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Photon-induced processes

Introduction

* Photon-induced processes at the LHC can be measured as
exclusive processes

 What do we call exclusive production of a system X?

(X can be ee, uu, yy, WW, ZZ, Zy, tt, etc.)

» X is produced and protons leave collision intact (stay in the beam pipe at very small
angles)

> No proton remnants: only activity detected in central detector are decay products of X

> Intact protons can be measured using dedicated forward detectors

> In case X=yy, it is often called light-by-light scattering (LbyL)




Photon-induced processes

Not all exclusive processes are photon-induced (QED)...

» Exclusive dilepton (ee, uu) production is always a QED process ,—  ——,

» Whereas exclusive yy is:

S. Fichet, G. von Gersdorff , B. Lenzi , C. Royon , M. Saimpert
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Photon-induced processes

How can we measure them at the LHC?
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Photon-induced processes

Why do we want to measure them?

 Promising way to look for new physics
> Sensitive to anomalous couplings of top quark, gauge bosons, ...

 Excellent mass resolution irrespective of decay mode of central system
> energy loss of outgoing protons directly related to invariant mass of central system
> allows precision tests of SM couplings

* High signal-to-background ratio: matching protons to central system eliminates most
backgrounds

“Turning” the LHC into a photon-proton and photon-photon collider offers a rich additional
physics programme!




Photon-induced processes

Overview of the analysis possibilities

* Physics programme for photon-induced processes at the LHC divided in 3
categories:

LOW MASS

. » PbPb collisions
. recent results:

Exclusive dimuon production
(Phys. Rev. Lett. 127 (2021), 122001)

Light-by-light scattering
(Phys. Lett. B 797 (2019) )



https://arxiv.org/abs/1810.04602
https://arxiv.org/abs/2011.05239
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Overview of the analysis possibilities
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Photon-induced processes

Overview of the analysis possibilities

* Physics programme for photon-induced processes at the LHC divided in 3
categories:

LOW MASS HIGH MASS

- CMS pp + tagged

' > Pbe CO||ISIOnS orotons in PPS*

nt results: | |
recent results standard CMS . recent results:
Exclusive dimuon production ‘ program without ' | Semi usive dil duct ,f;
(Phys. Rev. Lett. 127 (2021), 122001) | tagged protons wemijexclusive dilepton prodution |

(JHEP 07 (2018) 153)
Light-by-light scattering

Exclusi iphot ti
(Phys. Lett. B 797 (2019)) xclusive diphoton production

(PAS-EXO-18-014)

*Precision Proton Spectrometer
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How to measure photon-induced processes?

Low mass: PbPDb collisions at the LHC

 PbPb collisions: typically hundreds of particles are produced and events are very “crowded”

* Exclusive PbPb events: Pb ions stay intact and only few particles are observed in final state, creating
a very distinctive signature

CMS Experiment at the LHC, CERN
Data recorded: 2018-Nov-12 21:48:04.525285 GMT
Run / Event / LS: 326619 / 2320827 / 8

CMS Experiment at the LHC, CERN
Data recorded: 2018-Nov-12 08:36:52.866176 GMT —
Run / Event / LS: 326586 / 2491137 / 6

Ejpwat PbPb event exclusive U candidate event




How to measure photon-induced processes?
High mass: pp collisions at the LHC b b

e |n pp collisions, processes like can be easy to !
tag since the muons are the only tracks in the event C:,Jf ——u"
p—  p

» But in other processes, like yy — 11, it is more
complicated, and a more distinctive signature is
heeded...

Taqqing the outgoing pra&oms!




How to measure photon-induced processes?
High mass: tagging intact protons

* Tagging protons requires development of dedicated detectors
* Measuring protons inside the beam pipe is extremely challenging

e |n CMS: the CMS-TOTEM Precision Proton Spectrometer (PPS)
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Tagging protons at CMS ot prp; |
The Precision Proton Spectrometer ft i = D,

!
| mass of the central
' system:

My = \/55152

* Tag protons that leave collision intact, at ~200 m from interaction point

 (Can measure protons that lost ~2-20% of their momentum

»  Good acceptance at high masses (starting ~400 GeV) | ;;5&64:;&’3 of the central

yx =7 log(€1/&y) |
+ Data available for LHC Run 2 - 2016-2018 (> 100 fb™ /) s

Scaﬁeredp
CMS -

p beam

extract &




Overview of the results

Will focus on most recent (Run 2) results

PbPb collisions pp collisions with tagged protons

* EXxclusive dimuon production
(Phys. Rev. Lett. 127 (2021), 122001)

e Quasi-exclusive dilepton production
(JHEP 07 (2018) 153)

