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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.
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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

inclusive LHC cross sections.

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

CMS CMS Experiment at the LHC, CERN
Data recorded: 2018-Jun-09 14:08:14,138240 GMT
A Run / Event / LS: 317640 / 98443699 / 81




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 photon

® [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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Lepton

AFP AFP
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® Proton taggers ~ 200m from ATLAS/CMS.

® Many measurements/searches data already...
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® With prospects for HL-LHC running being pursued
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CT-PPS, arXiv:2103.02752


https://inspirehep.net/literature/1849987

Selecting semi-exclusive production

® Proton tagging useful but not essential.

® During normal LHC pp running multiple
(10s) of collision events during the same

bunch crossing.

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

multiplicity environment of the high pile-up
LHC.
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Run: 357620
ATLAS Event: 653219636

EXPERIMENT 2018-08-06 01:08:33 CEST

Run 1: ATLAS [1607.03745], CMS [1305.5596, 1604.04464]

Observation of yy > WW > evuv

O meas = 3.13 £ 0.31 (stat.) + 0.28 (syst.) fb

Run 2: ATLAS [2010.04019]




Heavy lons

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

® In ‘standard’ heavy collision, large number of nucleons in initial 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

=

Run 168665, Event 83797
Time 2010-11-08 11:37:15 CET

|18



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

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

have to be the case:
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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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Physics Cases: Some Examples

* Probing the tau g-2:

Electrong -2 (-2.56?)

Muon g - 2 (+4.207?)

® While experimental situation - .
) RIKEN 2019 e
for highter leptons well Berkeley 2016 - N R ——— oz I8
LKB 2020 { —@— h/m(3"Rb) —
developed... < = )
NW2022 A |—o—| Gy | | .
P. Cladé [FIPs2022] ° 10 1 o perage”

Parker et al [Science 2018]
Morel et al [Nature 2022], Fan et al [2209.13084]

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

® Does not even probe 1-loop QED:

a/2x=0.001162

Schwinger [1948]

(ae —0.00115965218) x 103

175 180 185 190 195 200 205 210 215
9
a,x 10 - 1165900

0.5 parts per million

0.2 parts per billion
a7 = —0.018 (17) (Pre - LHC)
DELPHI [hep-ex/0406010]
P&y = 0.00117721 (5)
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Eidelman, Passera [hep-ph/0701260]

® Sensitivity to BSM unprobed:

Martin, Wells [hep-ph/0103067]

Figures curtesy of J. Liu



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

P2 P2

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

P1 P1



® [First 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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® Limits already competitive with other vector boson scattering results. Promising hunting

ground for BSM.
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* Many physics cases of interest...

Compressed SUSY

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. o

Anomalous couplings

p p v
Vr
Z Ve
! 14
Ph e ~ Pb
N L. Beresford and J. Liu, PRD 102 (2020) 11, 113008
7 M. Dyndal et al., PLB 809 (2020) 135682
p p
C. Baldenegro et al, JHEP 12 (2020)
165, JHEP 06 (2017) 142 LbyL scattering/ALPS
Pb PH®
Top quarks 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

Y

Pb 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)

26



PI production: building blocks

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

x P —>YP(P") form factor.
\ L\{

5

— %

\

S —

T 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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. . LHL, JHEP 03 (2020) 128
Structure Function Calculation

® Both elastic and dissociative PI production can be modelled in *Structure function’ approach:

w(”
e d20. I Waﬂ % .
dzdy P T > LY
@ —
W
P vi — —
\ WQ/B — i//\_
Wo o B.P
® Structure functions parameterise the vp —+ X vertex: W, = <_9uv | /;2’/ > Fy(z, Q%) + qu (2, Q%)
® Use same idea as tor DIS to write: § .
2 /yp%XNO(’V/V%X)
Photon T, Q P S (,O,LW ~ W,u,l/)
e ' !y rx
1 . ,01 ,02 M / /M/LV
Opp — %25 /dmlde dzqthQQLdFO‘(Q%)O‘(Q%) q2q5 - 5(4)(Q1 + g2 — px)
112

® Can relate to well known equivalent photon approximation, but more general/precise.
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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.

