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The LHC: a hadron-hadron collider

® The LHC works by colliding hadron beams head on at high energy.

® We examine the debris of these interactions in order to probe the Higgs sector, look for physics

beyond the Standard Model and to understand the SM better.

® |t 1s both a discovery and a precision measurement machine.

® Before doing any of that that we need to understand what we are colliding: the proton.




The LHC: a parton-parton collider

® Proton-proton collision modelled in terms of interactions of fundamental QCD degrees of freedom:

quark + gluon ‘partons’ in proton.
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® Density of partons encoded in “parton distribution functions’ (PDFs).

® Story for another seminar. Question: are quark/gluons all there 1s?
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The LHC: a photon-photon collider

® No! Protons and their quark constituents also have QED charge: photons are a proton constituent.

Photon-initiated production possible.
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® [nitial-state photons can be accounted for in proton PDFs. Generally ~ % level contributions to

T 0.0001

inclusive LHC cross sections.

® Essential component of high precision theoretical calculations - % level corrections. End of story?

4



The (semi) exclusive photon

® Exclusive/semi-exclusive production: colour singlet photon naturally leads to events with intact

protons/rapidity gaps in final state:
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—> The LHC as a V7Y collider! How does this ditter tfrom “standard’ LHC collisions?



Inclusive Production

® Key point: quark/gluon-initiated production leads to colour flow between protons => these break

up + significant amount of additional particles present in detector.
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Inclusive Production

® Key point: quark/gluon-initiated production leads to colour flow between protons => these break

up + significant amount of additional particles present in detector.

@"M CMS Experiment at the LHC, CERN

N Data recorded: 2018-Jun-09 14:08:14,138240 GMT
PR Run/Event / LS: 317640 / 98443699 / 81
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Semi-exclusive production

® For photon-initiated production no longer the case: colour flow not necessary.
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Semi-exclusive production

® For photon-initiated production no longer the case: colour flow not necessary:.
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The elastic proton

® [f proton remains intact will continue down the beam line but with lower energy F < \/g / 2 . will

be bent out of beamline by LHC magnets.

® Can measure with dedicated detectors ~ 200m (+): proton taggers.
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® Allows exclusive events to be selected, and momentum of proton to be reconstructed.

® These are installed and running in association with ATLAS and CMS...
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® Proton taggers ~ 200m from ATLAS (AFP) and CMS (CT-PPS)
® Measurements/searches data performed/ongoing... 2o PP data recorded 2017 at high u
 gof ATLAS Preliminary
® ...with many to come, including during HL- O gof f5=13TeV, 14.6" _
- \ m, &[70, 105] GeV No acceptance
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Selecting semi-exclusive production

® Proton tagging useful but not essential.

® During normal LHC pp running multiple ,
(10s) of collision events during the same _‘ P
bunch crossing. ta

® Events can be selected by requiring no
addition associated tracks in the (very) high

multiplicity environment of the high pile-up
LHC.

Veto
. N Run 1: ATLAS [1607.03745], CMS [1305.5596, 1604.04464]
4 N Run 2: ATLAS [2010.04019]
oo e Observation of yy > WW > evuv
. R Tmeas = 3.13 + 0.31 (stat.) + 0.28 (syst.) fb
. K¢
y
Allowed s~ , ’ Allowed
.
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Heavy lons

® Possibilities not limited to pp collisions. LHC also a heavy ion collider.

® In ‘standard’ heavy collision, large number of nucleons in 1nitial state —=> QCD particle

production enhanced and multiplicity can be very high.
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® Possibilities not limited to pp collisions. LHC also a heavy ion collider.

® In ‘standard’ heavy collision, large number of nucleons 1n imitial state = QCD particle

production enhanced and multiplicity can be very high.

| Heavy lon Collision Event

r—r— -

Run 168665, Event 83797

T Time 2010-11-08 11:37:15 ceT 4o EXPERIMENT
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® Possibilities not limited to pp collisions. LHC also a heavy ion collider.

® However if colliding 10ns suthiciently separated in impact parameter (‘ultraperipheral’) does

have to be the case:

® QED interaction 1s long-range: photon-initiated production can (and does) lead to this.
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® Key point: heavy 1ons have significant electric charge

Pb Pb®

Pb Pb €))

nature

phySiCS ARTICLES

PUBLISHED ONLINE: 14 AUGUST 2017 | DOI: 10.1038/NPHYS4208

Evidence for light-by-light scattering in heavy-ion
collisions with the ATLAS detector at the LHC

ATLAS Collaboration' ATLAS, Nature Phys. 13 (2017) 9, 852-858

® Photons emitted coherently from colliding ions = cross section enhanced by 74 > 1 .

® [For in particular light objects, this allows previously untested production to be probed, and with

unprecedented precision.
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® Photon flux from 1ons falls v. quickly with central object mass but here great deal has been achieved...

F, o< Z = cross section F;L ~ Z*: strong enhancement Fo(|ql) = / d’r e p, (7)
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Physics Cases: Some Examples

* Probing the tau g-2:

Electrong -2 (-2.56?)

Muon g - 2 (+4.207?)

® While experimental situation
. Harvard 2008 _ = . g
tor lighter leptons well sekley 2018 - (%G8 —e— o
developed... LKB 2020 | @~ }i/m(*"Rb) ( = y
NW2022 - l—O—-I L | . | S
P. Cladé [FIPs2022] 10 15 RAnEeES el

Parker et al [Science 2018]

Morel et al [Nature 2022], Fan et al [2209.13084]

0.2 parts per billion

® [For the tau lepton surprisingly little 1s known!

® Does not even probe 1-loop QED:

a/2x=0.001162

Schwinger [1948]

(a. — 0.00115965218) x 1013

175 180 185 190 195 200 205 210 215

a,x 10" - 1165900
0.5 parts per million

aP = —0.018 (17)

T
DELPHI [hep-ex/0406010]

0.001 17721 (5)

Eidelman, Passera [hep-ph/0701260]

(Pre - LHC)

pred
a"r, SM

® Sensitivity to BSM unprobed:

Martin, Wells [hep-ph/0103067]

22 Figures curtesy of J. Liu



® Measured in both PbPb collisions ( Z* > 1), and recently in pp - v — 7 coupling = 7 g-2

= 350 T ' T —_
- - ATLAS n e o o . . . .
2 o osPb (5 < 5.02 TV - ® Sensitivity via differential cross section has
L% % Combined fit . . .
250f TSR - already set new limits.
- Post-Fit ]
2001 =
- e Data, 1.44 nb” N
150 * [(Jyy—tt (2 =-0.041)
. Myy— §
100 #] éﬁotourl:uclear ] CMS 138 fb™ (13 TeV)
N 722 Uncertaint i
o —aT=-0.06I ' E ® Observed —68%CL —95% CL
* - a:=0.04 - L L T
_ 0 ....:.....:....: OPAL |
S 14 | | 3 ee — Z — Ty
CMS 138 fb™" (13 TeV) = ;g O oo A PLB 434 (1998) 188
2 omned @I L E ] 2 8 b 3 :
O 5000 [IExcl. bkg. MEVV +tf  ElJetmis-D 5 10 15 20 25 30 ee — Z — Ty = .
LLI C vy — v Uncertainty 1 Muon p_[GeV] PLB 434 (1998) 169 '
. DELPHI
1500 .
- ATLAS, Phys.Rev.Lett. 131 Yy — T (v from e) | M
1000 (2023) 15, 151802 =PJC 35 (2004) 199 - SM
- ’ ATLAS :
e ATER2: (& from Pb) e
500 |- ] PRL 131 (2023) 151802
- CMS i
vy — 7t (y from PDb) *
R S e —c e E PRL 131 (2023) 151803 5
o ! : CMS :
o OF ¢ E vy — Tt (y from p) _> e
g O pessssssn iﬂ*‘*”ww} mmmmm wf mm} + - This result T
O 97 %2 3 4 &5 & 7 8 9 -0.1 -0.05 0 0.05

dr
CMS, Rept.Prog.Phys. 87 (2024) 10, 107801

N tracks
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* Vector boson production in pp collisions.

