb  46mb  023nb 92pb  60pb  18pb 031pb O.11pb
p-Pb. 8.8 TeV
ChFF 0.18ub 38nb  49nb  S3nb 027nb 106pb 70pb 21pb 035ph 0.14pb
s EDFF 76nb  I6nb  21nb  23nb 0.10nb 42pb 28pb 85ph 015ph 31fb
’ ChFF 8nb  I17nb  22n0b  24nb  0.11fb 44pb  29pb 90ph 016ph 321 pA pA
EDFF 25pb 050ub 063pb 070ub 3.1nb 12nb 0.81nb 025nb 4.6pb 048 pb
Ca-Ca, 7 TeV
ChFF 27ub 058ub 074pb 08lpb 35nb 1d4nb 0.91nb 029nb 52pb 0.62pb M I
NS EDFF 1L5ub 03lpb 040pb 042pb 1.8nb 073nb 048nb 0.15nb 29pb 0.25pb — Most low-mass resonances
AT-ATL 0. () . .
ChFF 16ub 034ub 044ub 049ub 21nb 083nb 0.55nb 0.17nb 3.1pb 031pb accessible in PbPb (pp
EDFF 2ub  44pb  59pb  63ub  25nb  10nb  67nb 1.9nb  41ph  25pb : - ) .
Kr-Kr, 6.46 TeV -
ChFF 25ub S.pb 64pb  T.0pb 3lnb  12nb  7.9nb 23nb  46pb  3.4pb without plleup with low pT
_ EDFF 89ub 18ub 24pb  26pb  98nb  38nb  26nb  7.7nb 016nb 4.8pb
Xe-Xe, 5.86 TeV
' ChFF 10lpgb 21ub  2Tpb  29pb 116mb 46nb  31nb  92nb 0.191nb 6.2pb Ch-part PID & Y reco.
. EDFF 039mb 79ub 0.10mb O.11mb 0.40ub 0.15ub 0.10ub 3lnb 071nb 93pb . . -
Pb-Pb, 5.52 TeV _ .
ChFF 046mb 95ub 0.12mb 0.13mb 0.50ub 0.19ub 0.13pb 38nb 086nb 13pb nggS boson: no SlgnlflcanCe
108
5 W=a= W gy01 Tev” ” WG A=1TeV! pupp e 552 Tev —
07k E iy Pb Vayy=8.8 TeV
P, POPb Vs =5.52 TeV — 10 F i, PED = e
. W : 7 Ven=14 TeV —
m C-even BSM resonances: . PP vy 8.8 TeV ¢ PP o
10 b % PoYEm SHATEV = | 10" P, ‘
> 10°
. N A . AXion
=z L =
PbPb (pp with RPs) best limits - 1
) - 3 L3 ab™ (pp)
102 E Line: 3 ab™" (pp) 10 int ¢
below (above) m_~100 GeV : 128" (pPb) 12ptl (pPY)
YY A 1306 (PbPb) 102 b 13 nb" (PbPb)
10" |
Dotted: EDFF 10 b Dotted: EDFF
Solid: ChFF Solid: ChFF
) i i
100 L 1 1 3 1
10° 10 102 10° 1 10!
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Massive graviton searches via yy—~ G~ vy

m UPCs = optimal search environment for spin-0 (ALP), spin-2 (G) BSM over LbL

p.A

p.A

p.A

a,G

- =

p.A

m Signal x-sections from Fierz-Pauli Lagrangian:

104 4

103 E

o(nb)

102 E

10! 5

Events/GeV

PbPb collisions at

5.02 TeV

vvvvv

10 =

o] 1 1 2 25 30 35 40

PbPb & PbyyPb /5o, =5.02 TeV

— ALP
—— Graviton (BR(G=yy)=1)
=== Graviton (BR(G = yy) = 0.05)

9Gy = Gay =1 TeV~!

~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
-~
~e

20

40 60 80
My [GeV]

45 50
m,, [GeV]

d_£(a b)
o(ab—ab+X)=4n2J + 1) ry(X)
mX dw,,

Naively o(G)=50(ALP)...