(@)[GeV?] ¢
0.0 1.4%

-
o
w
o
O
hurg
-
1
U

(1520)
' (1232)

0.3 1.4*
07 1.4
1.3  1.4%
23  1.4%
37 1.4°
58 1.4%
9.1 1.4%
143 1.4%
231 1.4*
369 1.4%

58.7 1.4*
96.9 1.4°
159.0 1.4%
261.3 1.4%°

of -c[barn]
L+T

o

N

® Low QQ°and/or W* 03|

region: take direct

Cirg'e)
o
o090,
= e b €3 ()gp
1 0 = S oty
C FAY
o A

experimental

determinations. 0.1

446.4 1.4%

0]
L 0 N
:
| | ‘ L y Ll -3-

[ %10
0 0102030405060.70809 1 10 ¢ 4

759.4 1.4%

4 HERA

* JLAB
real photon

+ BCDMS

O E665

* NMC

s SLAC

© HERMES
vl Lo

'R v vl v vl ol Lo paanl o1
2 4
10 10 10° 10 10° 10°

29 W?[ GeV? ]



® 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".....,
107 104 1073 1072 0.1 3 5 7 91

® Uncertainty in inputs ~ to equivalent photon PDF uncertainty. That 1s % level or less (in particular

for elastic case).
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LHL, JHEP 03 (2020) 128,
® SIF 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 activity).
Y g

1

pi' vl ok
p1" P2 My, My
Opp — 2_8 dzidxs d2Q1LdQQZLdFO‘(Q%)O‘(Q%) - .

5(4)(611 + g2 — px) ,

419
® 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 > %, M* — General Purpose MC

Backup

® But not the end of the story!
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The Survival Factor

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

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

schematically:

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

® These inputs are measured 1n

lepton-hadron scattering.

S
C
S
CW

® But we are interested 1n o S rUAddl
hadron-hadron scattering: - S 8
need to account for additional X -
hadron-hadron interactions. 5 '- e "
:
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® ‘Survival factor’ = probability of no additional inelastic hadron-hadron interactions. Schematically:

o~ S?. o7

® 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
® In general source of S al., Eur.Phys.J.C
. : " W o 81 (2021) 2,175
uncertainty. Is this the case | o

b Tevatron \CERN (SppS) =
1.8 TeV “\546 eV (x10)®
- »  (x1)
"% LHC < I e
N 7 TeV '}, N A
(\() 01) = o T
2 7() TeV (x0.1)

for photon-imtiated

~
.

production?

13 l e\/

mﬁ et EARRRSIIIITTYY Hidtyy 143
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The Survival Factor in PI processes

® Start with 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.

'\ )

. QP <1GeV? I Qe

X b

o @
— 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...
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® 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(CﬁL7(TZ¢7°“)|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
-l?w'bw . -

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

—
bey

' M[;LIZ-:L""3 35



® 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 b1 —b2.)

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

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

e 0L ~ 0(by — 2r,)

but not exact!
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® Result for pp:

-

7 /delj_deQJ_ ‘M(51¢ 9 52¢7 "')‘26—Q(le‘ ~b2)

® What does this tell us about survival factor tor purely elastic production?
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f;j doEPA fgo doEPA 1)

® Have a look at ratio: 1 . |
; : Vs ="T7TeV, m,, >20 GeV —
O-(bJ_ > b(j_u ) 0.9 L ' Vs =13TeV, m,, > 12 GeV —
O'(bJ_ > O)
0.8 F i
~ 90% of cross
section lies outside 0.7 F .
0.0 + i
b, > 27”p
_Q g _E . 0.5 : | | | |
where € (01, =b2,) 1s~11 0 21,2 1 6 3

b il [fm]
\

® Depending on precise process/ S P

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

® What about dissociative production?

39
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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
=
0.8 + _
® For DD no longer case and
> 0.6 + -
S° ~ 0.1
0.4 EL — -
SD
DD
0.2 - _
lepton pair
production T o T o000

Mll [GeV]
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® What about uncertainties?

® Naively might assume 1nelastic 1on-10n interactions has large uncertainties - requires knowledge

of non-perturbative QCD. S (b ,L\
Q _=

® However, not the case: majority CA

of EL/SD interaction occurs for

model

b, >27“p

independent

where S% ~ 1 independent

of QCD modelling. model dependent

O b £
—> Uncertainty on S? small, at % level.

® However no longer true for DD production - uncertainty O(50%) (though S itself smaller).
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® Other eftects?