» EXxclusive diphoton production

* Light-by-light scattering (PAS-EXO-18-014)

(Phys. Lett. B 797 (2019) )

¥ Limits on 777y coupling

¥ Limiks on ALPs



https://arxiv.org/abs/2011.05239

Ph:?'s* Rey, Le
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*zero-degree calorimeters, part of the CMS forward calorimeter system




Ph;ys* Rey, Le

Exclusive dimuon production in PoPb 7 ., =
01
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https://www.sciencedirect.com/science/article/pii/S0370269319308111?via=ihub

Light-by-light scattering in PbPb

2 5 EEEEE
. Pb Pp® ) Ph®
* Signal: two back-to-back photons (1) B - = Y
Y o
» Backgrounds: electrons misidentified as y (2) Y R
Y
N '
QCD gg — 7y (3) " =
* 14 events observed . PbPb 390 b (5.02 TeV)
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Light-by-light scattering in PbPb
Limits on ALPs

* New spin-even particles like pseudo scalar axion-like particles (ALPs) can contribute to LbyL scattering
continuum or to new diphoton resonances

assuming also Fhe

This work sets limits on ALPs production in the range m, = 5 — 90 GeV hyper charge coupling
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Best limits to date over the mass range m, = 5 — 50 GeV (5 — 10 GeV) for ALPs coupling to
electromagnetic (electroweak) current
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(Semi)exclusive dileptons in pp
The idea

* EXxclusive and semi-exclusive production of lepton pairs, dominated by
photon interaction

* Tag one (or both) protons with PPS. Double-arm acceptance of PPS starts at
m,; ~ 400 GeV —low expected number of double tagged events

5 p P P §lop pt
RN Tt T ]

Y Y - | Y "
P R | R

, _— —— — _—— —— — ' .i ——— .f'}'
{ P p P P $i P P*

Signal (1 or 2 intact protons) Background (both protons dissociate)
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The observation

CMS+TOTEM 2016, L=9.41b" Vs =13 TeV
| | | IIIIIII | | 1 lIllll]_

y(I'r)

Acceptance in 210-N/F _
Acceptance in 210-F —

Double-arm acceptance

_8._ 1 Lol ] 1 111111| 1 1 1111111
10° 10° ) 10*
m(l*l) (GeV)

Very important to validate PPS
functioning (alignment, optics)

(Semi)exclusive dileptons in pp

HE
r Q7 (201?) 153

« ete™ /utu~ selection in the central system combined
with proton(s) in PPS (2016 data)

.« Observation of semi-exclusive events with one tagged

proton

* No observation for double-tagged events

1" 117 observed 12 events
exp. background of 1.49 + 0.07 (stat) + 0.53 (syst) — 4.3 0 |

ete - observed 8 events

exp. background of 2.36 + 0.09 (stat) + 0.47 (syst) — 2.6 0

Combined significance > 5 ¢
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FPAC_,
AS-ex0.., F-014

Exclusive diphotons In pp

Motivation
:;ZE Ziij;f:s e Light-by-light scattering (LbyL) observed by
7 mew S;k ee. CMS and ATLAS at low mass (up to a few GeV)
| v L .o
p p
* First study of LbyL at high mass
7 (m,, > 350 GeV) at a hadron collider
~

e Sensitive to an effective dimension-8 extension
p p of the SM (anomalous yyyy couplings)
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PASME _
Exclusive diphotons in pp (yyyy couplings) <

2016 data: detect two photons with CMS and two outgoing protons with CT-PPS

- Select events with photon p; > 75 GeV, m,, > 350 GeV (compatible with CT-PPS double-arm
acceptance) and 1 — \A¢W\ < 0.005

parameters {; and ¢,
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Summary

» Presented results on exclusive production of eTe™, u™u~, yy in pp and PbPb
collisions

» Set competitive limits on anomalous couplings and ALPs

e Current results with up to 9.4 fo~!

. > 100 fo~! of data currently being analysed, many results to be out soon

* Future: more data and improved PPS setup will provide additional sensitivity
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Photon induced processes results at CMS
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Photon-induced processes

How can we measure them?