®Vector Boson Scattering (VBS): broad class of process
with sensitivity to the EW sector of the SM and BSM

extensions of it.

® Often select events via VBS cuts: require two well

separated jets (suppress s-channel gg — V'V ). However
not the only way!

Image credit: Lucia Di Ciaccio, Simone Pagan Griso

® By selecting semi-exclusive V'V events, focus in on underlying vy — V'V process, e.g. WTW ™ :

D2 P2

® 'Empty event + V'V final
state = vy — V'V

P1 P1



® ['irst observation by ATLAS, by vetoing on additional

associated tracks. Cross section agrees well with SM (within

uncertainties).

Omeas = 3.13 £ 0.31 (stat.) = 0.28 (syst.) tb

® Searches have also been performed with tagged protons

(hadronic decays).
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ATLAS, Phys. Lett. B 816, 136190 (2021)
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® Limits already competitive with other vector boson scattering results. Promising hunting

ground for BSM.
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D2

P2

P1

® More recently, semi-exclusive WW production

(dilepton channel) observed by CMS at 13 TeV.

® Good agreement with SM predictions, and

b1

extensive EFT limits set.
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* Many physics cases of interest...

Compressed SUSY

p p

p p
LHL et al., JHEP 1904 (2019) 010

L. Beresford and J. Liu, PRL 123 (2019) no.14

Axion-like Particles
LHL and M. Tasevsky, arXiv:2208.10526

C. Baldenegro et al., JHEP 06 (2018) 131

> >
p p
Y Y
-
Y
> >
p p

can't mention them all.

Anomalous couplings
P P

Z

B g

P P
C. Baldenegro et al, JHEP 12 (2020)

165, JHEP 06 (2017) 142

Top quarks

A

Pb

e

L. Beresford and J. Liu, PRD 102 (2020) 11, 113008
M. Dyndal et al., PLB 809 (2020) 135682

Pb " Pb

LbyL scattering/ALPS

Pb

Pb

Pb €Y

C. Baldenegro et al, JHEP 06
(2018) 131, S. Knapen et al, PRL
118 (2017) 17,171801, D.
d’Enterria, G. da Silveira, PRL
116 (2016) 12

Pb ()

V. Goncalves et al., Phys.Rev.D 102 (2020) 7, 074014

J. Howarth, arXiv:2008.04249
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Modelling PI Production (pp collisions)
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PI production: building blocks

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

x P —>YP(P") form factor.
\ b\’

Y

— %

\

= R

G x YY — X cross section.
* “Survival factor’ probability of no /

addition proton-proton interactions.

® Start with p — Yp(p”) form factor...
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® Start with p — %?(p*) torm factor... %: b\

® Key point: form factors determined with 777
percent level precision from wealth of <+—> Q?q_

lepton-hadron scattering data:
= %
e g

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

approach: W

30




e >
® Both elastic and inelastic SFs el Foinel
1,2 1,2
accounted for:
P (L g &
* Elastic: precisely measured proton EM form factor. . o — o
03 5,3102 s 1s
0.25 ) :
. : . .. % 02
* Inelastic: wealth of data on inelastic lepton-proton collisions <, R
At higher photon this is just DIS - take from pQCD + global = ™ = =~ *
PDFs! Oy 002 03 008 0805 05 05

© HERMES
T B

o e 2. I 3. e 4. 5 6. -
10 10 10 10 10 ) 10 0
W[ GeV” ]

® Aside: all of this 1s exactly as goes into the ‘LUXqged" photon PDF approach - now standard for

including photon in proton PDFs.
A.Manohar et al., JHEP 1712 (2017) 046
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LHL, JHEP 03 (2020) 128,
® Calculation readily amenable to MC treatment: Phys.Rev.D 104 (2021) 7, 073002

* Can 1solate elastic component of F , to give exclusive prediction.

* Fully differential in photon z,Q° = invariant mass of proton

dissociation svstem (hicher W? = more hadronic activitv).
Y g

1 oAt P MY, My,
o = 5 [ dwadzy digr, d g, AT a(Q7)(Q3) p° qg

5(4)(611 + g2 — px) ,

® Pass to general purpose MC (e = } Q*, M? — General Purpose MC

for showering/hadronisation

of dissociation system. | )
® Can evaluate impact of e.g. g
rapidity veto (proton tag) /g/ \
with this. (_E > ()2, M? — General Purpose MC
Veto
RN o

® But not the end of the story! Allowed '\’\T R

.
> <
32
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The Survival Factor

® Consider e.g. the exclusive process. So far we have (very)

0~ F (21, Q1) F* (22, Q3)

schematically:

® Similarly for SD + DD, with F¢ — pinel

® These inputs are measured 1n

lepton-hadron scattering.

w
C
S
Cﬂ

® But we are interested 1n o skl
hadron-hadron scattering: - L 5
need to account for additional X o
hadron-hadron interactions. 5 '- e "
:
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® ‘Survival factor’ = probability of no additional inelastic hadron-hadron interactions. Schematically:

g~ S?.o77

® How to model this? Depends on e.g. ¢ in soft regime = requires understanding of proton +

strong Interaction in non-perturbative regime.

® Build phenomenological models, and tune to wealth of data on elastic + inelastic proton

scattering at LHC (and elsewhere). :
do/dt (mb/GeV)

ISR pp at 62.5GeV (x100)

V. A. Khoze et
al., Eur.Phys.J.C
81 (2021) 2,175

® In general source of

uncertainty. Is this the case

% Te\atron \CERN(8$) >
1.8 T \546 eV (x10)®

for photon-imtiated

production?
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The Survival Factor in PI processes

® Consider purely elastic case for simplicity.

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

® However elastic PI production a special case: quasi-real photon Q* ~ 0 =

large average pp 1mpact parameter b, > Rqcp, and S “~ 1.

I\ y +—P)

. QP <1GeV? I Qe

X b

N @
— Relatively clean 77 initial state, with OCD playing small role in
elastic case. Why we can say the LHC 1s a 77 collider.

® [nh more detail...
35



® How do we calculate survival factor for PI production? Simplest if we consider collision 1n

terms of proton-proton impact parameter.

® Writing schematically:

O':/d2qlLdQQZL|M(CﬁL7JQL7°“)|2

® We can write this as integral over proton impact parameters:

O':/dzblLd2b2L|M(5\1L,ggL,...)‘2

® Where:
)

K\(-\;L .\:u--\ = F—T(M(ZJ'L );L_» . \> —_— /’
Yy | X)ll'\
i1 \/
A

S
-Li.;'bu, . -

K\(gb .M’:u--\ NS 0\12‘ L "CLZ“- & szu.