® Survival factor not constant: depends on process/kinematics.

d2b1 d2b2 M 51 ,gg . 26_9(51L_52L)
_ I I 1992
[ d2by, d2bs  [M (b1, , b2, ,...)|2

(5%)

I b1 <> qL

<SQ> :fdQQ1LdQQQ¢|MmC.S2 (q_}1¢7572¢7 )‘2

/'fd%md?% |J\Tf(q*‘1ﬂcfzﬂ ]2

Kinematics
Process

® NB: this process dependence 1s often (incorrectly) omitted in literature
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0.8

0.6

0.4

0.2

Results

® (Again) scaling with elastic vs.

dissociative clear.

® For SD case, S* ~ 1 still generally

true as one proton elastic.

® Dependence on kinematics

(e.g. Y, My ) also evident.

lepton pair

EL ——
SD
DD

SuperChic 4

production
52 S2
, , -— , , - 1
—f——_l—_l_l_‘ 4|_|_'_.
- - 0.8 -
- - 0.6 -
~ BL —— - 0.4
gg S%(el.) > S*(sd) > S*(dd)
i _ 0.2 -
SuperChic 4
. . . I 0 | '
10 100 1000 S

Mll [GeV] "

3 4
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Veto Impact Veto |
K N [T P ’

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

51-2_| 1 - ' L 51_2| —— . —
.8}_ N Rapidity veto SC4+PY8.2 Analytic formula _ B u Rapidity veto SC4+PY8.2  Analytic formula —
=z 1= \_without §? — e Elastic — kS, — R 2 Elastic
L - L SD - Ez 1~ with S astic —
N DD B S | —  essses SD _

0.8 . — 0.8 B —_—  eeeees DD ]
0.2 —

[ premaiti —

B - _ J= B

0 _I - - ] — I- L ] |" Lo L L l L ] L1 1 |—

My, [GeV] 10 107 10°

Ml*r [GeV]

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

* Proton tagging : single tag removes DD and double tag gives pure EL.
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SuperChic MC Implementation

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

superchic is hosted by Hepforge, IPPP Durham

» Photoproduction.
» Photon-photon induced CEP.

C()mmon Platform for: SuperChlc 4 - A Monte Carlo for Central Exclusive and Photon-Initiated Production

SuperChic is a Fortran based Monte Carlo event generator for exclusive and photon-initiated production in proton

Home . L - ; . . .
¢ and heavy ion collisions. A range of Standard Model final states are implemented, in most cases with spin

e Code correlations where relevant, and a fully differential treatment of the soft survival factor is given. Arbitrary user-
o References defined histograms and cuts may be made, as well as unweighted events in the HEPEVT, HEPMC and LHE
formats. For further information see the user manual.
o Contact
P y:
/ 1
/1 |
B S | S
W2 o
q/l q/l > X u
\/
o/l folwa,--+)
Alist of references can be round here and the code is available here.
p
P 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  public

* HepMC output now properly supported.

¥ main ~ ¥ 58 Branches 0 Tags

* Full testing suite added + cmake build

LucianHL updated manual (#215) v

.github/workflows

SyStem ° Cards

*Various bug fixes + code improvements. R
* Future releases will be via github. s

Collaboration/PRs welcome!

[ CMakeLists.txt
[ COPYING
[ changelog

[ README.md

https://github.com/LucianHL/SuperChic
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<7 Unpin

® Unwatch 3 ~

Q Go to file t Add file ~ <> Code ~

75952fd - 5 days ago

Add more Fortran compilers to Cl (#202)

Add existing project files to Git

Update input.DAT

Reintroduce findAPFEL for now (#201)

updated manual (#215)

Better directory structure (#53)

remove alphas warnings (#212)

Dump the shower config for each test job (#200)

input card in Build/bin (#210)

Added GPLv3 as a license

Improvement of documentation (#195)

Update README.md to add installation alternatives. (#213)

) 292 Commits

last week

3 months ago
3 months ago
last week

5 days ago

3 months ago
last week

last week

last week

3 months ago
last month

5 days ago

% Fork 3 v v¢ Star 2 v

About 3

SuperChic Monte Carlo event generator
for central exclusive production

Readme
GPL-3.0 license
Activity

2 stars

3 watching

€ QO % ¢ &3 B

3 forks

Releases

No releases published
Create a new release

Packages

No packages published
Publish your first package

Contributors 2

andriish



Where do we stand? Comparison to Data
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WW d . S. Bailey and LHL. ,Phys.Rev.D 105
production (2022) 9, 093010

® Basica 1dea: ask for no activity to 1solate semi-exclusive vy — W W signal.

