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Photon-Photon Physics

® Both protons and heavy 1ons can act as source of initial-state photons => purely photon-initiated

production possible.

® This allows for exclusive/semi-exclusive production: colour singlet photon naturally leads to events

with intact protons/rapidity gaps in final state:
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* QCD interactions between hadrons can be largely ignored, 1.e. ~ pure QED production

—> The LHC as a 77 collider! How does this difter trom “standard’ ILHC collisions?
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What does is it look like?

"

ATLAS

EXPERIMENT

o

gy ; : ; S
PN
L" ¢ \\,."
(58 \ 4
Rs; LA

Run 168665, Event 83797

rine 2010-11.08 12:37:15 cer 21 EXPERIMENT




* By dealing with ~ pure QED

to 1t open up...
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* And there has been significant experimental progress...
_I_

_|_ . 7- 7- o CMS Preliminary 138 fb™ (13 TeV)
‘/‘/ ‘/‘/ ATLAS, Phys. Lett. B 816, 136190 (2021) ] o £ 2500:_—I+—|Otl)selrvled|D|Z/ly*l—£r1|: 2/~ eolun ] T_I_T_
5 390¢ ATLAS E o - [ ]Excl. bkg. Il VV +tt [l Jet mis-ID -
2 - - LI 2000 —@@yy — Tt [[]Uncertainty —
. 300f Pb+Pb |s,,, =5.02 TeV C - ]
Lﬁ [ Combined fit ] i goo:— [E] Bkg. unc. _
250# ui1T-SR - 1500 1 b |4+ oea.-sis l 4
- Post-Fit - C 5 of Lo
200:_ —: - T | "," | Io
: . Data, 144 nb-1 : 1000 : ° ? ) ° ﬁltrack;O
150 Clyy—e (a=-0.041) = "
C Wyy—uun ; 500 .
100 photonuclear _ B
. 72 Uncertainty .
S —a =-0.06 ]
50 °® - at_ - .
31—004 E g_ 1 _2 T T T T
5 2"‘ e oo gV :
£ AoF e E D 1+ + + } ' 4 L
N = | e R e Tl e 2] t
ATLAS co e g 98 I . S %or i
- - 5 ¢ e O g/ . .
b . f Run 1: ATLAS [1607.03745], CM;U[;Z’;OSA-?E;)S,[;S(IJS833613;1} 5 1 O 1 5 20 25 30 O 2 4 6 8 1 O
Observation of yy > WW > evuv Muon p_[Gev Nyracke 4
Omeas = 3.13 £ 0.31 (stat.) + 0.28 (syst.) fb
CMS, SMP-23-005-PAS [T]
ATLAS, Phys.Rev.Lett. 131 (2023) 15, 151802
>\§ 8_|_ I ||||||| I ||||||| I I |||||||_
%' A N IAlTLIA.é o CMS Preliminary PbPb, 1.65 nb™ ({5, = 5.02 TeV) 6 7 ATLAS =
O ’ Pb+Pb |[spy = 5.02 TeV | ’y/y 102 —4— Data = (s=13TeV, 14.6 o' -
_8 % + ¢ Data 2.2 nb" 7 = ] Ut (SUPERCHIC 3.03) 41— Sig AFP matched candidates —j
. — B yy—e*e (SC 3.03 and SL 3.13 averaged) ~ N, e A ]
= 10 E Syst. @ Stat. _ '_> | i ] g9—vy (SUPERCHIC 3.03, scaled to data) o = PR =
e - %% SuperChic 3.0 ] O L 2 = S T -
Q : : CMS, CMS PAS g 10 = L O L if'fk\'-\'} _
2 B 7 Lo - NN - . % —
o) I i HIN-21-015 ~ C 7 7
O 12 o[ 7
i | < 1B N - B
L|>.I S S 4 = ‘é‘\de G DQFP acceptance ]
- ] - N -4 — one —]
ATLAS ’ JHEP 1 - S . B - ce [[INear and Far stations -
- - _RlIZ - [ ]Far station only _
03(2021)243 B 3 100" 6: o UW [ |Both sides —
- /yfy - LE) 12; l _8—f L] L] I NN
- BTN\ SN R, 10 10° 10° 10°
_ 8 05F
1015—| [ |1|()| [ |1|5| [ |2|O| [ |2|5| [ |§O O 6 8 10 12 14 16 18 20 22 24 mll [GeV]
m'’ (GeV)
m,, [GeV] ATLAS, Phys. Rev. Lett. 125 (2020) 261801



* And there has been significant experimental progress...but with focus on pp and PbPb.
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* Why 1s this? First, quick recap of how we model photon-initiated production.
6



PI production: building blocks

® (Semi)-Exclusive PI cross section given in terms of:

*x h — ”yh(h*) form factor. \

* “Survival factor’ probability of no /

addition hadron-hadron interactions.
R —

® Start with ) — ’yh(h*) form factor...