—
bey

' M[é)wlz-:b’"'3 36



® To first approximation, we then simply require:

O-:/delLdeQL‘M(glJ_,ng_,...)|2

g — /dzblLdeZL‘M(BlngZL? )‘2@(bl B 27°p)

b, = \51¢ — gu\ \

® That 1s, only integrate over impact region where:

b, >2?"p
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® In more detail, condition 1s not discrete - some overlap can occur. Schematically:
2 2 T 7 2 —Q(by, —b
o = /d by, d%by, [M (b1, , by, ,...)|2e @01 —b2.)

e_Q(bl , —ba ) : survival factor - probability for no additional particle

production at impact parameterb; = |l;1 | — by 1| - Roughly:

e L) ~ 0(b, —2r,)

but not exact!
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® Result for pp:

-

7 /delj_deQJ_ ‘M(51¢ 9 52¢7 "')‘26—Q(le‘ ~b2y)

® What does this tell us about survival factor tor purely elastic production?
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Jy, do®/ [ do®PA, pp

® Have a look at ratio: 1 | |
; : Vs =17TeV, m,, >20 GeV —
O-(bJ_ > b(j_u ) 0.9 | ' Vs =13 TeV, m,, > 12 GeV ——
O'(bJ_ > O)
0.8 i
~ 90% of cross
section lies outside 0.7+ :
0.6 | i
b, > 27”p
—Q(b;  —b , 0.5 L . . .
where € (b1, =b2,) is~11 0 27,2 4 6 8

b 1 [fm]
\

® Depending on precise process/ S P

kinematics have: Wy . 'X) |
S% ~0.7-0.9 v |
P )

® True for elastic production. What about dissociation?
40
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e Dissociation = larger photon Q* = smaller pp b, = S? |

® For SD production elastic proton side
results in ~ peripheral interaction and S?

still rather high.

1 5
lepton pair
08 L | production
® For DD no longer case and
> 0.6 - -
S5 ~ 0.1
0.4+ EL— .
SD SQ 2 2
el.) > S°%(sd) > S°(dd
® Also not kinematic 0o | bD (el (sd) (dd) )
dependence - not a flat factor
(MC treatment mandatory). 0 . L . -
10 100 1000

Mll [GeV]
4



® What about uncertainties?

® Majority of elastic (SD)

Interaction occurs for

model

bJ_>27°p

independent

where S% ~ 1 independent

of QCD modelling. model dependent

O b

— Uncertainty on S 2 small, at % level.

® This justifies talking about the LHC as a photon-photon collider: for purely elastic

production at least impact of QCD interactions 1s very small!

42



SuperChic MC Implementation

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

supearchicis hested by Hosforgs, IPPP Dutham

» 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 Home SuperChic la & Fortran based Monte Carlo event generator for exclusive and photon-inifiatec production in proton

and heavy lon collisions. A range of Slandard Mode! final states are implemanted, in most cases with spin

Common platform for:

¢ Code correlations where relevant, and & {ully differentisl trestment of the soft survivel factor is given. Arbitrary usar-
* Boleroncos defined histograms and cuts may be made, as well aa unweighted events in tha HEPENT, HEPMC and LHE
. formats. For further information see the user manua’,
Centact
I -
- P p p
e . T
|..-"'F|_.-__,.| .I-_.'l H\_FHHJHJ .
- I.__.--"“ "“\.\! 1K
' ia > X W2
'..I_'.' II-.'
. [ ="
[ e iy |
¥ & L
- T " Alist of relerences can be round here and the code is availabie nare,
p p Comments to Lucian Harland-Lang < lucian.harland-lang (at) physics.ox.ac.uk =

Photon-induced OCD-induced Photoproduction
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® 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



SuperChic 5 - MC Implementation

® Version 5 now released. Significant updates to code:

SuperChic Fublc < Unpir OUnwatch 8 v % Fork 8 = $7 Star 2

* HepMC output now properly supported.
¥ main -~ ¥ 68 Branches ©O 0 Tags Q Gorafile t Add file = <> Code ~ About o1
*FUII teStlng SUlte added + Cmake bulld LuclanHL updated manual (#218) 75362f4 . 5 days ago fgj-292c°mnits ;)(,UFO:;;‘:::rliﬁi;a:;:i?tniene_atcr

system.

glthubjworkflows

Add more Fartran compllers to Cl (#202]

last ek

M 7eacme

518 GPL-3.0license

Cards Add exisiing project files to Gt 3 menths ago
v ACtivity

bir Uipdate input DAT i moenths ago W 2slars

(] [ J
* » arlous bug ﬁxes + COde 1mp rovements ° cmake,/Mocules Reintroduce findAPFEL for now (#207) last wecek g

% 3forks

doc updated manuzl (#215) 5 days ago
Releases

* Future releases will be via github.

share/SuperChic

Better di-ectory structure (§53)

3 months A0

No rsleases published

ErC remove aiphas warnings (£#212) lasT veek Creste a naw relcase
o ’ test Dump thz shower config for each test jol (£#200) las: week
ollaboration S welcome Packages
°
CMA<el ists txt input card in 3uild/bin (#210) lasT week
No nac<anes puakshed

© COPYING

~ Changelog

Added GPLVS as 3 license

Improvemern: of Cocumentation (#195)

3 mcmihs ago

Puklish wour first package

Contributors 2

README.md Update REACME.md to add installation alterratives. (#213) S days ago

andriish

https://github.com/LucianHL/SuperChic
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WW production: case study

45



S. Bailey and LHL ,Phys.Rev.D 105

(2022) 9, 093010 WW PI’OduCtIOIl

® Basic idea: ask for no activity to 1solate semi-exclusive 7y — WW signal.

® [f both protons tagged we would 1solate this alone. But otherwise other

diagrams will enter.

® [For e.g. double dissociation we have:

P2

/2 W v/Z
¥

P1

v/Z W %777
v/ Z W

® Needed not just for precision but also gauge invariance!

® To get cross section right, need to include...
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* All contributing diagrams:

v/Z

v/Z
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* All contributing diagrams:

> > > > > > > >
v/Z W+ %777
7 %%
v/ - -
W+

W:F
v/Z
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* All contributing diagrams:

W:F 00 Z
v/Z v/
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* All contributing diagrams:

> > > > > > > > > > > > > >
v/Z W %7\% v/Z W= iﬁ%
v/Z w W

W:F L I J Z
/4 v/

* Survival factor, and its non-trivial kinematic dependence. G2 (el.) > q2 (Sd) ~ g2 (dd)

* And combine this in MC treatment that can then be passed to general S

S
S

X4
. X4
‘Rapidity Gaps’ ‘RI'/ ‘Rapidity Gaps’
> <

purpose MC to account for exclusivity veto.

® Can be done, after overcoming various subtleties, gauge dependencies etc...
S. Bailey and LHL ,Phys.Rev.D 105 (2022) 9, 093010
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® [First observation of semi-exclusive WW production by ATLAS, at 13 TeV, via rapidity veto.

1200 |

2 [ | ]
S _ —e— Data ATLAS N
Z g L (s =13 TeV, 139 fb" N
p2 p2 1000 | YY—TT o 1
- - . B qg—WW pT“ > 30 GeV ,
— HE Other qq initiated
. I Non-prompt
800 — [ Drell-Yan
| %4454« Total uncertainty
600 —
400 [—
200
o |
P1 b1
B -
9 — _
T I o
s 1% * - ﬁ; -~
8 L8 [ ]
06 - I ----------------------------- . L | I ---------- ]
0 1 2 3 4

Number of reconstructed tracks, n.

ATLAS, Phys. Lett. B 816, 136190 (2021)

® All channels enter, and full treatment as above needed to match data!
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o [tb] (0;/ctor), WHW ™ EL SD DD Total

No veto, no S* 0.701 (3.5%) | 6.00 (30.3%) | 13.1 (66.2%) | 19.8

® Find: Veto, no S2 0.701 (9.2%) | 3.21 (42.3%) | 3.68 (48.5%) | 7.59
Veto, S? 0.565 (18.6%) | 1.87 (61.6%) | 0.599 (19.8%)

® To compare with data: Omeas = 3.13 £ 0.31 (stat.) + 0.28 (syst.)fb —=> Very good agreement!