® Only recently been fully understood. It both protons tagged we would 1solate this alone. But

otherwise non photon-initiated diagrams will enter

P2

v/Z

# Alone!

W:F
v/Z

P1

. R R b
® Must include %Zig: w %gw w W w
W

v/Z W+

other diagrams:
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® To get SM cross section right, need to include:

| * Survival factor
* All contrlbutmg dlagrams (not just photon— * MC treatment -

initiated for SD and DD). %7 impact of veto on
’ W%iwi Ry ENOTY EL/SD/DD.

114 W
V/Z ' w+
/éi—:
" - \
% 1200 — —lq— Data | A'ln_As ]
i - L W {s =13 TeV, 139 fb ]
1000 — . Z‘Z‘—>WW p"'>30 GeV K
° ° ° ° ° — Other qq initiated
® [First observation of semi-exclusive WW production by aoo 1= Navpo
| 2%%%%< Total uncertainty
ATLAS, at 13 TeV, via rapidity veto. i
400
P2 - P> - 200 (—
-d 1 4 I SN —
S _‘
s - . 8:occo]
S 0.8 L ]
06 L | ............................. S e | | .......... —
p1 > P - 0 1 2 3 4

Number of reconstructed tracks, n.

® All channels enter, and tull treatment as above needed to match data! ATLAS, Phys. Lett. B 816, 156190 (2021)
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o [tb] (0;/ct0r), 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%.

® [ooking to the future. Go beyond one number and look at

distributions - EFT analyses.

® Will require full treatments of subtleties described
above - survival factor, non-PI diagrams etc all

modify distributions! Much to do...

50

7
150

Events / 5 GeV

100 99 L
‘e

T T | T T T
ATLAS
Vs=13TeV, 139 fb”

1 yww—=WW
YY—>TT

B Drell-Yan

Bl qa—=WW

B Non-prompt

B Other qq initiated

<4444 Total uncertainty

Data / Pred.

—o [ e |




Exclusive tau pair production
CMS, SMP-23-005-PAS

® Recent first measurement of exclusive tau lepton pair production in pp by CMS, following

data in PbPb by ATLAS/CMS. EU, ETh, UWTh, ThTh, LI

. L T T T
® As with ATLAS WW, selected via rapidity veto - ' ' '
no tagged protons. All components enter: B S S N S
fj pz%dj pz%df

pQQ

® Leptons somewhat smlpler than W boson in SM, but o 10 S Preliminary 138 fb (13 TeV)
) F A<0.015, N, =0 4 Observed ]
. . . O 10% [Oincl. bkg. (3 = Nyak =7) 3
complete modelling still essential here. o 1ol Ori i (st
5 il
= 1.2 ™ ] T 10 : Flat SF = 2.703 = 0.035 ?
¢ ¢ Rapidity veto SC4+PY8.2  Analytic formula - 10F (n. SF =259 + 00004 x T
= = wihs  — e Elastic  — | E— ;
®Sizeable SD + DD g — - o ; :
0.8_ ------ — 10_2 —§|
contribution, 1n partlcular at - : 10 e -
L ] o - _{_
ho h (o 1. o h 06_ [PTRRRPRPRPCL L, H L>|J< 2: E
12her masses (1n line wit R - S~ F |
g s __—C'.: E e —
expectatlons) * E E = g-_ I
0.2_ o %);. 45_ —{—
o — i b 4L i + +++—{— 1
O_I L1 ! ! A N § ! 2_ ---------------------------------------------------------------------------
10 102 10° = 0™900 200 300 400 500 600 700 800
51 M, [GeV] m,. [GeV




Exclusive tau pair production

CMS Preliminary 138 o™ (13 TeV)

® Data agrees well with SM expectation —=>set limits on anomalous ® Observed —68%CL — 95%CL