T x YY — X cross section.




® Start with /), — ’Yh(h*) form factor... %: b\

® Key point: form factors determined with

percent level precision from wealth of E(f’\m—\/ E <+—> Q?ﬂ_

lepton-hadron scattering data:
= %
e g

* Protons - both elastic and dissociative PI production can be modelled in *Structure function’

approach: W
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® Both elastic and 1nelastic SF's el Foinel

accounted for:

* Elastic: precisely measured proton EM form factor.

0? | GeV2 W2 3 5 eV ® Hich Q°region, simplest to calculate using
— cut — 9 =
* Inelastic: cut ; (NNLO) pQCD + global PDFs.
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® These inputs are exactly as in the original "LUXqed’ =
decomposition of the photon PDF. v(z1, 1?)

A.Manohar et al., JHEP 1712 (2017) 046
0.05 —

" uncertainties on R (R)
higher orders (HO)
pdf errors (PDF)
)
)
)

2
: 7(5[527 % )
0.04 error on elastic component (E
error on resonance region (RES
matching PDF and fits (M

twist 4 correction to R in PDF (T)

5 0.03 sum in quadrature
°
e LUXqged, y =100 GeV
W 0.02 |
0.01 F [0
Wi
O ! . 2l ' " . M et 0 Il||‘WM’"‘I|HM".....,
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® Uncertainty in inputs ~ to equivalent photon PDF uncertainty. That 1s % level or less (in particular

for elastic case).
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* Heavy 1ons - form factor similarly v. well

determined.

e Low Q? : constant (~ Z)
+ Higher Q°: falls off as substructure probed.

R
v 2 K
&"’)z SAKF'Q., /P(‘_
o .
Ion charge density
o (.0001 0.001 0.01 T 0.1 1
/P (¢ ‘ Q _
V@?~3/R~0.1GeV
,u+ o (P bP b) ATLAS, Phys. Lett. B 749, 242 (2015), Phys. Lett. B 777, 303 (2018)
® Form factor uncertainty ATLAS data [14,16] || Baseline | FF uncertainty | Dipole FF
. : : b], 7 TeV 0.628 + 0.038 0.742 e 0.755
licitl 11. o [pb], —0.005
explicitly studied, and 1s sma o [pb], 13 TeV 312 + 0.16 3.43 +0.01 3.48
LHL, V.A Khoze, M.G. Ryskin, SciPost
Phys. 11 (2021) 064
e R = &
2 - ll ~ /ptC ) -
NG P (QTE D) fa'r/

¢ Key point: ~ / % enhancement for each ion.
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Survival Factor

® Probability of no additional inelastic hadron-hadron interactions. In general requires understanding of

non-perturbative QCD - sizeable uncertainty.

® Hadrons like to interact: naively expect S* <« 1.

® Exclusive PI production a special case: quasi-real photon Q% ~ 0 = large average hh impact

parameter b1 > Rqcp, and S ~ 1.

o , <®
. QP<1GeV’ I RqQcep (_@'\\‘,L Pr

X b

O @—
— Relatively clean 77 initial state, with OCD playing small role.
Why we can say the LHC 1s a7 collider.
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® |n a little more detail: can show that cross /\

section dominated by region of impact

parameter where § 2 1.
model

. independent
® [Full account gives:

model dependent

2
S° ~0.7—-0.9 \
O
Depending on precise process, kinematics and beam.

® Uncertainty on G2 small, at % level.