Wyy=my

but G should have

universal couplings to SM particles

101 —

1072 4

[DdE et al., PLB 846 (2023)138237]
“rp = _l(apG,u,v)z + 3,,Gypd" GHP — 3, GH*V9,G

+ 2056 — 2m2 (G — 62).

LEPIand II I
Bellell ¥ BESIII !
! 1 |
\ / !
\ ATLASPb-Pb /' | ATLAS p-p |
' ro |
\ ! \ 1
\ =/ 1
1 R4 \ :
‘\"~” \\ CMS p- p I
¥ ATLAS+CMS(20nb~1) \ ,
BelleI[(50ab™1) “nl;.*' v/
i \/\ /
. 4\’ I ~
R .,,n'.‘-‘-\."' ATLAS+CMS(300fb™1)
1
fot
T L T T T T
1071 10° 10! 102 103

mg [GeV]

m ALPs searches recast: New upper limits set on y-G coupling Jg, ™ 0.01-1 TeVv?
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Para-ditauonium via yy > T, — yy?

m Ditauonium T=(1"1"), never observed, is smallest & most-bound leptonium state:
Mass: m_=2m_+E_ = 3553.6962 + 0.2400 MeV, E,__, = —o°m_/(4n?) = =23.7 keV

Bohr radius: a, = 2/(am,) = 30.4 fm (x3500 smaller than positronium) @

' : q,@b
m Signal & background x-Sections: b — ab+ X = 4r@7 + -2 dl‘:;y
X 7Y W, =my
h,e” h,e~  h,e” he  he he
R TR ke 0 TR
Tl g K U'EX g Iy

[DdE, H-S. Shao,
PRD105 (2022)093008]

y

A\H—LW
h,e* h,et

<

Colliding system, c.m. energy, L, exp. o X8, N %X B,
7:(18)  7c(28)  xeo(IP) xe2(1P) LBL 7o To  xex(1P)
ete” at 3.78 GeV, 20 fb~!, BES III 120 tb 3.6 ab 15 ab 13 ab 30ab  0.25 ab - -
ete” at 10.6 GeV, 50 ab™!, Belle 11 1.7 b 035fb 052 077fb 1.7fb 0.015fb 750 38 500
ete” at91.2 GeV, 50 ab™!, FCC-ee 11 fb 2.81b 391 6.0 tb 12 fb 0.11fb | 5600 3-10°
p-p at 14 TeV, 300 fb~!, LHC 7.9 b 2.01fb 2.81b 43 b 63fb 0.08 fb 24 1290
p-Pbat 8.8 TeV, 0.6 pb~!, LHC 25pb 6.3 pb 8.7 pb 13 pb 21pb  0.25pb 0.15 8
Pb-Pb at 5.5 TeV, 2 nb~!, LHC 61 nb 15nb 21 nb 31 nb 62nb  0.59nb 1.2 62

Largest x-sections (0.6 nb) in PbPb UPC but only ~1 evt expected. Visible at e*e
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Example yy — X*X cross sections (LHC)

m Double fermions,

e.g. yy — ttbar (note NLO in QCD):