2
|

g = JHEP 02 (2015) 165 QCD contribution (KMR)
* pp collisions only give access to high 5 10F ot Lo eom et
masses (where QED dominates); R W loop contrbution
N
*i:’) 102 ;_~-~"‘---
* In PbPDb collisions, the cross-section ~ | FPMC(GED)and ExHuME (KMR) generator
is enhanced (by a factor Z%) and we E o> 10 Govip! > 10 GeV
gain access to the low masses 10t e —

Cut on the di-photon mass [GeV]

from S. Fichet, G. von Gersdorff , B. Lenzi, C. Royon , M. Saimpert
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(Semi)exclusive dileptons in pp

The event candidates

y('l’)

CMS+TOTEM 2016, L =
I 1 I lllll | | I T
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Acceptance in 210-F
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|| ll

10°

10°
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eTe™ / uTu selection in the central system
combined with proton(s) in PPS (2016 data)

Invariant mass and rapidity of two leptons
superimposed with CT-PPS arms acceptance

Observation of quasi-exclusive events with one
tagged proton

No observation for double-tagged events (the 2
events in the green area are consistent with
expected pileup background)




(Semi)exclusive dileptons in pp

Observation

HE
It o7 (2613} 153

» Plots: expected proton momentum loss (&) from lepton kinematics vs. measured & in PPS
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(Semi)exclusive dileptons in pp

Observation
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. observed 8 events for background estimate of 2.36 + 0.09 (stat) +
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, 1" observed 12 events for background estimate of 1.49 + 0.07 (stat) + 0.53 (syst) — 4.3 0 .:’

0.47 (syst) = 2.6 0

_Combined significance >50 o |

Very important result to valldate PPS functlonlng (allgnment optlcs)
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Exclusive diphotons in pp (yyyy couplings) ~“°«

The LbyL scattering process, which can be studied at the electroweak energy scale and higher
in proton-proton collisions at the LHC, is of great interest because of its sensitivity to many SM
extensions of quantum electrodynamics [9-13]. Among these, a purely effective extension of
the SM Lagrangian using charge-parity conserving operators, as used, e.g., in Refs. [14-16] for
the yyW W™ quartic coupling, leads to a minimum dimension-eight term for the four-photon
coupling. This term contains the two parameters {;, = a{}/A* where A is the scale for new

physics, generally at the order of a few TeVs:  samm3Tey
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Exclusive WW + anomalous quartic gauge couplings®
Run 1 result at 7+8 TeV (5.1+19.7 fb-1)

vy = WW sensitive ko
o Select events with opposite sign ey pair and

p(eun) > 30 GeV and no associated charged
particles detected from the same vertex

b onomalous qu&r&t gauge
| couplings
19.7 fb™ (8 TeV)

CMS

Data
vy — WW (a)/A%=1.5*10%, al'/A%=0, A,,4=500 GeV)
Yy = WW (a%¥/A%=2*10, aVA?=0, no form factor)

13 (2) events are observed over an expected
background of 3.9 + 0.6 (0.84 + 0.15) events for

8 (7) TeV — excess of 3.40 (evidence)

~ Inelastic yy — Tt
W Ditactive ww I EWK WWqgq
B Elastic yy — Inclusive diboson

////// Stat. uncert. in simulation - Drell-Yan
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w
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Exclusive WW + anomalous quartic gauge couplings
Run 1 result at 7+8 TeV (5.1+19.7 fb-1)

&) 119

. 0.002 CMS _ 5.11b" $7 TeV) +19.7 flb"l(B TeV)
» Results compatible with SM prediction for S :
[} Agytors = 500 GeV -
vy > WW o} :
N< 0.001— =

obs.: opp - pPIWHW p®) — p@uEeTp)) = 10851 fb. =0
SM prediction: 6.2+ 0.5, ol -

 Most stringent to date upper limits on the

« Standard model

anomalous quartic gauge coupling operators -0'001:5?3 B
. . . . — e
aw, c(dimension-6) and fuo,1,2,3 (dimension-8) are 8+7TeV
derived _.18.+|7T.ev.1-lDI.lml|t. N
0.00277745 6005 0 0.0005
alV/A? [GeV?]

* |mproved sensitivity is possible with Run 2 data and tagged protons
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Figure 7: Exclusion limits at 95% CL in the ALP-photon oupg 8ay Versus ALP mass

m, plane for the operators aFF/4A (left, assg ALP photons only) and

(4A cos” By ) (rlght mcludmg also the hypercharge coupling, thus processes involving
theZboson) derived in Refs. [30, 56] from measurements at beam dumps [60], in e™ e~ colli-

sions at LEP-I [56] and LEP-II [57], and in p p collisions at the LHC [13, 58, 59], and compared
to the present PbPb limits.




Light-by-light scattering in PbPb at ATLAS




Typical PbPDb collision event at ATLAS

J‘ ~ Heavy lon Collision Event

, Run 168665, Event 83797
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