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The large photon collider




Large Hadron Collider

It is a discovery machine colliding protons or heavy ions

in each inelastic collision the constituents, carrying a fraction of the beam momentum, interact
large phase covered for the momentum transfer (Q?)

interesting physics ranging “from the charm quark to the BEH boson” and beyond

new states of matter, possibly new fields
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Large Hadron Collider

e but also proton remnants, multi-parton interactions, initial/final state radiation...

R 4
O.ill(fl ﬁ . '.g.‘q..‘. \ .:‘:'T. V V l';:.‘.. ’::
11:1('.1 o 1 _+_ 1 = Cte .................. .".”;'..;?‘i" """""" : \(:',.'..:::.'g
Tn-1 T e, 10 » i
arXiv:1106.0647 -.._-‘.‘:t / | / c® ¢, )ee
arXiv:1804.05252 e | N YD e
net e oY /-
L - @ . -8 o -,
"0 \ T LA - °:t
.................. P . N T 1. == <I:)
/15 RN )
Opps ~ TA -0/ 1o mb 7N P
o T Jet dN/dn| ~3
arxiv:2109.13822 Y o Yie%e I: charged

. i iy arxiv:1806.11245


https://arxiv.org/pdf/1806.11245.pdf
https://arxiv.org/pdf/2109.13822.pdf
https://arxiv.org/pdf/1106.0647.pdf
https://arxiv.org/pdf/1804.05252.pdf

Energy and intensity at the LHC

The LHC maximizes the discovery potential by

e pushingthe energy frontier every new run: 7 - 13.6 TeV
e pushing the intensity/luminosity (£) frontier

Higher luminosity involves typically

e increasing the number of bunches in the machine (N)
e increasing the separation factor
e increasing the geometric factor (~g /%)

keeping the beams as squeezed as possible (small o)

The amplitude function (.J) and the crossing angle (o)
are two reIevant parameters steering the size at the IP
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Large pileup collider
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Most of LHC Run 2 data was taken at s¥?=13 TeV with an average pileup of 38 pp collisions
e excellent performance of the machine and the detectors (CMS had >92% data taking efficiency)
e several new techniques developed to cope with pileup:  cMsDps 2015-016, arxiv:2003.00503
o  multi-bunch pulse fits in calorimeters
o tracker-driven association of the charged particles: applied to jets (CHS), lepton isolation (3)
o luminosity-driven probabilistic interpretation of the particle fluxes (PUPPI)
o multivariate classifiers (PU jet id, deep jet) and regressors, and jet substructure techniques

AP
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Singling out photon (and gluon) collisions at the LHC

In rare occasions (typically <100 fb) a peculiar effect happens:
the electrically charged beams stay intact and exchange a QCD color singlet

e atlower masses, <0(200 GeV), QCD color singlets dominate (|P, pomerons)
e at higher masses, >0(200 GeV), QED dominates (y, photons)

The central state X

e production “filtered for” J 7<= 0"
e isaccompanied by two large rapidity gaps

(i.e. additional QCD emissions are suppressed)
p(py)

p(pa) + p(pp) — p(p1) + X(px) + p(p2)



Full event reconstruction in central exclusive events

If the energy loss of the protons is measured ( = Ap/p) = no missing degrees of freedom
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Effective photon-photon luminosities at the LHC
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https://arxiv.org/abs/1812.07688

Heavy-ions and proton-proton are complementary

At the LHC each collision type covers distinct phase spaces

Beam Heavy-ions Proton

Energy and intensity frontier

4
Photon flux enhanced by Z LHC prime time

Advantages Eloeari\l;ljgnature of ultra-peripheral coll. (UPC) Full reconstruction of outgoing
pieup protons with detectors housed in RP
Lower Vs Lower photon fluxes
Drawbacks Limited LHC runs (1-2 weeks) Large pileup including diffractive
No detection of outgoing ion processes with outgoing protons
<20GeV >200-300 GeV
Target low mass UPC processes heavy final states

light BSM heavy BSM
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The CMS-Totem Precision Spectrometer
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http://dx.doi.org/10.1088/1748-0221/18/09/P09009

The experimental apparatus

CT-PPS is composed of small tracking and timing detectors inside the LHC tunnel

e ~200mfrom CMS allows to detect protons scatter at small angles (rad)
e inthe beam pipe the LHC magnets will bend the protons along the way
e protons reconstructed at a given position can be correlated to a fractional momentum loss (£)

measured track in the RP

located at a distance |

CMS
central detector

a

..,.[d(l) —

transport matrix (depends on
LHC magnet configuration)

production state in IP5 (x,@x,y,ey,c‘,)

Roman Pots
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https://arxiv.org/pdf/2210.05854.pdf