® Assuming relative SD + DD to EL. components are as 1n e.g. dilepton production would miss

contribution from non-PI diagrams - undershoot data by ~ 20%.

I % —
150 —/ Vs =13 TeV, 139 fb” —]
ntrk =0

—@— Data
1 yv—=WW
YY—TT
B Drell-Yan
BN qg—WW
B Non-prompt
B Other qq initiated
<<<<< Total uncertainty

Events / 5 GeV

100 4

® [Looking to the tuture. Go beyond one number and look at o

distributions - EFT analyses...

Data / Pred.
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CMS (13 TeV) Channel Limits u2™

. H WV&ZV+ij (arXiv:2510.00118) [0.539,0.534]
— WW(ss)&WZ+jj (PLB 809 (2020) 135710) [-2.700,2.900] o
-I: / /\4 | s | VY — WW(ep) (This analysis) [-3.240, 3.250] ©
MO  — Wy+ijj (PRD 108 (2023) 032017) [-5.600,5.500] 1.7
. I { Zy+jj (PRD (2021) 072001) [-15.80,16.00] 13
—x10 yy - VWV(had) (JHEP 07 (2023) 229) [-66.00, 66.00]
| WV&ZV+ij (arXiv:2510.00118) [1590,1.620]
| | WW(ss)&WZ+jj (PLB 809 (2020) 135710) [-4.100,4.200] o
f / /\4 pP— Wy-+jj (PRD 108 (2023) 032017) [-7.800,8.100] 2.1
M 1 | e | Yy - WW(ep) (This analysis) [-12.31, 12.03] 0
p—ix10 Zy+jj (PRD (2021) 072001) [-35.00,34.70] 15
—ix100 VY - VV(had) (JHEP 07 (2023) 229) [-245.5, 245.5] o
H Yy - WW(ep) (This analysis) [-0.490, 0.500] o0
.I: / 4 H WV&ZV+jj (arXiv:2510.00118) [0.703,0.703]
M2 /\ — Wy+jj (PRD 108 (2023) 032017) [-1.900,1.900] 2.0

o FOI’ Pur C SM CrosSsS SeCtiOIl have tO iIlClllde all COntI‘ibuting — seroGmom s s

Yy - WW(ep) (This analysis) [-1.880, 1.840] o

4
/ /\ — WV&ZV+j (arXiv:2510.00118) [-2.550,2.550]
| — | Wy+jj (PRD 108 (2023) 032017) [2.700,2.700] 2.7

dlag rams, not just photon-initiated. s oo B i M e B

— WV&ZV+jj (arXiv:2510.00118) [-1.480,1.480]

L4 ® f / /\4 | | Yy - WW(ep) (This analysis) [-1.790, 1.800] ©

. M4 — Wy+jj (PRD 108 (2023) 032017) [-3.700,3.600] 2.3
—Ax10 yy - VWV(had) (JHEP 07 (2023) 229) [-36.00,36.00]
— WV&ZV+ij (arxiv:2510.00118) [2.140,2.130] o
| e | VY - WW(ep) (This analysis) [-3.320, 3.400] o

f / /\4 | — | Wy+jj (PRD 108 (2023) 032017) [-3.900, 3.900] 2.7

M5 — WW(ss)&WZ+j (PLB 809 (2020) 135710) [-5.400, 5.800]

[ ] [ ] [}
O ' O I I -1 I l 1 ' la' e —ix10 Zy+jj (PRD (2021) 072001) [-22.20,21.30] 17
[} %10 VY - VV(had) (JHEP 07 (2023) 229) [-67.00, 67.00] S

— WV&ZV+ij (arXiv:2510.00118) [-2.630, 2.580] ™
| e | WW(ss)&WZ+j (PLB 809 (2020) 135710) [-5.700, 6.000] o

f / 4 I | Wy+jj (PRD 108 (2023) 032017) [-14.00,14.00] 2.2
M 7 /\ F—ix10 Yy —~WW(ep) (This analysis) [-24.06, 24.62] o

p—dx10 Zy+jj (PRD (2021) 072001) [-56.60,55.90] 1.6

® Dedicated study required here, including survival factor etc... =)

-40 -20 0 20 40 60 80
aQGC limits @95% CL [TeV™]

CMS, arXiv: 2601.21574

v/ Z W= V/Z W

+ [ I N J

Y + eoeo
/4 . 117
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Heavy Ion Collisions
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PI production: building blocks

® P production also key channel in heavy 10on collisions.

® Theoretical framework broadly similar to pp case:

* h — vh(h™) form factor.
yh(h7) ~ \

Y

— %

\

R R

G x YY — X cross section.
* “Survival factor’ probability of no /

addition proton-proton interactions.
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* Survival factor: similar situation to pp,
1.e. cross section dominantly occurs

outside range of QCD.

= 5% ~ 1, with small uncertainty

* Input for elastic form factors very

well determined.

(r) = Po
Fr 14 exp(r—R)/d’

R, = 6.680 fm , dy, = 0.447 fm ,

0.0001 0.001 0.01 0.1
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—> Theory well understood - supported by generally good data/theory agreement.

< 107

(D)

Q)

- 10

1®)

=

o 1

-

S :

o” 10

o

©
1072
1073

O 2

= 1

®

B 0

® But here will focus on two open challenges, and (some!) resolutions.

CMS, JHEP 08 (2025) 006
CMS PbPb, 1.70 nb™" ({s = 5.02 TeV)

I I W L oo I I I I I I §
By ¢ Data B
— ¥ gamma-UPC/MG5 + FSR (PY8) =
= o SUPERCHIC 3.03 + FSR (PHOTOS++) =
B STARLIGHT 3.13 + FSR (PY8) -

E |....|....‘!\ka;\‘:*\‘ma..‘:
maase s Cu BN B R R %I """"" fir """ N
10 20 30 40 50 60 70 80 90 100

m°® (GeV)
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ATLAS, JHEP

03 (2021) 243

|_| I I I | I I I | | I I I I | I I I I
> i ATLAS ]
O : Pb+Pb |s\, =5.02TeV
-CC2 ¢ Data, 2.2 nb™
'_;. 10E Syst. ® Stat. _
E>' - $5522 SuperChic 3.0 .
LS i |
b:: : :
L®)
1 = -
i ¢ S
1 0—1 — | | l I l l l I I l l l l I l l l | —
5 10 15 20 25 30
m,. [GeV]



® Light-by-light scattering: flagship UPC measurement. Loop

suppressed process with sensitivity to e.g. ALPs.

Existing constraints from JHEP 12 (2017) 044

10" F

1/A, [TeV]

| Yo y+inv.

oL
10 ete” -y+inv.

