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LHC: The Large Hadron Collider

2

Everyone knows the LHC collides 
hadrons: protons or heavy ions 

Gluons or quarks interact, and 
sometimes produce interesting things: 
top quarks, W/Z bosons, Higgs 
bosons, possible new particles… p or A p or A



LHC: The Large Hadron Collider

3

Everyone knows the LHC collides 
hadrons: protons or heavy ions 

Gluons or quarks interact, and 
sometimes produce interesting things: 
top quarks, W/Z bosons, Higgs 
bosons, possible new particles… 

Plus a lot of other “stuff” produced in 
association: from proton remnants, 
multi-patron interactions, initial/final 
state radiation…

p or A p or A

Generally the amount of energy going into the gluon/quark interactions is not known for a single 
event, unlike at an e+e- collider



LHC: The Large Hadron Collider
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In rare cases something else happens 

The (electrically charged) protons or 
ions stay intact, and radiate off high-
energy photons, that then collide

p or A

p or A

Photon

γ
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In rare cases something else happens 

The (electrically charged) protons or 
ions stay intact, and radiate off high-
energy photons, that then collide 

Thanks to the enormous LHC energy, 
colliding photons can also produce 
interesting things: top quarks, W/Z 
bosons, Higgs bosons, possible new 
particles…

Photon

In this case all of the collision energy can go into the interesting final state and the 2 surviving 
hadrons (“exclusive” production)



Two roads to studying γγ collisions at the LHC
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Heavy Ion Collisions 

Advantages: Huge photon flux (Z4 
enhancement with ion species), low “pileup” 
of multiple collisions in the same bunch 
crossing 

Drawbacks: Lower C.M. energy, limited 
amount of ion running time at LHC, no 
detection of outgoing ions

Proton-proton collisions with forward proton 
detectors 

Advantages: Highest energy, large 
integrated luminosity/running time, 
reconstruction of outgoing protons 

Drawbacks: Lower photon fluxes at low 
mass, must deal with very large “pileup” (up 
to ~50 simultaneous collisions)

The two approaches are highly complementary



Two roads to studying γγ collisions at the LHC
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Example with an assumed LHC running 
scenario (note log-log axes!)  
Below ~20 GeV Pb ion fluxes are (much) 
larger: ideal for low-mass SM cross sections 
and searches for light BSM physics 

Above ~20 GeV p-p becomes (much) larger 

Above ~200-300 GeV, outgoing protons in p-
p collisions can be detected: ideal for heavy 
final states and searches for BSM physics at 
high energies

J.Phys.G 47 (2020) 6, 060501

This talk will focus on the p-p case with outgoing protons detected



Detecting γγ collisions with outgoing protons
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Detecting intact protons from γγ collisions
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A series of small tracking and timing detectors is installed inside 
the LHC tunnel, ~200m away from CMS, to detect the protons 
scattered at small angles 

The LHC magnetic fields bend the protons along the way, allowing 
reconstruction of their kinematics (mainly the fractional momentum loss 
“ξ”) 
When both protons are detected, the invariant mass and rapidity of the 
central system can be determined independently 
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Tagging intact protons with PPS.

PPS
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• The Precision Proton Spectrometer (PPS) can tag outgoing intact protons

• PPS measures protons that leave collision intact, at ~200 m from 
interaction point, on both sides of CMS 

• In 2017, it was equipped with silicon strip and pixel tracker sensors 

• Tags protons and measures fraction of momentum lost ( )ξ

Image from CERN 
courier

Beatriz Ribeiro Lopes                 TOP2022 Durham, UK                 8th September 2022

• Near-beam tracking and timing detectors, 
housed in moveable “Roman Pot” installations 
in the LHC beam-line 

• ~210-220 m from the CMS interaction point 

• Detectors must be moved to within ~2mm 
of the LHC beam at top energies - extreme 
constraints on control/safety systems

Overview

• The group is in charge of providing calibrated forward
proton objects to CMS analyzers
Reconstructing kinematics of protons which stay intact after interaction:

⇠: fractional energy loss

t: 4-momentum transfer

✓: proton scattering angle at IP

Proton variables constrain kinematics (M, Y) of centrally
produced system X, measured by CMS

• Young POG: less than a year in operation, CT-PPS detector
started data taking at the beginning of the Run 2
I Over 100 fb

�1
of data collected

I Analyses started/ongoing within SMP, TOP, EXO – more to

come!
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PPS (“Precision Proton Spectrometer”)
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• Selects intact protons from “exclusive” 
interactions pp→pXp 