The sensors

Solid-state sensors are used: Si (pixels and strips) and diamond

e evolution from Si strip to fully equipped 3D pixel stations throughout 2016-2018
e 10 pm tracking resolution sustained with proton fluxes up to 5x10%cm™ and fluences up to 1012neq/cm2
e electronics chain similar to CMS Tracker (e.g. RPix used as in CMS Phase | pixel upgrade)

Although efficiency nears 100%, electronics affected by harsh radiation environment
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Alighment

The detectors are housed in RPs and lowered to their positions once beams are stable

“near” RP unit

used for alignment fills common hits

alignment of the detectors is needed using a special fill (2-3 bunches per beam)

safer to bring sensors closer to beam (~60) increasing the overlap

protons from elastic scattering (6=0) are used as candle for alignment

align with iterative track fitting starting with ©(100 ym) tolerance and progressing to 0(10 um)
for physics runs, the distribution of proton tracks is matched to that of the reference run

final absolute/relative alignment is obtained with a ©(150 ym) / (10 um) uncertainty
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Calibration (main terms) [;-: 050

The transport equation can be reduced to a “few” terms ; g ;
optical dispersion beam
These require input from the LHC optics model and fill conditions (mainterm) ma%;i‘?gf;ion
e LHC optics can be calculated using MAD-X v
effective
lengths .

low B* (high lumi,
strong focussing) ’
high B* (IOW |umi' PR .
weak focussing)

beam
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Calibration (main terms) [-¢> &t@ o«

y=y0+Dyg+Ly(g)9;+vy((§)y*

e use “vanishing” Ly(§=4%) point in min. bias collisions
e combine with measurement using semi-exclusive dilepton production
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Proton reconstruction
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Tracking efficiency

Besides inefficiency from radiation effects (sl.14) additional effects compete

e Sistrips become inefficient when hit by multiple protons

e matching between near and far stations depends on overlap and straight propagation

e availability of the detectors not uniform throughout each year! often (at least) one RP missing
These effects depend on the data-taking period and beam conditions (mostly crossing angle)
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Events

Validationwithdata o -

Exclusive di-muon production with at least one intact proton \} t- Y I

e SMcandle can be used to validate proton reconstruction
e full match between u*u kinematics and reconstructed proton

_[ Eutn) = — [pr(u Je i”"‘“+pr(u‘)ei”(””

g

Control confirms both bias and resolution are under-control
e here shown for multi-RP reconstruction
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Venturing into uncharted territory ‘/zg 55 :

arXiv:2303.04596 (acc. by EPJC)



https://arxiv.org/abs/2303.04596

A simple idea

Let’s say we are looking for Z produced in association with a system X (not resolved)

X can be another Z or ay, a DM candidate, ...

e use Z-triggered events with two proton tags mgm _ [(p}i,n + Pin) — (P, + POU 4 P;;ut)]z

e reconstruct the missing massin the . LHC CMs  pPPS
event (X is not necessarily specified) p P

e m_._isatypical LEP estimator (also used in B-physics)

Although no theory model behind, the resolution of final state
objects is a competitive factor to perform a bump hunt
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Modelling of a possible signal |

Without a specific MC generator (CMS) experimentalists opted to perform a phase space scan
e focus on the acceptance region of the detector: m_, = m, +0(m_) + € where € ~ g 0.04mVX
e the p,distribution of the system is obtained using the equivalent photon approximation  phys.rep 15(1975).181
e ZXgenerated with an isotropic distribution in its rest frame (as well as the Z decay products)

The results are fairly consistent for variations of these assumptions

With a signal at hand could evaluate best sensitivity
e use multi-RP with fallback on single-RP categories if multi-RP failed
e migration between categories needed however correct emulation of the time-dependent efficiencies
e inpractice there were 4 crossing angles x 2 data-taking eras simulated per mass point

There was no full simulation of the signal : folding procedure was adopted
e lepton and photon efficiencies well established in CMS
e proton fast simulation included mostly acceptance and tracking emulation

24
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Modelling of a possible signal Il

Inclusion of pileup protons and emulation of inefficiencies reliable by mixing with data
e procedure makes use of the LHC fill-/angle-dependent efficiencies discussed back in slide 18
e additional efficiency correction needed to mix correctly events with O observed protons (“pure 0” state) -
non-negligible effect with up to 70% loss in the high pileup runs of 2017

To emulate all selection categories each signal event is projected into 12 possible states
e corresponding to different reconstruction algorithms used in each of the CT-PPS arms

CMS simulation preliminary
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Acceptance of the analysis

Modelling of the time dependency is crucial to estimate the Acceptance x Efficiency (A €)
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Acceptance of the analysis

Modelling of the time dependency is crucial to estimate the Acceptance x Efficiency (A €)
e most events are expected to be found in the golden category “multi-multi”

e fallback categories with single-RP increase A - € by factor of 2!