® Above plot 1s for pp case, but story 1s very similar for PbPb and pPb:
2r, = 2R, and (R4 +17,) for AA and pA

® With steeper Q2 fall off of 10n form factors (i.e. larger 10n size) ensuring dominant cross section

contribution again outside these overlaps. Mild trend for lower § 2in pA, AA.
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Effective Luminosities
® ook at ettective luminosities ~ cross ,;;1 Oz ~ Pb-Pb, 5 < 5.5 TeV
sections for different beam configurations. 8 10 — p-Pb, |[s,, =8.8 TeV
‘—;_104 ‘ —pp, S = 14 TeV
® Key points: =10°
21072
* Clear enhancement with Pb beams due F Tm—
). e 10 = e
to /, “ 1in form factor. i
= gamma-UPC
_1 B
* Steeper fall off in PbPb due to lower 10_2 =
maximum photon energy 18_3
Y 107*E Solid: ChFF v fluxes
W < Oy ~ E —~ 80 GeV (Pb), ~ 25 TeV (p) 10_5 - Dotted: EDFF vy fluxes
1078 ;_ Dashed: EDFF y fluxes (P =1)
e . °, —7E 1 I oL | 1 Lol
® But need to scale by machine luminosities... 1073 5 3 456 10 20 30 100 200
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Dilepton Cross Sections

® Consider dimuon production with some representative cuts. Similar scaling to before.

d |:I]-:).I:):| |
6 . )
1107 SuperChic 4  PbPb, \/spm = 5.5 TeV :
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® Scaling by roughly representative luminosities, pPb lowest in terms of rate. Remain true
even with 1 pb_l.
® Challenging, though note in terms of raw number of events in lower m;; region still viable.

® Well known fall off in PbPb rates not seen in pPb.
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What can pA add?

® Seems clear that in terms of cross sections, pA not particularly competitive with pp and AA.

® Initial state 1s (in theory) well understood for both proton and 1on beams - see earlier slides.

® So what can pA add? One possible avenue:

* There are differences between the pp and AA cases. In AA (but not pp/pA) we have:

W. Zha and Z. Tang, (2021), JHEP 08 (2021) 083

e HO QED e

fects? Recent paper

suggests cou.

this size.

d act 1n this direction/with

® But controversial. Previous studies

predict much smaller effect, expect to be

suppressed by ~ @?/m2,

® Unitary corrections? Studies suggest ~ 50%

events accompanied by additional

ete™ pairs.

® Might these be vetoed on? Strongly peaked at

low Mee so perhaps not.

K. Hencken, E.A. Kuraeyv, V. Serbo, Phys.Rev.C

75 (2007) 034903...

§§ | "
S
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® Moreover, agreement between data and theory not perfect for standard candle case of dilepton

production. Tendency to overshoot data by ~ 10% 1n pp...

g ety () o, ()
SUPERCHIC 4 [97] 12.2+09 104 +0.7
Measurement 11.0+2.9 T72+1.8

ATLAS, Phys. Rev. Lett. 125 (2020) 261801

ATLAS, JHEP 2306 (2023) 182

'3'180||||||||||||||||||||||||
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® In PbPb latest picture 1s mixed.
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® Even for the standard candle case, picture in pp and PbPb in detail mixed, even if broadly

agreement 1s good !

® Looking in pA collisions could provide useful additional handle here, completing the picture.

Generaﬂy true for other processes beyond dilepton production.

* Further possibility: 1on dissociation. i >

+ Additional boosted neutron production
measured by ATLAS/CMS Zero Degree

Calorimeters detectors. LHL, Phys.Rev.D 107 (2023) 9, 093004

P(by) inc. S?

1 kL

OnOn ——

0.8 -

Inln
XnXn ——
OnXn ——

+ Different neutron multiphicities have different
impact parameter profiles — modifies central 0.6 |-

kinematics. 0.4 |

0.2 +

100
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Frns 0.0 < |yee| < 0.8, /Snn = 5.02 TeV, PbPb

1
0.9 + fOnOn .
ATLAS, JHEP 2306 (2023) 182 Forx
0.8 - nan .
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0.7 | @ :
0.6 | o {) ]
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35 L . . | |
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Inclusive, no S?
25 + -
20 + .
STAR, Phys. Rev. Lett. 127,
15 052302 (2021), |
10 -
5) .
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+ Neutron dissociation categories and their kinematic

dependence opens up wealth of new information from data.

+ Broad agreement with range of LHC/RHIC data, but devil in
detail!

+ Additional handle in measurements/searches.
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* All so tar for PbPb. What about pA? Just one

1on dissociating - somewhat simpler?

(myu) [GeV], /spn = 5.02 TeV, PbPb

. CMS, Phys. Rev. Lett. 127,122001
(2021),
Onbn Onlln Oan n 1n|1n 1775( n X an n

20
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Aside: the Odderon

Pb - Pb

® Not strictly photon-photon, but pA collisions Y

can serve as possible environment to search for C-even

: : : : " meson

odderon contribution to light meson production. Odderon
/4
/4
LHL et al., Phys.Rev.D 99 (2019) 3, 034011 0 4—, .