~1
10 - Beam-dump

PrimEx

ATLAS

CMS yy -

ATLA

(2019) 134826]

(this paper)

LHC
(pp) |

109 102

o

oo

o

S

6

m, [GeV]

Recent Studies (1)
ATLAS, JHEP
) CMS PbPb, (1.7 + 0.43) nb™ (\'s, = 5.02 TeV)
/>-\ 10 : l T T T T | T T T | T T T | T T T | T T T | T T T l :
O — YY =YY _
Q) B ® Data 7
B B —%¥— gamma-UPC@NLO .
c TS aso0%s Koo oot ety —— SUPERCHIC 3.03 7
~ e, nonsssess
_ _
E
; [ N
@ — ’
po] B I i
- oSt Aot -
PRI
— RERRLHRHRRRILRERRKARRKS —
=x S e =
B | L |
Q T
S -
C 40 §<<<<<<<<<<<<<<< X SCHIIHH A A KA AKX ILAX XKLL AKX AKX ALK ALK
= 1W%%%%%%/%%%%???????????%???????%</</</</</</é??????%%%??????il@i%iii??
- 0 - - - .
6 8 10 12 14 16 18 20

® Encouraging agreement with theory, but devil 1s 1n the detail...
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CMS, JHEP
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A¢ = (1 - ‘A¢7y‘/ﬂ')

® Key observable 1s ‘acoplanarity’ - measure of

CMS PbPb, 1.70 nb™ ({5, = 5.02 TeV)
how back-to back photons are. o 24F + o =
3 22k
. . o — — PERCHIC 3.
® For exclusive UPC production these should 3 20 v~ v (SUPERCHIC3.09)
S 18 = vy — e‘e’ (SUPERCHIC 3.03 and STARLIGHT 3.13 averaged)
very back to back... z 16
1
Pb Pb(*) 10 s
)=
\‘\N\N\‘M 4;_
V > y 2 :_
)i Y O — ] ]
6 —
< O —
! ' = 4
© =
A 2
O__ ; ; 1 \ \ \ \ \ . .1
. 0.001 0.002 0.01 0.02 0.03 0.1
Pb Pb(* AT
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Agb = (1 - ‘A¢)/y‘/7r)

MS PbPb, 1.70 nb™ ({5, = 5.02 TeV)
+ Data

® Key observable 1s ‘acoplanarity’ - measure of

O

N
~

how back-to back photons are.

N
N

vy — vy (SUPERCHIC 3.03)

® F'or exclusive UPC production these should

—_
(00

vy — e'e (SUPERCHIC 3.03 and STARLIGHT 3.13 averaged)

Events / 0.0025
N
o

—_l
(0))

very back to back... and this 1s seen!

—
n

gg — vy (SUPERCHIC 3.03, scaled to data)

—l
N

Pb Pb(*) 10 s
8
\‘\N\N\‘M 42_
V > V 2:_
)\ Y O_ 1 |

6__
< O —
! i S 4
b -
a °E

* .001 .002 .01 .02 : N

Pb Pb( ) 0.00 0.00 0.0 0.0 0.03 A(\)w
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® Key observable 1s ‘acoplanarity’ - measure of

how back-to back photons are.

® F'or exclusive UPC production these should
very back to back... and this 1s seen!

Pb Pb(*)

Pb Pb(*)

® But a sizeable tail at larger acoplanarities 1s

Agb = (1 - ‘A¢7y‘/ﬂ)

CMS PbPb, 1.70 nb™ (s, = 5.02 TeV)
un 24rC
Al — + Data
S 22k
S 20— vy — vy (SUPERCHIC 3.03)
L 48k
5 = vy — e‘e” (SUPERCHIC 3.03 and STARLIGHT 3.13 averaged)
o 16E
14= gg — vy (SUPERCHIC 3.03, scaled to data)
B
10—
— o
88—
= IR
=
=
B
6
O - CMS, JHEP 08 (2025) 006
S 4 s ?
s F ¢ ®
c o 1T
| IO NI SURURERRIVIINS SRIIVIRIRIRIET I rRes VNN JUIUR (USUE SRV NS 5 SpU O JRERU U
O__ ; ; ; ; ; ; ; s 1 | \ Q \ \ \ \ . |
0.001 0.002 0.01 0.02 0.03 0.1

also seen that cannot be explained...
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® Currently assumed to be due to QCD production, but
observed S/B ~ 50% much larger than theory predicts.

® Key point: QCD 1s short ranged so exclusive production
strongly suppressed.

o4 CMS PbPb, 1.70 nb™ (s, = 5.02 TeV)
a — + Data
S 22
C 20 vy — vy (SUPERCHIC 3.03)
0 —
S 18— vy — e‘e’ (SUPERCHIC 3.03 and STARLIGHT 3.13 averaged)
o 16— e
= g9 — vy (SUPERCHIC 3.03, scaled to data)
1o i
10—
= ®
8 [
= ®
6 :
= &88882?%88888 Lo | ®
45_ 1 @(X B /Yy;/\ A < » T X%L % L
2:— |
[ 1 1 1 [ | 1 1 1
O_ 9
9
3 e + + i ®
5 oF i {»
(] SRV NV VNV YNV GNIPN-IN TN G105 99! < < NN
o . . * ¢ ® ¢ ¢ Iéé Qé §+ R
0.001 0.002 0.01 0.02 0.03 0.1
Y
Ad)
[nb], CMS

QED, Coherent
QCD, incoherent x20

QCD, mixed x50 —-—--—
QCD, coherent x100

LHL, arXiv:2511.01980

Pb TS pb®
S 0
S @
- S O Jj'(J
C\' : g 0 < Y
() L 1 |
& S , o
S & Y 25000 d
N M\ S
: (+)
~ 0 Pb Pb 50000 -
® At the moment QCD-imitiated predictions are P00 T
floated to match size of BG data, but this 10000 -
requires significant normalization increase.
5000 |
® What is going on? N
0.001
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® Above LbyL results only consider exclusive production in 1on-1on UPCs.

® But what about semi-exclusive production?

Exclusive Semi-exclusive

e Key point: inelastic vertex has higher

photon QZ => less back-to-back diphotons.




New Study (in very brief)

® Basic idea: semi-exclusive (‘incoherent’) production due to photon emission from

individual nucleons 1n 10n:

o ) = Z X (6 05) + (A= Z) X [ (3, 1)

® Both elastic and 1nelastic emission from

nucleons present: p =
/Q———.

fomeai®) = £+ frl e,

® Using these basic building blocks use established theory input for pp
collisions and suitably generalise. ‘

® Note above results suggest a ~ 1/Z (% level) suppression w.r.t exclusive (not

good for LbylL BG) but needs to be confirmed...

LHL, arXiv:2511.01980
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Comparison to data

® Put these ingredients together in full SuperChic implementation.

Compare to ATLAS data on dielectron production: = = (b
d_O' [ b] O O < | | < O 8 10 < < 20 G V A A -IE 106 =_I 1 I 11 I I 11 I I 11 I I 11 I I 11 I 11 I I_=
| % 107 de PP BUS [Yeel S M-S, TS Mee S 21 OV, ANAR g = ATLAS, JHEP 2306 (2023) 182 -
: Coh.erent c .. :_ Pb+Pb VSNN =5.02 TeV _:
_ Inlcohekll‘ent (me}.) — o 107 vv—e*e, L=1.72nb" %
1 x 108 | ncoherent (el.) ——_ 2 Inclusive ZDC :
| 5 10 f .= 0.043 = 0.0026 <
> 9 3
' : LI e Data 2018 .
100000 F i 3 - === STARIight+Pythia8 -
| f 10°:¢ .. Dissociative (SC4+Py8) =
| ] VS : s Total 5
10000 | | n.__i_i _E 102 =i 10<m,<20GeV,ly_|<0 8_
_I_I_ '_'_'—|_|_ B . :
1000 | | | | | | | | E E
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 - =

L o
0 002004006008

Q 1

® [Looks ~ good! Note size of inelastic contribution 1s percent level. As we would

expect from ~ 1/Z suppression. Precise data/theory comparisons match well.
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® Using same approach can predict incoherent component of LbyL, in

particular acoplanarity distribution.

25000

<2 [nb], CMS Lbyl

20000 F

15000

10000 +

5000

™~

Coherent

0.001

0.01

Coherent

Incoherent (inel.)x100 ——
Incoherent (el.) x10 ——

4

0.

1

VS.