• Closed kinematics for correctly reconstructed 
events 

• Depending on final state “X”: 

• Reconstruct the full 13 TeV collision energy

RP 
timing

RP 
220 
near

RP 
210 
far

RP 
210 
near

IP5 ►

◄ RP 
220 
far

• Reconstruct everything and search for leftover “missing mass” (similar idea as recoil 
analysis in e+e-)
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Validation with Standard Model signals

11. Validation with dimuon sample 43

11 Validation with dimuon sample812

As a final check of the proton reconstruction, the calibrations and reconstruction algorithms813

described in the previous sections are applied to a control sample of gg ! µ+µ� events with814

at least one intact proton (Fig. 41), using the 2017 and 2018 data.815

Figure 41: Diagrams for gg ! µ+µ� production with intact protons. Left: fully exclusive
production, with both protons remaining intact. Right: Single proton dissociation, with one of
the two protons remaining intact.

As described in Refs. [31, 35], the value of x in signal events can be inferred from the muon pair816

via the expression:817

x(µ+µ�) =
1
p

s

h
pT(µ

+)e±h(µ+) + pT(µ
�)e±h(µ�)

i
, (28)

with the ±h solutions corresponding to the case where the protons are moving in the ±z direc-818

tion, respectively.819

The offline event selection in the central detectors is identical to that of Ref [31]. Two op-820

positely charged muons are required, passing standard tight identification criteria, and with821

pT > 50 GeV. In order to exclude the region dominated by resonant Z ! µ+µ� production,822

an invariant mass requirement of m(µ+µ�) > 110 GeV is also imposed. Finally, in order to823

enhance the (semi-) exclusive production processes, selections are applied to the track multi-824

plicity at the dimuon vertex, and to the acoplanarity (a = 1 � |Df(µ+µ�)|/p) of the muons.825

The track multiplicity selection is applied by fitting the two muons to a common vertex, and826

requiring that no additional charged tracks are present within 0.5 mm of the vertex position.827

Back-to-back muons, characteristic of the signal process, are selected by requiring a < 0.009.828

The protons reconstructed with the single-RP and multi-RP algorithms in these events are then829

examined, to look for correlations with the muons. In each event, the two solutions, corre-830

sponding to the two arms of the spectrometer, are considered separately. In the 2018 data it is831

possible to reconstruct more than one proton per arm; for this study, in order to limit the com-832

binatorial backgrounds, we require no more than one proton to be reconstructed in the arm of833

interest. Backgrounds are expected to arise from real dimuon production (from Drell-Yan or834

gg ! µ+µ� events with double proton dissociation), in combination with unrelated protons835

from other collisions in the same bunch crossing (“pileup”).836

In Ref [31], this procedure was applied to the 2016 data, in both the µ+µ� and e
+

e
� final states.837

While the smaller integrated luminosity did not allow detailed studies, a combined > 5s excess838

of correlated events was observed using the single-RP algorithm, compatible with the predicted839

signal. With the 2017 and 2018 data, approximately 10 times more single-RP µ+µ� events are840

available, permitting more refined studies with this sample.841

Figure 42 shows the resulting two-dimensional scatter plots from the 2017 and 2018 data, sep-842

arately for the two arms and the two years. The shaded bands indicate the approximate region843
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Before looking for new things - can we detect expected 
Standard Model processes?  
Validation with γγ→μμ and γγ→ee processes, looking for 
kinematic correlations between protons and leptons

Used to quantify systematics due 
to data-simulation differences in 
scale, resolution

JHEP 07 (2018) 153 [2016 data, 10fb-1, μμ and ee] 


CMS-PAS-PRO-21-001 [2017+2018 data, 92fb-1, μμ], 

to be submitted to JINST

Other validations/calibrations performed with elastic scattering events, central diffraction, and 
inclusive diffractive protons



Search for top quarks from colliding light
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Search for exclusive t-tbar

No previous searches for the 
pp→pttp process 

Dominated by the γγ→tt sub-
process 

Very small in the Standard Model, 
but enhancements predicted in 
various models: anomalous top 
quark electric/magnetic moments, 
extra dimensions, etc.
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1. Introduction 1

1 Introduction

Top quarks are copiously produced at the CERN LHC. At the LHC energies, the dominant
production mode is via strong interaction processes, resulting in the production of top quark-
antiquark pairs (tt). The LHC experiments have measured the inclusive tt production cross
section in proton-proton (pp) interactions at various centre-of-mass energies, using different
top quark decay channels [1–10]. Top quarks can also be produced singly in electroweak pro-
cesses in three different modes known as t channel, s channel, and tW associated produc-
tion. The ATLAS and CMS Collaborations have observed or reported evidence for single top
quark production in all three modes at different centre-of-mass energies [11, and references
therein][12–14].