(but they lose unavoidably resolution when compared to multi-RP)

2017 (13 TeV)
VSR AL

2017 (13 TeV)
e e

L —

> I t > | I T
0O 0.251- - O (a0l ]
s CMS-TOTEM Final state | S 0.30- CMS-TOTEM Category
‘S : Simulation — pp = ppZ(pp)X : 'O [ Simulation — Total
= I —— PP—ppZee)X | % sl pp = pPZ(Hu)X o multi(+z)-multi(-z)
g 0.20- — PPoPRYX c 0. 5: multi(+z)-single(-z) |
.g 2 i single(+z)-multi(-z) 1
8 § 0.20f~ single(+z)-single(-z)
© 0.15[ 1 9 1 ]
w (7]
o ® 0.15]- .
g g
@ 0.10F 1 &
o | fol
@ i oot .. B
8 L 8 .........................
< g.05 4 < i e A R SRR
r 0.05[ . cececssssssecececcesaecsnnnnnnn. % ]
| ismnnnniinnnnnansnsasas s s et tiiitanas
T T T S S B B I N S R ‘"T"‘"T' N
0007506 — 800 1000 1200 1400 1600 000G — 800 7000 1200 1400 1600
my [GeV] my [GeV]

27



Acceptance of the analysis

Modelling of the time dependency is crucial to estimate the Acceptance x Efficiency (A €)
e most events are expected to be found in the golden category “multi-multi”
e fallback categories with single-RP increase A - € by factor of 2!
(but they lose unavoidably resolution when compared to multi-RP)
e partial availability of the detectors yields unbalanced contributions of fallback categories
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Event selection adopted

29
Based on the toy MC baseline the event selection is defined
e relaxed cuts to increase significance Selection/analysis - z Hf‘;*e*/ Z1 - ’”’(” : v
>2 same-tlavour leptons (e or
e moderate boost expected for boson opposite electric charge
e protons limited to fiducial region of the detector Leptons/photons pr(ty) > 30GeV, [n(£;)| < 24 1y within [7(y)| < 1.4
pr(ly) > 20GeV, |7(L,)| < 2.4
. . ) i m(ty, 0y) — my| < 10GeV
Convention “o,, =1pb” in the fiducial region — Boson pr pr(Z) > 40GeV pr(y) > 95Gev
Protons 0.02 < " < 0.16 and 0.03 < &% < 0.18
Toy MCyields in addition the possibility to estimate a signal-induced background component
e signal events in which at least one proton fails to be reconstructed/selected
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Background modelling

Main source of the background is combinatorial
e with an average 38 pileup interactions: single diffractive, elastic collisions etc. generate several protons
e probability of a Z+jets event reconstructed with random coincident proton tags is high

Without timing commissioned/available, proton pileup reduction is challenging
e incase of multiple proton candidates disambiguation introduces additional combinatorial background
e multivariate analysis tried to correlate vertex activity, forward energy of the calorimeters with proton tags
e inthe end adopted a simple approach of categorizing by crossing angle and vertex multiplicity

Background modelled with event mixing technique
e select proton candidates in Z events with p_(Z)<10 GeV (reduced UE footprint)
e combine protons with pre-selected Z (or y) D
e preserve LHC fill- and crossing angle- of the two mixed events )
= uniform sampling of data taking conditions, detector acceptance and efficiency
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Events / bin

Background validation | )

el events where no signal expected used to validate procedure
e Good agreement found over >90 different categories, giving confidence in the procedure
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Events / bin

Background validation i

Other processes are expected to be negligible or under control with event mixing
e single diffractive Z: although distinct shape and large o, modelled with single proton mixing

e central exclusive events: small cross section and acceptance after Z window requirement , ’

Mixing using “standard” MC events (neglecting processes above): good agreement with data
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Statistical analysis

Based on a profile likelihood test statistics with the following systematics

signal: pileup, lepton, photon and proton efficiencies, time-dependency, integrated luminosity, pz(pp)
modelling and limited statistics

background: single diffractive component, source of pileup protons (floats freely in each category)
signal-induced background: left floating freely (correlated between different categories)

Best sensitivity with a simultaneous fit to the missing mass spectra in a total of 96 categories
(4 beam crossing angles, 4 proton reconstruction categories, 2 vertex multiplicity, 3 final states)
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Limits
Good agreement with background-only hypothesis

e observed limits within 20 expectation
e oscillations are fully consistent with resolution
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Other recent results and next chapters

35



Searches for pp — pp VV

Di-boson final states with protons: interesting as they are sensitive to quartic gauge couplings