. SM
value of tau g-2. OPAL
PLB 431 (1998) 188
® Sensitive to normalisation (ratio to utt) and shape of distributions. |, :
PLB 434 (1998) 169 i
WT, > Niraoks = 0 138 fo™' (13 TeV) T, T Niacks = 0 138 fb™' (13 TeV)
B 300 T - T T T T T T %) S B S S B
= - CMS ~- Observed | |ZW* (= )+ VWV ] = - CMS 4 observed [z = - DELPH] = .
g 250 - Preliminary 2t s L w MWW 2 60 - Preliminary = EPJC 35 (2004) 159
LLI - L ool N R S . L - .Jet mis-ID Dw -t
B [ etmis-ip [y = ] S0 =
200 == E - | |uncertainty . ATLAS Pb+Pb ——e
R — = Uncertainty . 401 B PRL 131 (2023) 151802
150_— ] N _
- 7 30 —: :
100 = 20 F- E CMS Pb+Pb o
- ] I T ] PRL 131 (2023) 151803 :
: .................................................................... : ....... | ThIS result .....;.H
(@N . ..t | | | | | |I | | | |
x' 15¢ | 4 % 1-5‘ { ] ~0.1 ~0.05 0 0.05
n n
™~ 1=% ¢ = ™~ 1 -
% = + + % i ! 8
8 0.5 SMa,_ —a, =0.008 - 8 0.5+ SMa. —a, = 0.008 ~
— 100 150 500 100 150 200 500
myis (GeV) myis (GeV)

® As discussion before makes clear, to get this right need a proper handle of relevant elements (veto

efthciency, survival factor...), all of which modity shape. How sensitive are limits to this?
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Exclusive leptons: a caveat

® For simplest ‘standard candle’ of lepton (muon, electron) pair production, data/theory agreement

good but some trend for theory to overshoot data by O(10%).

3 L L S R B L B BN AL A N LN B BN
. . Z1400- _ . -
0oy, (b)) 01, (D) : Y — utu s=7TeV -
97 122+0.9 10.4+0.7 i PO E
SUPERCHIC 4 [97/] T T 1000~ — SC4+PY8.2 EL+SD —
Measurement 11.0+29 7.2+1.8 800F- SCAHPY82 S E
600+ —
ATLAS, Phys. Rev. Lett. 125 (2020) 261801 a00F- e
200 % -
. ¢ 7o N . ]

® Selected via rapidity veto and/or T e TARET T
1-1Ad +u_|/J'l?

single proton tag, as well as in PbPb.

LHL, V. A. Khoze, M. G. Ryskin, M. Tasevsky,Eur.Phys.J.C 80
(2020) 10, 925

LHL, V.A Khoze, M.G. Ryskin,
SciPost Phys. 11 (2021) 064

® Reasons for difference been considered in detail in literature, and so far not clear why.

® [Futher more differential data and with different proton tags will help. Something to keep

an eye on!

53



Heavy Ion Collisions
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Heavy lons

® Heavy 10n collisions 1n fact natural arena for photon-initiated production.

® [f photons emitted coherently from ions their virtuality Q* is very low and ion-ion impact

parameter b > Rqcp = clean, low multiplicity event. Known as ultraperipheral
collisions (UPCs).
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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 €' p, (7)

dM’Y’Y
1 x 10%* L T | T T B :
i b PbPb, L =6 x 10*" cm™2s™!, /s =5.52 TeV —— °
1> 10 ¢ pp, L =2 x 10 em™2s71, /s = 14 TeV —— °
: 1 x 1032 [ pp, RP 220 m ----
® [ .ower M.~ : heavy ions ; ;
| VY VY . pp, RP 220 + 420 m —-=e=
dominate. . ] 3
: : 30 [ )
® Higher M- : pp dominates. L 107 e §
1 x 10% | NG >
B | S, g
1 x10%° L .' RN
; ’ I’ ) §’\ ;
| , , N
1 x 10%7 3 i , |
i ! .' :
1 x 10%° | e | l )
1 10 100 100(
M. . [GeV]
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® Two flagship analyses - anomalous magnetic moment of the tau lepton and light-by-light scattering:

tau g-2 LbyL scattering
Pb e B Pbi Ph PL® 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