Incoherent (inelastic)

Events / 0.0025

Data/MC

Light by Light Scattering

Pb Pb(*)

Pb Pb(*)

- CMS PbPb, 1.70 nb™ ({5, = 5.02 TeV)
- — + Data
20— vy — vy (SUPERCHIC 3.03)
18 — vy — e*e (SUPERCHIC 3.03 and STARLIGHT 3.13 averaged)
16— ®
SORLRLRRILRILKE T
12 ERRRRRR
10—
— o
8—
6 — PRS00 50 0% %00 %%
A=
O [ ] ] ] ] :
6 "
4 - CMS, JHEP 08 (2025) 006
+ ®
2 i\i
O A Q N r;ﬁrwf-\—\w»ﬁrréﬁ\—\—\—\v/-/-/-*\féxiwé Ai)ﬂéx ﬁhﬁ+\ avavaYe | ST %

0.001

0. 002

® [ncoherent (inelastic) has broader tail, with shape matching data...
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® Using same approach can predict incoherent component of LbyL, in

Light by Light Scattering o

particular acoplanarity distribution.

25000

<2 [nb], CMS Lbyl

20000 F

15000

10000 +

5000

™~

Coherent

Incoherent (inel.)x100 ——

Incoherent (el.) x10 ——

VS.

Incoherent (inelastic)

4

0.001

0.01

0.

1

Events / 0.0025

Data/MC

Pb Pb(*)

Pb Pb(*)

-1
ot CMS PbPb, 1.70 nb™ (s, = 5.02 TeV)
- — + Data
20— vy — vy (SUPERCHIC 3.03)

18 — vy — e*e (SUPERCHIC 3.03 and STARLIGHT 3.13 averaged)
16— ®
SERLILRKERLERKRKKE T
12 R
10—
— ®
8—
6 — LR
4=
2B
N=
61—
+£CMS, JHEP 08 (2025) 006
2
A zw\ﬁwgw\‘ww it A A A A A A 5 0 R 1
0.001 0.002

® [ncoherent (inelastic) has broader tail, with shape matching data...but not normalization!
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CMS PbPb, 1.70 nb™ ({s,, = 5.02 TeV)
o 241
Al — + Data
S 221"
S 20 vy — vy (SUPERCHIC 3.03)
n [
§ 18 E_ vy — e‘e (SUPERCHIC 3.03 and STARLIGHT 3.13 averaged)
. . . o 16 ¢
® Therefore semi-exclusive production cannot 1aE- | e ~ v (SUPERCHIC 3.03, scaled to data
XX KKK K AKX K AKX T
o . . . . 12
explain the sizeable higher acoplanarity tail oE-
sE— ?
observed 1n LbyL scattering. = !
: : ==
® Source of this background remains =
° 0E
unexplained! L ef --
2 B CMS, JHEP 08 (2025) 006 + .
< —
T ok
O S @i geiiiiigeaniigannian:
o= .
0.001 0.002

® Note this might seem “obvious” from expected 1/Z suppression but there were other

reasons to expect some enhancement beyond this...

o ..but in the final analysis (and after accounting for all cuts) this 1s not the case.
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Other background sources? Quark emission:

® In theory ‘photoproduction-like’ Pb Pb()

mechanisms could play significant role - lower

order 1n (¢ !

VS.

® However in final analysis not the case:

Pb Pb()
* Quark emission: no t-channel

enhancement + amplitude suppression. A. Pedrak et al., Phys.Rev.D 96 (2017) 7, 074008

q € k1, €
* Photoproduction: C-odd amplitude ™\ 7
leads to valence quark GPDs - huge AN
supression! Photoproduction: | | ke
(x4 £)
N

P1 P2
(a)
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Recent Studies (2) Zpy, = 82

® Sizeable ( ~ / 2 ) photon flux does not

only enhance UPC cross section - can have

multiple excitations

® Additional photon exchanges can excite 10n - leads to forward neutron production that

can be detected by Zero Degree Calorimeters (ZDCs)
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® Cross section given in terms of:

Py, (b1) Z/dw

@

Photon flux

® Most ingredients rather well determined

from lepton-ion scattering data.

® And predictions for ‘ZDC event fractions’

match data rather nicely!

\N(% b1 ) ‘QO-’YA—M‘* (w)
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® Question: what about this high energy tail?

1000 ZPb—Pb+ [mb]

100 ¢

10 Lo . ~...“|‘.: L] L] Y . S .
10 100 1000 10000 100000
w [MeV]
6)
o
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* Theoretically: not well determined.

® High energy "Y1 cross section observed to follow ‘Regge-scaling’. Ot = A"+ B-s",

® Handful of HERA datapoints in energy region ~ an order of magnitude below LHC energies -

extrapolate from there 1n energy and from nucleon to 10n.

ZEUS
Algo T T T T T T ‘ T T T T T [T T
< W ZEUS 1996
~ | OO H1 1994
o, O .
>b*" - low-energy experiments
I DLYS | |
— ZEUS fit
(% - : J
Qa T )
fm“ﬂb'” * *
: ’ ’ | ZEUS, Nucl.Phys.B 627 (2002)
130 — “ .
F e—— —— > #
100 | | | | I T ‘ | | | | I I ‘
1 10 100
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* Experimentally: might this be polluting our data samples?? PL (b,) = / dUw N(2,b1)|20 44+ ()

o « (mb
1000 _']’YP”I—*"”””[WI] S

® Key point: contribution from high energy tail 1s not |

negligible, and would lead to particle production 1n 100} o
the detector. - L.
/_ . : — |
l! ;:’7@' Yo i0 100 10000 100000
= L w [MeV]

_ Py \/— 0y __:,./[(/_‘.‘ N

o S

® But we impose exclusivity vetos in measurements, just as in pp. Might this be missed?
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M. Dyndal and LHL, in preparation.
Veto fraction, /s, = 5.02 TeV, 0 < |y,,| < 0.8

0.3 | | |
. dl(?jzu,l [ub], 10 < m,,, < 20 GeV, /spn, = 5.02 TeV
! ! ! ! 0.25 B ................................................................ N
No veto =+ 5
| : Veto -
} * I S SUEIPE R Veto, no pg - - - oz ]
e é ------- e
15 t 1015 F . I
10 - | 01 Irrrl_l_l_l’_l_l_li _
5 e o Doos B o |
Preliminary . Preliminary
O | | | | e O | | | | | | | | |
0 0.5 1 1.5 9 20 40 60 80 100 120 140 160 180 200
Yy my, [(GeV]

® Study in final stages: we find fraction of events that fail

representative ATLAS veto due to 1on excitation can be sizeable.

® Acts to bring predictions into much agreement with data (long-

standing puzzle).

® Need to account for! Can also atfect ZDC ftractions, other results

(photoproduction etc) - stay tuned.
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ATLAS, arXiv:2504.07795

® Recent ATLLAS measurement of coincident ,00

and ,u+ [t production!

e First time this DPS-like observable has been

measured.

® But no theoretical predictions...

Recent Studies

o
o
=~

- | | | _

K ~ ATLAS i 1 i

2 - Pb+Pb, 5.02 TeV, 1.44 nb™ [ [ |

< - Pb+Pb, 5.36 TeV, 3.17 nb” i T ]
S

r 0.03 * s * s -

% o . ® No m,, selection 1+ ® No y  selection 1. ® No E/* selection i

- O my, <15GeV T oy I< 7 1 o E**<16GeV -

0.02H 0 my,,>15 GeV L O |yw|>1 1 o Elvead>1GGeV ¢ N

001 o o - i -

0 . o'ﬁ] T e LR s .