p.A FF p. A
Process: yy — 11 gamma-UPC oni o v
idi —— WY,
Colliding system, EDFF ChFF average - W
+0.004 +0.005 +0.005 —W- 7
p-pat 14 TeV 0.198700% i 0287095 fh  0.242:09% 1+ 0.045 fb LW
p-Pb at 8.8 TeV 36.5:03 fb 59.3*13 fb 4800 £ 11 1b X
Pb-Pb at 5.52 TeV 12.6*04 fb 18.8%03 fh 15745 1. 31 b A A
—0.3 -04 -04 p- P
m Double quarkonia:
1 . P : I/l -UPC
m Double bosons (loop induced): ik iAntibitid gamma-UpC 7
Colliding system, c.m. energy EDFF ChFF average
2 p-pat 14 TeV 207} fb 232 fb 2222 +21b
P, A 6 P, A p-Pb at 8.8 TeV 5530 pb 6433 pb 60732 = 4 pb
3 L Pb-Pb at 5.52 GeV 103337 nb 128+ nb 115 + 12 nb
e Loop-induced rare processes in SM (BSM potential)
/\/\/L Process: yy = Zy gamma-UPC o
- Colliding system, c.m. energy EDFF ChFF average ¢ CWWW
Y v, W.Z CWWW. | o = 2
ppat 14 Tev 362ab  447ab  40.5+43ab L>o>—7T [WoWrwy]. o = s+ ( & LY )Crwww
p-Pb at 8.8 TeV 103 M 15.6 130+2.6M
5 £ L Pb-Pb a1 5.52 TeV 109 b 152 fb 130+221b Process: yy — WW~ e
—— pr——— Colliding system, c.m. energy aTsM™ Twww
Colliding system, c.m. energy EDFF ChFF average ppaildTe¥ 611 H3£82b
p-pat 14 TeV 528ab  784ab 66+ 13 ab p-Pbat 8.8 TeV 26+5pb 28+51b
p-Pb at 8.8 TeV 123 fb 18.8 fb 155+3.21fb Pb-Pb at 5.52 TeV 277 +44 pb 394 + 64 fb
Pb-Pb at 5.52 Tev 46.8 b 63.2 b 55+81
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Exclusive dileptons: Data vs. gamma-UPC

m Breit-Wheeler process yy - e‘e’:

p,A p,A
Process, system Scaled CMS data [13] gamma-UPC o STARLIGHT & | SUPERCHIC o
Y
EDFF ChFF average 7
vy — e*e”, Pb-Pb at 5.02 TeV 275 £ 55 ub 272 b 326pub 298 +28 ub 285 ub 318 ub
S ——
< T O peedsoaTan T T T T T
S 12 vy '€, PbPb(5.02 TeV) 2 = 160011~ e, PbP (éc'med;m = )\
g F * ©MS data {sealed) E $140F- — gamma-UPG (CHhFF y fluxes) =
= E —-gamma-UPC (ChFF y fluxes) J z F — gamma-UPC (EDFF y fluxes) . f_
$ 10 — gamma-UPC (EDFF y fluxes) g ¥ 1op[_ - SuperChic 3.03 E
_g E - SuperChic 3.03 3 =} Eo-- StarLight 3.0 o — =
B I StarLight 3.0 B E e ) =
] 1? = 100 ‘.-'/"f,—%"""" ]
i E - e - L4
10 = "o E
B E 60/~ o~ N = p.A p.A
-2l . = F .
10 ; 3 40— % & —
10°E - 20— %
2158 m Generic conclusions:
BOSE 2k DT LI P
0 10 20 30 40 50 60 70 80 90

Mere. (GoV) ' Ty EDFF gamma-UPC~ Starlight

m Exclusive dimuons yy - p*p: ChFF gamma-UPC~ SuperChic

Process, system ATLAS data [19] gamma-UPC STARLIGHT o | SUPERCHIC & N orm.: E D F F bettel’ th an C h F F

EDFF ChFF average

yy - i, Po-Pbat5.02TeV | 34.1:08ub | 32.1ub  404pub 362 +£4.2ub 32.1 ub 38.9 ub Shape: ChFF better than EDFF

30 & 08
10<m+ 4Gev<20 20<m, 4, 4GEV-40 40<mn, 4, JGEV-B0
EDFF — EDFF — EDFF —
ChFF — ChFF — ChFF —
NEDFF - NEDFF - NEDFF
NChFF o ACHFF - nChFF o
PRy ATLASdata = . 4f ATLAS data bt | o 041 ATLAS data + -
L = 2 _ s
; = (anDFFsVZnChFF:‘-U 4.4,11.9) = o 5
* = = (XnEDFFXnchrFF)=(6.68,10.2)
H = = MNygta=8
i B 3
(- 1° 2| T o2t
- ]
2 2 _ 5 :
G nEDFF#nchrR)=(37.8,15.0) < :
Ngai=12 3 g
kS
: :
2 . . = g o
0 1 2 o 1 2