Ze —
Pb Pb CMS Preliminary PbPb, 1.65 nb™ (|/s,, = 5.02 TeV)
1 Pb Pb ) 102 & —¢— Data
L. Bel’eSfOl‘d and J. Llu, PRD 102 (2020) 11, 113008 - [ ] vv—vv (SUPERCHIC 3.03)
Py - [ ] yy—e'e (SC 3.03 and SL 3.13 averaged)
M. Dyndal et al., PLB 809 (2020) 135682 . O P
Y ’ (2020) * [irst ever g 10E 2 :
To) SUAS
* Tight constraints on tau g-2. observation! 5 =
> e
ATLAS, arXiv: 2204.13478 (accepted PRL) 3 " P Vow S SRTOY o
Q , 2.
— [ ] Syst. @ Stat. _ 2E
L I o c 10; %Sﬁpercmc&o ; % 15&: ______ R HTRNNY }
g | § e S
L3 1998 i. e} § 06 8 10 12 14 16 18 20 22 24
. m'’ (GeV)
DELPHI 2004 —  ———— ATLAS
S o503 TeV, 144t 3 E ATLAS, Nature Phys. 13 (2017)
ulT-SR ——;—.—— @ Best-fit value E * E 9’ 852-858
STSR oo — CMS, CMS PAS HIN-21-015
HE-SR e S — N D T
Combined  — e f 5 10 15 20 25 30
Exlpected | —_?—— | | m,. [GeV]
01 ~0.05 0 0.05 01 ATLAS, JHEP 03 (2021) 243
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PI production: building blocks

® P production also key channel in heavy 1on collisions.

® Theoretical framework broadly similar to pp case:

*x D — %P(p*) form factor. \ L\

5

— %

\

R —

T x YY — X cross section.
* “Survival factor’ probability of no /

addition proton-proton interactions.
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I |||||||||||||||||||||||||| LN B IR R B R L R I -rrrrrrrrl]rTroooo

0.9 -

* Survival factor: similar situation to pp, 5! Ph-Ph —

0.7
0.6 -
outside range of QCD. 0.5 |
04 b
0.3 -
0.2 +

= 5% ~ 1, with small uncertainty o1

1.e. cross section dominantly occurs

* 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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* But also other features that enter only in heavy 10n case....

® Unitar
*HO QED y ) ®Jon dissociation?
effects? corrections !
g = --- - - >
. 20

. * | * a\

60

—> Each of these can play a role, but full picture yet to be developed. For precision physics much

left to consider.



* But also other features that enter only in heavy 10n case....

® Unitar
*HO QED y ) ® Jon dissociation?
effects? corrections !
g = --- - - >
. 20

5 U~
5
% '
6l T ?7?

—> Each of these can play a role, but full picture yet to be developed. For precision physics much

left to consider.



® As with pp purely elastic collisions not the only case of interest.

% lons can dissociate: additional boosted

neutron production measured by ATLAS/
CMS Zero Degree Calorimeters detectors.

* Ditferent neutron multiplicities have

ditfferent impact parameter profiles

modifies central kinematics.

100

10 Lo

1000 ZaPb—pb+ [mb]

X
ooooooooooooooooooooo

10

1000 10000

w [MeV]

7100000
62

%

0.8 -

0.6 -

0.4 +

0.2 +

=-----p
Z20C

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

P(b,) inc. S§?

OnOn ——
Inln
XnXn ——
OnXn ——

100



0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

35 o dpﬁ_e ? | : | T
XnXn ——
30 F Inclusive i
Inclusive, no S?
25 | |
20 | STAR, Phys. Rev. Lett. 127, -
. 052302 (2021), |
10 |
. .
l A=A, 4 N
0
0 0.02 0.04 0.06 0.08

Frns 0.0 < |Yee| < 0.8, \/Spn, = 5.02 TeV, PbPb

- ATLAS, JHEP 2306 (2023) 182 ff(: ot T
- _
] o anXn — |
_ o b _
| A |
] A L} ]
- A

B | T i
o— © I ©

10 20 30 40 50 60 70

Mee [GeV]

1 do_ ' [GeV 1], v/5nn = 200 GeV, AuAu Collisions
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14.5

14

13.5

13

12.5

12

* Broad agreement with range

of LHC/RHIC data, but dewvil
in detail!
* Provides additional handle in

measurements/searches.

(my,) [GeV], /Snn = 5.02 TeV, PbPb

CMS, Phys. Rev. Lett. 127, 122001

(2021),

0n0On

Onln OnXn

Inln

InXn

XnXn




Comparison to data

® All of the above relevant to fact that in dilepton channel (as in pp) some tendency to

overshoot data:

Pb Pb
ATLAS data [23] || Pure EPA | inc. S? | inc. S? + FSR s
o [ub] 34.1 + 0.8 52.2 38.9 37.3 .
k1
ut
® Though distributions ~ well 3 1%
160¢ ATLAS B Pb Pb
described. E ATLAS, Phys.Rev.C 104
5 E (2021) 024906
e i : ATLAS, JHEP 2306 (2023) 182
n yy—e'e L=1.72nb e n
407, botsne 200 -
2OgilgI-l!l-F'?I‘eF:'II(I;g}‘I]hl:::I I O O I [ | | | | II'.IjE %)
Y
O E. T
0 0.5 1 1.5 2 2.5
Iyeel

® What about Light by light scattering?