- = O I:] = _

[ T e T om ]

] | | | L | | | L | | | | ]

OnOn OnAn OnXn XnXn AnAn OnOn OnAn OnXn XnXn AnAn OnOn OnAn OnXn XnXn AnAn
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® Until recent study - first detailed theoretical work. LLHL, arXiv:2506.03264

® To account for coincident production, simply take \

standard formula:

o ~ / d®by 1 d%bey PV (b )N (21,010 )N (22,b21) - 00ysx  Vou, Xl

/ N/

Survival ftactor Photon flux

¢ And multiply by probability for coincident Y A— pOA
dox, x, = /delLdeQLdUS2 — dox, x, :/delJ_deZJ_dUSQPXle(SvbJ_)PV(bJ_)

dw -
* With: o(yPb — p”Pb) : O(mb) Py(by) = 2/ Uw N(z,b1)[*oy45va(w),

taken from LHC data on pO photoproduction.
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® Both ZDC class and kinematic dependence nicely in line with expectations.

p° excl.
0.04 7219
N lecti ] p° excl.
O selection ] _ 0.02 of /o | |

i ® ) i 0non No selection —e—

0.03 L, My, < 15 GeV —o—
my, > 15 GeV —m—

_ _ |y/~L,UJ‘ <1 —oO—
0.02T - Y] > 1 —m—

: . ' Flead < 16 GeV —o—

o 0.01 | Eload > 16 GeV —m—1
1

0.01 - o+ . I*

i .+ i - 1 I-£I+ T+

! ot + L O _+

i ot 'ErI + 1 o

L [ |
0 0n0n OnAn OnXn XnXn AnAn
0
® Hirst study of its kind - opens up new type of observable. Other
LA—’
.

coincident processes? Correlations between them...?
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Summary and Outlook

» Peak luminosity =Integrated luminosity

2 5F+33 - — T — = ] 250.0
® Already many new LHC measurements in the B e | |
. ° o 2.0E433 ---:—-}---|REEE - - [EEEE - -0'0i»~--———'-~0‘o—0 01---—00-0»--§001 200.0
photon-initiated channel. - i - B | | =
® But still in foothills of data taking. LS IBEE EBERE NEEE ERES BR7 SSELLE:
>
.g é
. = 1.0E+33 100.0 i
® During Run 3 both ATLAS and CMS E :
oo
continuing to take semi-exclusive pp data with sokes2 | , s0 g
. |
and without tagged protons. - | |
0.0E+00 i Al ' — 0.0
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37
Year (don’t look too closely at

the years!)
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® Work towards HL.-LHC running at CMS underway, with new taggers being proposed.

® Similarly in AA collisions, much new data to come, with ALICE and LHCDb entering the game.

® An exciting programine of measurements ongoing and to come, and much theory work to do.



Backup
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PI + ISR Showering O

-
® SF calculation give precision prediction for photon z,Q” !
and we would like showering/hadronisation of "
dissociation system to respect this. /L
U —

® No clear oft-the-shelf way to do this, so take simplified approach:

* For purposes of LHE record, for inelastic
emission take [LO ¢ — g7Vvertex

. . q
* Generate outgoing quark according to ‘

momentum conservation, preserving photon

4-momentum.

® [SR/FSR will then modity photon 4-momentum. Not 1deal, but for purpose of

current study sufficient.

® [n addition, must turn off global recoil in Pythia to get realistic result (no colour

connection between beams).
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Image credits: Gavin Salam

® In more detail, components of 1,2 break up into four regions:

(il data sources in x,Q2 plane e - /
103
P
2 NTl 2dIor l

0 X gt
N
= 10 i Elastic scattering: from Al
O .

| = low Q2 continuum collaboration.
005 Q2 = 0.775 GeV2 % O 1 (Hermes GD11-P) Viagnetc FF 1 (s, dipole)

0 | mm«m

0 010203040506070809 1

1 1 1
results from 1307.6227

1.1

1.05

elastic (A1)

\

) 0.95
Inelastic resonant proton

0.9 " mmmmm fit to Mainz data [spline] |

[ fit to World data [spline]
0.85 I 7 fit to World+Pol data [spline]
- - - - via our prog. (World)

| | |

excitation. Precise

parameterisations available.

>0 2 4 6 8 1|o 12
CLAS, M. Osipenko et al., Ph o
» VL. USIPENKO €1 al., Fhys. A1 Collaboration, Phys. Rev. C90,
Rev. D67, 092001 (2003) 015206 (2014)
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Image credits: Gavin Salam

® In more detail, components of F 1,2 break up into four regions:

e >
il data sources in x,Q2 plane =
Inelastic high Q? scattering. ] I
Could in principle use 103 L |
direct experimental —_ p
determination (e.g. from 5 |
HERA 10 = high Q? continuum region FIIle
) - (PDFs: PDF4LHC15_nnlo_100)
> - Inelastic low Q¢ scattering.
v 10 . D
O Precise parameterisation
N low Q2 continuum available
. @, | (Hermes GD11- P) umu '
But better precision 1
. .« . ”" - HERMES, A. Airapetian et al.,
achieved by combining < JHEP 05, 126 (2011)
pQED NNLO) preciction + o 1 “ o] o .
quark/gluon PDFs from H ol : "
global fit. |
0.1 0.5 1
® Closely follow LUXqged inputs here.
NB: plot just for display purposes. I take direct pQCD determination above Q2 > 1GeV?
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Other Considerations
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Collinear Calculation

T\

® Also possible/relatively common to calculate PI cross section in collinear

factorization. Given in terms of photon PDF

VSIS
Lo z/dx1d:r:2 GV (s )y, pe) (e, pr)

Oy

—

%

® This 1s what comes out of e.g. MG5) generator.

diagram 2 QCD=0, QED=2

QCD=0, QED=2

diagram 1
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® Can show that collinear calculation 1s (approximately) equivalent to full

structure function calculation for pure PI production:

,02’/ M* M

1 v
- 5(4)(611 + g2 — px) ,

Opp — 2_8 dzidxo d2Q1Ld2QZLdF O‘(Q%)&(Q%)

Q1QQ

v —= X ~o(y' vyt —=1T1)
r—Aﬁ —

2
P DY M My, A v(wl,uF)v(wz,M%)U(weW)+0(%>
[l

® Approximate equivalence manifests itself in  tdependence of collinear result

(absent in SF result).

® For LO collinear, this dependence 1s

large (1.e. approximation relatively poor). T . N \> -
Can improve agreement with SF by i ‘ -

including higher order diagrams:
® But fore pure PI this 1s automatically accounted for in SF calculation.

® Moreover SF calculation (unintegrated in photon k) fundamental to calculation

of survival factor.
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However...

® SI calculation only accounts for pure PI (+ Z-imtiated) production.

® [For dissociative production this 1s not the only contribution. Discussed in detail

for the case of WW production in arXiv:2201.08403.

o :
For e.g. the DD case also have: LHL, Phys.Rev.D 105 (2022) 9, 093010

P1

® These non-PI diagrams are suppressed by at least ~ Q2 /M X%V, zand so on principle
subleading. But:

* The contribution 1s not necessarily neghgible - to be determined.

* More importantly, the pure PI (+Z) contribution is not individually

gauge invariant away from collinear limait.
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® [n general necessary to include both PI and non-PI diagrams when considering

data without tagged protons.

p v/Z W %7777 % %
W?

~ W+ Y

W+ ~y

® Accounted for in arXiv:2201.08403 via so-called “hybrid’ approach:

. . 2 .
* SF calculation used in low photon ()“region. LHL, Phys.Rev.D 105 (2022) 9, 093010

* Full set of non-PI diagrams included in higher photon Q%egion.