1y 2
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vy collisions: NLO QED corrections

m All calculations so far included only LO diagrams (plus FSR emission in some cases)...

p.-A p.A
Y
% 7 sf Y Y Y
_>_£+ €+ g-*- €+ €+
A A L <V A; ) A=)
' & & £ £
yf 7§ 7§ y§ 1
p.A P.A
m Impact of virtual & real NLO QED corrections on exclusive dilepton production:
" Wy l<08 Dimuon: x-section reduced by up to ~10% at high mass
10 - EDFF — | Ditau: x-section increases/decreases by few % at low/high
02 ATLAS data = masses: Relevant for accurate (g-2) extractions!
> R .
& 1 10 10
L1007 F - ,
é=104 I‘\ff;::ﬁg‘ﬁoh"")‘”5'4’”'9) o gamma-UPC 1 oF gamma-UPC 5~
= E 10" F 1
% <
2 o < [H-S. Shao, DAE
. i ot (to be submitted)]
10° F e
gamma-UPC § 102}
107 - - ° .
o 1 10
§0.9 3 \~'=='_‘—'—=|:, w0t b ]
“osf . '
15 [ ATAR da?la:f* EDFF | ChFF o i 010'5 -
£ jof——
08 F , , 09 . . . , 1 N T
0 50 100 150 200 o 50 100 150 200 o 10 20 & 30 40 50
myer [GeV] My [GeV] P [GeV]
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vy collisions: NLO QED corrections

m All calculations so far included only LO diagrams (plus FSR emission in some cases)...

p.A p,A
£ 4
D il f i P i
A A A;} Y A; ) L anEgd
A i & & '
?’f ')’lgg 7; 7; i d
DA

m Impact of virtual & real NLO QED corrections on exclusive dilepton p_(pair), Aco(pair):

107 ¢ 108
- gamma-UPC ChFF ; gamma-UPC ChFF
' Pb-Pb s = 5.02 TeV o' ¢ Pb-Pb g = 5.02 TeV 3
102 | 9
= Merged — —10° k] Merged — ]
S NLO - 2 iy [H-S. Shao, DJE
E o b o2l (to be submitted)]
2 <
= o
o B
2 C ok
=)
100 |
10° F
10-1 | 1 I .m-l sairanil E..!...l..:.. Lisvissranlan Lovrsuianilen e
0 0.5 B 15 2 0 001 002 003 004 005 0.06 0.07 008 009 0.1
PEF [GeV] Ap H=1-Ag e |in

NLO corrections increase the p_(pair), Aco(pair) tails:

Relevant for non-exclusive backgd removal when applyings cuts on both variables!
UPC(2023), Yucatan, Dec’23 24/25 David d'Enterria (CERN)



gamma-UPC outlook & summary

m UPCs at the LHC provide the largest x-sections ever studied for yy colls. over

W, = 1-2000 GeV: Unique (B)SM physics open for study. Increasing number

of precise measurements.

m gamma-UPC is a new versatile code to generate any yy process in UPCs with
protons & ions. Interfaced to MG5@NLO & HelacOnia.
m Recent developments (v1.0 - v1.2 - v1.3, in preparation):

* Photon k. smearing (lhe_ktsmearing_UPC.py script run on LHE file)
» Proton kinematics for transport to & tagging at RPs spectrometers

 NLO QED corrections
e Parametric uncertainties
» Non-exclusive collisions possible

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

m Download it, test it, use it (or ask us
to produce the LHE files) for your

favourite yy EXP/PH studies!