Pb Pb €))
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Light-by-Light Scattering

® M C prediction compared with ATLAS data on LbyL scattering:

ofg = 120 = 17 (stat.) = 13 (syst.) £ 4 (lumi.) nb.

® SuperChic central prediction: 78 nb, 1.e. now below the data. Differentially:

I | I I I I | I I I I
ATLAS

Pb+Pb \S.p = 5.02 TeV |
+ ¢ Data, 2.2 nb™

[ ] Syst. @ Stat.
£558 SuperChic 3.0

Pb Pb*

—r

T TTTRR
a8 &

‘::::

do,/dm,  [nb/GeV]

ATLAS, JHEP 03

E . E (2021) 243
Pb Pb® 090 15 20 25 a0
m,., [GeV]

® Might something be going on in the lowest mass bin?

65



Pb Pb

®In general sensitive to resonance production via decays to

photons: *

® Possible explanation of excess, exotic charmed Y

‘Tetraquark’ ( cccc) state at 6.9 GeV, seen in J/1J /1) /
Pb Pb

decays at LHC in pp.

® Recent study data can be fit with this state and

: " SuperChic w/ X(6900) branching to 77 that 1s consistent with tetraquark

B SuperChic w/o X(6900)
—e— ATLAS data

hypothesis.

do/dm,, [nb/GeV]
S

V. Biloshytskyi, V. Pascalutsa,
LHL, B. Malaescu, K Schmieden,
arXiv:2207.13623

——
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! ® Statistical significance limited for now,

1 l l l | l l l l | l l l l l l l l l ] l l l l but more data tO Come! e o o
9) 10 15 20 25 30

m,., [GeV]




® Recent CMS data does not confirm hint of excess (shghtly larger errors):

CMS Preliminary PbPb, 1.65 nb™ (s, = 5.02 TeV) S e IAlTLIAsI I
) i _
2 — —&— Data
10° E S Pb+Pb |5, = 5.02 TeV
= [ ] vv—vy (SUPERCHIC 3.03) _C\D 1 |
— B yy—e'e (SC 3.03 and SL 3.13 averaged) - * Data, 2.2 nb
1'_> . [ ] 9g—vy (SUPERCHIC 3.03, scaled to data) '_>'_ 10 Sess e Syst. @ Stat.
> — . _ =
8 10 - - g5555 SuperChic 3.0 N
N : U — —
AN ~— — —
LO -9 — RIS ]
= OO GG O S s ess
) 1 i )
> A N U N N N AN N N N N N N
LL] 1 B
—_ | ::0
10 1 i :
O 2 i
e i R
= 0.5 SAHAREAEAEEA T ARG SRR SERRSSSSRRNSSSSSSSRNNNS
Q OE 10—1—| oo e e b e e e
6 8 10 12 14 16 18 20 22 24 5 10 15 20 25 30
m'" (GeV) GeV
CMS, HIN-21-015-PAS ATLAS, JHEP 03 (2021) 243 My, [GeV]

® Another one bites the dust?
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® Such data also place the tightest constraints on axion-like-particles in the GeV region.

S [
A
~ 10E Pb
o F
Y oy+inv.
1B ia .
= e e—)'y-l'il'l\f\ PrimEXx Belle-II
. CMS
N (PbPb)
107" =
— Beam dump ATLAS
B (PbPb) \
-2
10 E | |||||||| | "ll“ll | Illlllﬁ8 | lIlIIlII | llllllll | IIIIIIII ||
107° 1072 10 1 10 10? 10°

m, (GeV)

D. d’Enterria, arXiv:2102.08971



Looking to the future
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e Peak luminosity =—Integrated luminosity

25033 T T T T e T e SR e I EC
® Already many new LHC measurements in the SN EBEEE EEEN IEER BRRE BR
2.0E+33 ””‘:’”’3””r"'1:""r’”i’”T’”T”W"":r""”’T'T.T.“"T"T":*C*:*.T.*-"-*'TOT.T'"*'T"R 200.0 _
photon-initiated channel. ) 2
e . . § 1.5E+33 - 150.0 g
® But still in foothills of data taking. z 8
S .5
é 1.0E+33 j 100.0 8
: E 8
® During Run 3 both ATLAS and CMS \ e
. . . . . 5.0E+32 - 50,0 E
continuing to take semi-exclusive pp data with |
and without tagged protons. 0.0£400 +—— oo

Year

(don’t look too closely at

the years!)