® Could also use (NLO...) collinear factorization although this comes with

complications.

¢ Impact Of DOD-PI pl"OdUCtiOl’l depends on experimental selection and Process.

* W pair production: O(10%) correction.

* [Lepton pair production: O(1%) correction.
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gg vs. 77y

® [For some processes both QCD and photon imitiated production can contribute.

® However, for higher masses QCD production strongly suppressed by no radiation

probability from initial-state gluons.

—> At higher mass Pl production starts to dominate.

99_T1th /GeV] /s = 14 TeV

10t 2Mx -
| 99 = VY ——
10% i - R
" SuperChic MC s : - _r
1070 vy — vy, Wloop - --- - \
1072 | vy — 77, fermion loop - - - - 1
1072 | : —
10~ - —_,/
107° | R 5 |
1076 | T ]
0 7E : b
N p] >10GeV |n7] <24 |
10~ o | | | | | | | | —
50 100 150 200 250 300 350 400 450 500
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® Proton tag can be included at MC level (here for ALP production).

Proton Tag Impact

® As expected dissociation suppressed by even single tag.

5 1 .2 B | | | | | | | | | | | | | | | | | | | | | | | | | | | I_
5 B Superchic 4.1 + PYTHIA 8.2 Protons in AFP not required |
1—with S2 No charged particles with —
B ALP  uu pT>O.5 GeVandInl<25 |
B . — EL |
0.8 i . — D 1
= . — DD .
0.6— |
: @ _ ‘ ‘ - 7Y A 7Y a [ ] [ ] :
0.4— —
- ‘_I_I_,_‘ Y e e e
- @ S —
0.2— — 11— . —
- ._,_q_r‘—r —
O i ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] I—
0 500 1000 1500 2000 2500
m, p [GeV]

LHL and M. Tasevsky, arXiv:2208.10526

920

C/TOT

1 .2 | | | | | | | | | | | | | | | | | | | | | | | | |
- Superchic 4.1 + PYTHIA 8.2 -
1—with S2 No charged particles with —
B ALP  uu pT>O.5 GeVandInl<2.5 j
n . R _
0.8 - . — D i
| ° e DD _
08 T e —t— o v
n o o _
0.4 [ I ° o 4 (] - . : ° [ —
0.2— _
0 | et b st | |
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e Dissociation = larger photon Q* = smaller pp b, = S? |

® For SD production elastic proton side
results in ~ peripheral interaction and S?

still rather high.

2
. S
0.8 + |
® For DD no longer case and
> 0.6 - -
S° ~ 0.1
0.4} EL — -
SD
DD
0.2 - _
lepton pair
production 9 T 00 T o000

Mll [GeV]
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Veto Impact Veto |
T N [Tl Pad ’

. . - s !
® MC generation allows us to assess impact of rapidity veto Allowed \ﬁ' Re Allowed
on cross section and ditferent (EL, SD, DD) components.

5 1 -2 _l I I I I I I I I l l ] '— 1 2 I | I | I I I | I I | I I | I I
= Rapidity veto SC4+PY8.2  Analytic formula . o T r - , .
.8 - apicity Y _ B — Rapidity veto SC4+PY8.2  Analytic formula —~
~ 1= without$* /  — e Elastic  — kS, - 2 /L Elastic
S B _— e SD - EZ 1~ with S astic -
© - DD s © - T 5D 5
0.8 — 08 — e DD T
- 1> L N
0.4 —
0.2 -
0 | | | 1 N B R R | 1 ! N B R R : ] e D — — .rw-—'-"“""_'""-—-u_‘ - :
1 0 1 02 1 03 0 [ | | | | | | |- |02 | | | | | | | - | 3
M, [GeV] 10 1 y [Ge1 \(/)]

T

* Veto : strong suppression in DD. Elastic and SD comparable at lower m;;, SD
dominant as m™my; increases.

* Proton tagging : single tag removes DD and double tag gives pure EL.
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Impact of Photon Kinematics

® Istimate by working in collinear approach:

OpA R /dxlda’fz fyp(@, 17) foyalaa, p)e(vy = X) |

¢ But with modified PDFs: ® [imit upper limit ;t — cut on photon P |

/

d — dQ?
xffy/p,A(xa 2 27_‘_04 / - /B Q )
(vaq( ) | 255@2” )FP, (QZ‘/Z, Q ) o ZQFE’A (%7 Q2>

® Can also use this to ~ cut on final-state quark 1) 1.e. exclusivity veto.
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dL

® L.ook at impact on Y7 luminosity. = /daz‘ldxg fv/p(an,uQ) fy/A($2,M2)5(SQE1QZQ — miv) ,
VY

® Plot ratio to purely coherent (i.e. exclusive) case:

* Experimental analyses restrict dcieoh /d Leop:

system pIyto be <1—-2 GeV 10 ¢ nelastic -
: elastic Preliminary

elastic, no Pauli blocking - - - -
inelastic, p; <1 GeV ----
inelastic, p1 <1 GeV, y <25 e

* Impact significant - reduces

incoherent 1nelastic by ~ 10. 1

* Exclusivity veto (|n,| > 2.5) has

\
- =
=
—
- — 1
=

- =
—
—
- —
—

SOIMe further impact. R 2 e,

v 0
““““
v 0

01/ . ..z=zzERET ]
* ‘Pauli blocking’ I‘equired for “““““““““““““
incoherent elastic - reduced cross B
’ 0.01 ' | | | | | | | | |
section by ~ 3-5. 0 10 20 30 40 50 60 70 80 90 100 110

M~y [GeV]

® Accounting for these effects expect ~ percent level incoherent contributions.
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Survival Factor o

4

® Not all nucleons 1n 10n always active:

inel.e oy o d20_ A—pA
O-AAL—:pAX = /dzle_dszJ_/deLTA,p(bL)FAA(S,b/J_)defJ_;;pri( ,
Val W\

Nucleon density Survival Factor
® Yes: /deLTA (b)) =27 butifion-1onb; < 2R, then does not contribution!
. S?, |Yee| < 2.4, ANAn
Incoh., el.
Incoh., inel.
. . 0.8 - Coh. —— °
¢ Can account for 1n tull calculation
of 1on-10n survival factor. 067 l ]
e Gives some further relative 0.4 | i
suppression. 09| _
O | | | | | | |
10 20 30 10 50 60 70 30

Mee |GeV]
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® Compare to published numbers - looks good! Confirm ~ percent level predictions.

AnAn OnXn XnXn
ATLAS [3],|¢ee| < 0.8, 10 < mee < 20 GeV | 0.043 £+ 0.0026 | 0.099 + 0.006 | 0.13 £ 0.01
Central prediction 0.039 0.12 0.17

® Can also predict other ZDC classes. Incoherent automatically gives Xn on inelastic side -

incoherent fraCtiOnS enhanced for On x n and x n x n. A. Ogrodnik, Measurement of photon-induced processes in heavy-ton collistons with the
ATLAS detector, PhD thesis, AGH-UST, Cracow, 2022.

® Larger range of comparisons from corresponding thesis:

fbkg, 5 < Mee < 80 GeV, AnAn fbkg, 5 < Mee < 80 GeV, O’I’LX’I’L

0.1 0.3
008 | 1025 - -
[ 0.2 - | _
0.06 | Jlr ) J[
I 0.15 | -
0.04 | ¥ - T
| 0.1 | ¥ .
0.02 1005 - 1
0 | | | | O | | | |
0 0.5 1 1.5 9 0 0.5 1 1.5 9
Iyeel |yee|

® Encouraging agreement. Theory uncertainty ~ 20-30% level.
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