UPC(2023), Yucatan, Dec'23 25/25

http://cern.ch/hshao/gammaupc.html
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\$$ 33 \39$9331 3% | $$I 3393338 | 35 __
\$$33 I $$__/ $81 33 1 $$__/ N\
| $$ \$$ $31 3% \$3$ $$
\$3$ \$3338%  \39$ \$$3533

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

David d'Enterria (CERN)


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

Backup slides
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vy collisions: el.-el., Inel-el., inel.-inel.

m Photons emitted coherently by p/A or incoherently by their constituent quarks/protons:

p.A > > > p.A pA >
Elastic Single Double
Dissociative Dissociative
ps A L o p, A o

m gamma-UPC codes only the fully coherent y flux. For heavy-ions, the most important,
by far, x-sections: el-el : inel-el : inel-inel = Z2%: 722: Z =1 :1/6.7e3 : 1/45.e6 for PbPb

m For proton-proton collisions:

- Cross section of 3 processes similar (depending on central system produced).

- Incoherent photon flux available via y PDF: LuxQED, MMHT2015ged, CT18lux,
NNPDF31lux-QED.

- Inel.-el: gamma-UPC+MG5 with ChFF (Ipp2) + y PDF (Ippl) in ppl. possible, but
survival factor should be properly implemented.

- Inel-inel: One can always run MG5-standalone with p beams selecting lux-type y PDF

UPC(2023), Yucatan, Dec’23 27/25 David d'Enterria (CERN)



Observation of vv = v+ (PbPb, 5 TeV)

m Observation of light-by-light scattering in PbPb colls at 5 TeV (2.2 nb?):
— 2 photons (E>2.5 GeV, |n[<2.4, m_>5 GeV) with no hadronic activity over |n|<5
— Photon pair: p.<1 GeV, Acoplanarity cut: Ay < 0.01 to remove backgds.

B80T

ATLAS g 2o ATLAS E
EXPERIMENT @ Pb+Pb SNN=5.02TBV7
ATLAS-CONF-2019-002 'S so L[] j
E.’?J:;fgi"f’fm 1 Observed: 97 evts
CEP — vy ] .
W o 1 Expected: 45 signal

B2 Syst. uncertainty

+ 27 backgd.

[ATLAS, arXiv:2008.05355]
[ATLAS, PRL123 (2019) 052001] : ¢

m Combination of ATLAS (2015+2018) data, compared to LbL prediction:

— LbL observation: Signif. = 8.80 5 o 7" g
£ oal e
— Fiduc. x-section o(yy~~7) = 120+22nb & B Bt Qo
Is ~1.5 higher than theory (808 nb). =L = g
1=

— Shape of differential distributions
consistent with MC within uncertainties i
— Control of (non)excl. backgds atlowm_? o0 ol sl
Yy 5 10 15 20 25 30 [b 0.10203040506070809 1
m,, [GeV] |cos(8°)|

10

50

m Ongoing detailed CMS analysis of 2018 data.
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ALPs searches via vy = a = vy (PbPb, 5 TeV)

m Recasting exclusive vy measurement as ALP search on top of LbL continuum:

) PbPb 390 pb ' (5.02 TeV)

« ALP model: £ > %B#ac"r*“a — %az — %aF”VFw ;E 1: gif}v E?EE: simonton |
. Limitsono,,_,,_,,, extracted 2 0 Twer T mmeonon ]
» Cast into limits on ayy coupling (1/Aa) assuming i Z:_ smgmmE
BR(a—yy)=1 [CMS, PLB797 (2019) 134826] 0ab £

» Reco effic.: ~20% (6 GeV), ~45% (>40 GeV). o.2§ —
ALP width dominated by exp. resolution. 5678 10 20 30 4050 107

n Invariant Mass (GeV)

E T T L B - T T
E i ATLAS i |
= Pb+Pb |5, =5.02 TeV, 2.2 nb"! E
Iu 10° Ean. e Expected Limit = ~ 10"+ &
1 C —— Observed ] < _
- B 2o unc. ] — Y=y +inv. LEP
i=3 L I 1o unc. i
=
S 0
= 10 — 10% k%o o ysint -
E C 7 £ & SYE PrimEx
= - 3
@ C ]
O [ |
& - \MS = (2019) 134826
oy
1 . — 1071¢ ) .
g [ATLAS, arXiv:2008.05355] E At ATLA (tnis paper)
C 4| . . 5 . PR 1 | 1 | I 1
-3 -2 -1 (4] 1 2 3
6 78910 20 30 40 506070 10° 10 10 10 10 10 10 10
m, [GeV] Existing constraints from JHEP 12 (2017) 044 ma [GeV]