® Work towards HL-LH& running at CMS (and ATLAS) underway, with new taggers being
proposed.

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



® So far statistics can limit things:

* More data => tighter constraints on vector boson production.
pPp: Will go differential and with new channels to explore = more
BSM constraints/data.

* Many other searches (SUSY, ALPs, monopoles...) to come.

AA: * Drill down on tau g-2, hght-by-light...

® However many of these searches rely on precise theoretical understanding of

underlying production process. Will become increasingly important.

® Much progress has been made here, but much more still to do...



® Much left to explore:

* SM well modelled, but what about BSM? Full EFT analysis of

possible BSM eftects, using SuperChic machinery to model
photon-initiated production (c.f. WW production).

PP:

* Parton shower/hadronization of proton dissociation system and
matching to MC. Approach so far relies on approximation, definite
room for improvement.

* Survival factor: allowing some additional particle production?

* [on dissociation.
AA:

7 *Higher order QED effects and unitarisation.

* Soft photon resummation?

® And of course new channels out there! Much physics to come.

Thank you for listeningl
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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:

Bl data sources in x,Q2 plane e . /
10°
P
102 w H\ 2 ] |||||| Tolg el
i I \m % .,) Fy 5
N
5 10| Elastic scattering: from Al
(D : °
| = O 2] M collaboration.
005 Q2 = 0.775 GeV2 % C 1 (Hermes GD11-P) Magnetio FF i dipole)
0 : o resultgsfrom1é07.6227z
0 0.10203 0.4 05 0.6 0.7 0809 1 < R S
2 1.05 |
0.1 2 )
/ [ ‘
° L1 1 0.95
Inelastic resonant proton - ¥
. . . 0.9 mmmm fit to Mainz data [spline]
excitation. Precise 7 fit to World data [spline]
. . . 0.85 ' 7 fit to World+Pol data [spline] '« . . _ .
parameterisations available. Lo veourprog wory
0 2 4 6 8 10 12
CLAS, M. Osipenko et al., Ph (GeV
o Vi LSIDERRO CF Al TAYS. 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 >
[iale data sources in x,Q2 plane =
Inelastic high Q° scattering. ' '
Could in principle use 103 I |
direct experimental EE—— p
determination (e.g. from 5 | | | 1nel
- 10 = high Q? continuum region Iy
). _ (PDFs: PDF4LHC15_nnio_100)
< ] Inelastic low Q¢ scattering.
O = . . .
O 10 I i Precise parameterisation
low Q< continuum .
o lable
.. O Hermes GD11- P avaliable.
But better precision 1 ( ‘ | |
Li o ‘u - HERMES, A. Airapetian et al.,
achieved by combining X < JHEP 05, 126 (2011)
1t H hu H N » O |
PQCD NNLO prediction + o
quark/gluon PDFs from o g
lobal fit. ~ o
5 0.1 05 1
XBj
® Closely follow LLUXged 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 1n collinear

factorization. Given in terms of photon PDF

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

/8



® 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 d2Q1Ld2Q2LdF O‘(Q%)&(Q%)

Q1QQ

v —= X ~o(y' vyt —=1T17)
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 limit.
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® [n general necessary to include both PI and non-PI diagrams when considering

data without tagged protons.

p v/Z Wt %7777 % %
W?

~ W+ Y

W+ ~

® 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.

* [epton pair production: O(1%) correction.
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Higher order QED?

® [Final consideration: vy — X subprocess.

® [n general QED corrections should be 1% level - under good control.

® Only remark: if experimental cuts placed on acoplanarnty =

sensitivity to system P | . May enhance this.

® .. FSR 1n case of dilepton production, though can account after

passing to general purpose MC.
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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.

d9_1th /GeV] /s = 14 TeV

1ot 2Mx -
, 99 =7y — - 1\5_
SuperChic MC s e - _r
vy = vy, Wloop ---- - W
¥y — Y7, fermion loop - - - - -

1077 | e

N p] >10GeV |n7] <24 _
]_O_ 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.
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LHL and M. Tasevsky, arXiv:2208.10526
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