A different mechanism can lead to the production of top quark-antiquark pairs in pp scattering
via the exchange of colourless particles such as photons or pomerons. In this case, one or both
protons may remain intact after the interaction, while part of their energy is transferred to the
tt pair. The process where the two protons survive the collision, i.e. the reaction pp ! pttp,
is called central exclusive production. It receives contributions from quantum electrodynamics
(QED) and quantum chromodynamics (QCD) diagrams, as sketched in Fig. 1.

�

�

p01p1

p2 p02

t̄

t

p01p1

p2 p02

t̄

t

g

Figure 1: Leading diagrams for tt central exclusive production, via gg fusion (left) and
pomeron exchange (right).

Predictions for central tt exclusive production in the framework of the standard model (SM)
are available, including both QED and QCD contributions [15–20]. A critical element, in par-
ticular in the case of strong interaction processes, is the evaluation of the so-called rapidity gap
survival probability, quantifying the probability of no additional soft interactions between the
spectator partons of the colliding protons; these reinteractions may lead to additional final-state
particles which fill the would-be rapidity gap and slow down or break up the outgoing pro-
tons, thus lowering the visible central exclusive production cross section. In general, predicted
cross sections suffer from substantial uncertainties, but are usually in the O(0.1 fb) range for
proton-proton collisions at

p
s = 13 TeV. While the observation of the central exclusive pro-

duction of tt pairs is only expected to become possible at the HL-LHC [21], contributions from
physics beyond the SM could enhance the production cross section, making it detectable with
the data collected so far.

This note reports on a search for central tt exclusive production at the LHC, carried out by re-
constructing the top quarks from their decay products in the CMS central detector, and looking
for the presence of two forward protons with the CMS-TOTEM Precision Proton Spectrometer
(CT-PPS). At least one of the two W bosons from top quark decays is reconstructed in the ene
or µnµ channel, while the other is reconstructed either in the leptonic or hadronic decay mode.
The two scattered protons are reconstructed by CT-PPS, one on each side of the interaction
region.

The note is organised as follows. Section 2 briefly illustrates the CT-PPS experimental setup and
the reconstruction of basic objects; Section 3 specifies the data and simulation samples used in

SM ~0.3fb negligible
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Data and event selection

Analysis uses 29.4 fb-1 of data from 2017 

Both the dilepton and lepton+jets top final states are considered

dilepton lepton+jets
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Data and event selection

Analysis uses 29.4 fb-1 of data from 2017 

Both the dilepton and lepton+jets top final states are considered

dilepton 

≥ 2 leptons (electrons or muons),  
passing standard pT, eta, ID requirements 

≥ 2 b-tagged jets 

1 tagged proton on each side of CMS

lepton+jets 

1 lepton (electron or muon),  
passing standard pT, eta, ID requirements 

≥ 2 b-tagged jets 

≥ 2 light jets 

1 tagged proton on each side of CMS
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Kinematic fit
In the lepton+jets channel, a kinematic fit is used 
to improve the reconstructed tt mass resolution 

3-momenta of all final state particles are allowed to 
float to best satisfy constraints: 

Momentum conservation 

W and top invariant mass conservation 

proton-top invariant mass matching 

Significant improvement in resolution for signal 
events

Signal simulation, before  
and after kin. fit
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Backgrounds

LHC produces a large number of “pileup” 
collisions in every bunch crossing, some of which 
contain forward protons 

Creates a dominant combinatorial background, when 
real tt events are combined with pileup protons 

These backgrounds are modeled by event 
mixing: real protons from data with a loose 
selection are combined with simulated 
background samples 

Signal efficiency is also corrected for the effect of 
extra pileup protons 

Gives a good description of the proton ξ 
distribution of the final selection
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BDT and systematics

7. Summary 11

combinations ee, eµ, µµ. In the `+ jets analysis, the fit is performed simultaneously on each of365

the 20 samples defined by (era, aX).366

The expected and observed distributions of the BDT variable for the dilepton and `+jets decay367

modes are shown in Fig. 6, where all signal regions are combined.368
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Figure 6: Distribution of the BDT score in the signal region for simulated events after the fit, and
for data. Left: dilepton mode; right: `+jets mode. The red open histogram shows the expected
distribution for signal, normalized to a cross section of 25 pb, approximately 105 larger than
the SM cross section prediction from [18];. For both reconstruction modes, all signal regions are
combined.