m Most stringent limits to date on ALPs over m_= 5-100 GeV
mO(yy—a—yy) >2-70 nb excluded at 95% C.L. over that mass interval.
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Anomalous tau lepton (g-2) via yy—t't

m Anomalous tau-lepton magnetic moment Pb 7 Pb
only mildly constrained from ~+ - tt studies

at LEP times: (g—2)_=-0.05-0.03

m Improved limits via UPCs at the LHC expected.
First observation by ATLAS/CMS in various
decay modes (1-prong, 3-prong, e-mu):

g ) g kanpmqmgf = GEI wo«i:'nrogre
= is=5...02T\|' 44 nb™" = O 02 Tel, 1.44
= } i E 8 D* woren
> CMS___ PbPb-404ub7([s,, =5.02TeV) CMS____PbPb- 404ub" (5, = 502 TeV) wofl| = e E ‘ RS
T L T L L L) L] T E — T A BN B B e B | [
I Data E 8 30 I Data _** ;Ea;:‘ : ._+ I‘I:-E—-n
By Tt ] E osf Y~ T, Tsp0ng B Fy e
- Background = . . Background e .H_ .
e g 201 2 yotal E §'+ E |.2g* i +
[H] N £ 4 e
IJ)J 15:— £ B e
10f o ar)?‘v 2204, 13478 i
F :; E WV kl pmg,rn 3
5 r E 500; ('3$|:||'=ngl‘ri‘tfl:l.rlll\‘I S E OO0
0 0' 250. :ID;_S’—_T
g 2 x 3 l '“D; 2 E mn—_ # Dat
g 01 [ Lo 2§ ! T S I:lh. J _2 - _ 15 _—.l I-“:n
£ 4 6 8 10 12 14 16 18 @ 28 29 3 3.1 R Ennif:“;cn-;ar
a8 Visiblet, p_[GeV] § AT Taprong) L e E
. g 1asp o g 1.2
arxiv:2206.05192 gopl — * L i
muonprlﬁev]

m Ongoing extended CMS studies with Run-2 PbPb (and pp) data
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https://arxiv.org/abs/2204.13478
https://arxiv.org/abs/2206.05192

Observation of vy = 77 (PbPDb,

vy — 77 production
ATLAS: CERN-EP-2022-079, CMS: CERN-EP-2022-098

® First observation of vy — 77 production in Ph Pb
hadron collisions by ATLAS and CMS. :‘\\ - Y

® Targets p+3prong (CMS) or p+3prong, = e
p+1prong and p+e (ATLAS) decays . Lé T;F

* CMS: 0iq = 4.8 £0.6(stat.) £ 0.5(syst.) mb
® ATLAS: ji;, = 1.031509

Ph Ph

> CMs PbPb - 404 b (|s,,,, = 5.02 TeV) ATLAS Pb+Pb |/, = 5.02 TeV, 1.44 nb™
[rrrrrrrrrrrTTTT T T T T T T T T T T T T T T T T T T ] LA L L L R L L L R R NN AL R BN I R N B
5 25 o 1 pata E — fot. Combined fit
a0k = ey
w C - Background ] (tot) (stat)
o C ]
15 BT & 4  piT-SR |® b, =103%0 20
L C ]
10r E pe-SR e M_=1177550 3%
5:_ _: +0.14 #0.12
C ] L3T-SRH o Hee=0.97 53
0 ] N S
o 2 E ) ) ) ) ' e X .
ﬁ 1 Brmms E e TTISIILINI LA Combined el H.= 1.03 ﬂgg ﬂgg
— OE . . . . . ... e R IR EFRRRN R RPN N
..g 0 5 10 15 20 25 30 35 40 0.5 1 1.5 2 2.5
o  Visible Trinvariant mass [GeV] u

1
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