(b)

W
W
Pomeron \\“
\! C-even
o —
/" meson
V/4
Pomerony,
V/4
V/4
/
P ——; X

® Background from pomeron-pomeron suppressed by UPC requirement, from photon-photon by

pA instead of AA.

® Nonetheless backgrounds can be challenging. Looking at
rapidity distributions may help.

R. McNulty et al., Eur.Phys.J.C 80 (2020) 3, 288
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SuperChic MC Implementation

® A MC event generator » QCD-induced CEP.
for CEP processes.

superchic is hested by Heoforge, IPPP Durbam

» Photoproduction.

SuperChic 4 - A Monte Carlo for Central Exclusive and Photon-Initiated Production

.
} Ph Oto n -p h Oto n ln du C e d CEP‘ o Mo S Chic is & Fortran based Monte Carlo event generator for exclusive and photon-inifiated production in proton
i

uper
and heavy ion collisions. A range of Standard Mode! final states are implemanted, in most cases with spin
correlations where relevant, and a fully differentisl trestment of the soft survivel factar is given. Arbitrary usar-
defined histograms and culs may be made, as well aa unweighted events in the HEPENT, HEPMC and LHE
formats. For further information aee the user manual.

Common platform for:

o * L
[ I i o
(:;- @ o Q

q/l

q/l > X W

q/l

q/l

Alist of relerences can be rmund here and the code is available hare,

P
P p p Comments to Lucian Harlend-Lang < lucian.harland-lang (at) physics.ox.ac.uk =.

Photon-induced OCD-induced Photoproduction

® For pp, pA and AA collisions. Weighted/unweighted events (LHE, HEPMC)
available- can interface to Pythia/HERWIG etc as required.

LHL et al., Eur.Phys.J.C 80 (2020) 10, 925
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SuperChic 5 - MC Implementation

® Version 5 now released. Significant updates to code:

SuperChic ~ubl c 7 Unpit & Unwach 3 - %Y Fork 3 - v Star 2 -

¥ main ~ F B8 Branches © 0 Tags Q 6o tafile ¢ || Addfile - About @
* Full testing suite added + cmake build o SuperChic Monte Caloavent generatr

LuclanHL updated manual (#215) 75352fd . 6 days ago  [%) 292 Commits for central exclusive production

* HepMC output now properly supported.

githubyworkflows Add more Fortran compllers to Cl (#202) last week [Tl Reacme

system 5 GPL30 lcenso
* Cards Add exisiing project files to Gil 3 menths aqo

“  Activity

bir Update input DAT 3 menths ago W 2stars
[ ] [
* Various bu g ﬁxes + C()de improve ments. cmake/Mocules Relntroduce findAPFEL for now (#2071 asiweck | O 3 watehing
Y 3 farks
doc updatec manuzl (#215) 5 days ago
. o . N .- : o : Releases
share/SuperChic Better directory structure (#53) i menths AQo
* Future releases will be via github.
5IC remove a phas warnings ($212) last week Crants B now ralcaes
11 b ° l ’ test Dump the shower config for ezch test jok (§200) las: week
Collaboration/PRs welcome! —— — = Packages
[ CMax<elists txt input card in 3uild/bin (#210] last week
No pac<ages puohished
" CORYING Added GPLV3 as z license 3 menths ago RS JOU TR Pt
? Changelog Improvement of documentation (#195) last montn Contributors 2
" README.md Update REACME.md to add installation alternatives. (#213) 5 days ago andriish

https://github.com/LucianHL/SuperChic
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Summary/Outlook

* Photon-photon mmitiated production provides a relatively clean environment with which to

probe the EW sector of the SM and extensions of it.

* Initial-state rather well understood, and impact of QCD interactions between hadrons small

but not negligible. No qualitative changes between p and A cases.

* In terms of expected rates, pA does not appear to be competitive with pp/AA. However

expected cross sections measurable 1n low to intermediate mass region!

* Many physics effects still being disentangled 1n e.g. case of dilepton production. Having

additional handle of pA measurement could be key here. Similarly for 10n dissociation.

* Have set the scene here, and presented some first thoughts in this direction, but not intended

to be exhaustive - other motivations may be there to discuss.
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