V=W,Z\y

selection of events at the 0.6-2 TeV scale just from current CT-PPS acceptance
complementary to VBS type of searches as yyVV vertices are singled out

can use to probe dim-8 operators in an EFT context

Lerr = Lsm + Z [Z fSJOSJ . 5 Z fT’JO T+ Z fM’] OM,J ]

i=WWW,W,B,<I>W,‘1>B =1,2

Z|WWAZ WWAN ZZZA(ZZAA ZAAA AAAA

WWWW |WWZZ|ZZ7Z
0s,0, Os.1 X X X
Owr,0, Or1,00m6 ,Ou,7 X X X X X X X
Onm,2 ,Om,3, Oma ,.Oms X X X X X X
Ot , 011,072 X X X X X X X X X
OT,(; ’OT’(S ;Or,7 X § X X § ;2 ;é ); arXiv:1309.7890
7.8 ;01,9 \ b,

in addition specific scenarios such as axion-like particles (ALPs) can be probed
36


https://arxiv.org/pdf/1309.7890.pdf

Limits on anomalous QGC

Using single photon triggers
7 p; >75-100 GeV m(yy)>350 GeV
v 0.02<€(yy)<0.2  1-5¢/m<0.0025

arXiv:2311.02725

PPS matching in mass and rapidity
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http://arxiv.org/abs/2311.02725
http://dx.doi.org/10.1007/JHEP07(2023)229
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https://arxiv.org/pdf/2203.05939.pdf

Search for central exclusive tt ==

> L,_LL > . Combine single lepton and dilepton analysis channels
Y T . . .
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http://arxiv.org/abs/2310.11231
https://arxiv.org/pdf/1810.12432.pdf

PPSinLHCRun3... _

Several upgrades took place for current run .
e Timing detectors: two new stations, e
e Double-Diamond detectors in all planes targeting a resolutlon 0(30 ps) = 0(1cm) vertexing
e New Sipixel tracker with internal motion (increased efficiency to lower &) o

Dedicated high level trigger with proton tag (hadronic WW / multijet events)

= 2x more luminosity in Run 3, potential to increase sensitivity of proton analyses by 4-5x
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PPSin LHC Run 3... and beyond =

Several upgrades took place for current run

e Timing detectors: two new stations,
Double-Diamond detectors in all planes targeting a resolution 0(30 ps) = 0(1cm) vertexing

New Si pixel tracker with internal motion (increased efficiency to lower &)
Dedicated high level trigger with proton tag (hadronic WW / multijet events)
= 2x more luminosity in Run 3, potential to increase sensitivity of proton analyses by 4-5x

An expression of interest has been submitted for the HL-LHC - arXiv:2103.02752

> 3§

Rapidity

e expands LHC programme on WW, di-T, top, ALPs, SUSY, Higgs, ...

e staggeredinstallationat 196 m, 220 m, 234 m and 420 m from CMS
e expanding acceptance to the 0(40 GeV) - 0(4 TeV) range

e 1-2 MCHF (costs spread overtime with staggered installation)

PPS2 recently approved by CERN research board!

10 48 10° 437 10° 4019
M|
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https://arxiv.org/abs/2103.02752

Summary
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Summary

LHC: likely to be the best (and cheapest) high energy photon collider available for a long time
First analyses with proton tags from Run 2 have provided, among others:

e first “missing mass” searches for resonances in V+X final states
e first+best collider constraints on anomalous quartic gauge couplings in yy—yy
e Dbestlimits on ALPs at the TeV scale

e firstsearch for CEP top pair production

e new constraints on anomalous quartic gauge couplings in yy—WW, yy—ZZ
...complemented with heavy ion yy physics program, not covered here

Photon collisions should be maximally exploited for SM and BSM physics in Run 3 and beyond 43
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A bit more on ALPs Aion Porta

a

— GG |
Afa ! .

OO0
Scalar with a shift symmetry a=a + cte

More interesting in the sub-eV phase space
e could solve the strong CP problem Lo = ;0u00"a+
e possible dark matter candidate
e but requires non-accelerator experiments (quantum sensors)
Prospects for ECN3 beam dump at CERN (north area)

« s

} atrG*G,, + 3

- o [ Oy
Qv int L,
s 7rfaaF w + Ly [ ]

fa'

~ coupling to photons . coupling to fermions

—~ 10” « 10° :
a [

% ~ excluded E
LRV S S B 1ol ARA %

> N - s}

t; A \\ N g 4

= = = e

2% O et
- S o

= \\ N :

S 1075 N ~ o

s \\ ~ IS
s 4 PR ~ g
510~ - - 8 10°°

. TN
1077 . il s \ '
SNIGBTARES =~ == 0 e e e e = ! A=1Tev
" SHiP . CERN—PBC—REPORT—ZO%I—OOS v=246.2GeV
10 107! 10° 10 107!

ALP mass m, (GeV) ALP mass m, (GeV) 45