In the dilepton mode, the fit returns an observed (expected) 95% CL upper limit of 1.70 pb369

(2.02 pb); in the `+jets mode an observed (expected) limit of 0.78 pb (1.54 pb) is obtained.370

The two modes are then considered jointly in a combined fit, where all sources of systematic371

uncertainty are treated as fully correlated between the two analyses. The observed (expected)372

limit resulting from the combined fit is 0.59 pb (1.14 pb).373

The results of the fit are shown in Fig. 7, for the individual reconstruction modes as well as for374

the combination. The value of the extracted limit depends mostly on the statistical precision;375

the effect of systematic uncertainties is about 10%, the most important contributions being those376

related to background normalisation, FSR modelling, jet energy corrections and resolution, and377

proton reconstruction with PPS.378

7 Summary379

In summary, we have searched for the central exclusive production of top quark-antiquark380

pairs in proton-proton interactions, pp ! pttp, for the first time using tagged intact pro-381

tons, reconstructed by the CMS-TOTEM Precision Proton Spectrometer. The tt pairs are recon-382

structed by the CMS detector either in the dilepton or the lepton+jets decay modes: the search383

is conducted separately for the two modes, and the results are combined at the end. With a data384

sample of proton-proton collisions at a centre-of-mass energy of 13 TeV, corresponding to an385

integrated luminosity of 29.4 fb�1, results consistent with predictions from the standard model386

are obtained, and an upper limit of 0.59 pb at the 95% confidence level is set on the central387

exclusive production of tt pairs.388

18

Final signal extraction is 
performed using the BDT output 
distribution 

Uncertainties include

Statistical (dominant) 

Experimental systematics: lepton+ b-tagging efficiencies, jet energy scale, luminosity, proton mixing sample 
selection, proton ξ reconstruction 

Theory: PDFs, parton showering/ISR/FSR, factorization/renormalization scales, normalization of sub-leading 
backgrounds
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 (2017, 13 TeV)-129.4 fbpreliminary CMS-TOTEM

Figure 7: Expected 95% CL upper limit for the signal cross section, for the two reconstruction
modes and for the combination. The green and yellow bands show the ±1s and ±2s intervals,
respectively.
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Exclusive γγ→tt results

No excesses seen over the SM background 
prediction 

Statistical combination of both channels gives 
observed (expected) limits of:

19

σ < 0.59 (1.14) pb at 95% CL 

First limits on this process

Still far from SM sensitivity with 2017 data



Other indirect searches by colliding photons:  
anomalous couplings and Effective Field Theories

20
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Figure 7: Mass and rapidity matching for events passing the CMS diphoton selection and two
reconstructed protons passing the asymmetric proton x selection. Events matching at 2s are
enclosed within a green rectangle.

Very simple QED process, enhanced in most BSM scenarios 
Anomalous quartic gauge couplings 
Extra dimensions - resonant (RS gravitons) or non-resonant 
SUSY 
Axion-like particles 
Magnetic monopoles/monopolium 
“Non-commutative QED” 

     … 

Very low background search (estimated with event mixing): in 
full Run 2 data 1.10±0.24 background events expected, 1 
observed 

1. Introduction 1

1 Introduction1

While the Standard Model (SM) of particle physics has been largely successful in describing2

the universe, there are still many observed phenomena that suggest it is incomplete. Studying3

photon-photon interactions as part of the Light-by-Light (LbL) scattering process can provide4

theories that go beyond the standard model (BSM) by predicting the anomalous couplings of5

photons. Examples of these theories include composite Higgs [1], warped extra dimensions6

[2], and Kaluza-Klein gravitons [3]. The SM LbL process has been observed by both the CMS7

and ATLAS collaborations in heavy ion (HI) collisions [4–6], however, contributions to the8

four-photon (4g) cross-section from BSM physics are expected at higher two-photon invariant9

masses than can be reached in HI collisions.10

Using proton-proton (pp) collisions at the Large Hadron Collider (LHC), evidence for BSM11

physics can be probed at the electroweak scale. Furthermore, when two protons undergo an12

electromagnetic interaction at the LHC, the original protons can remain intact in the final state13

as seen in Figure 1. Measuring these final state protons gives the best sensitivity to study 4g14

anomalous couplings [7].15

�

�

p

p

p

�

�

p

Figure 1: The process for diphoton production via photon exchange with intact protons in the
final state. Several couplings may enter the four-photon shaded area such as a loop (box) of
charged fermions or bosons. The model can be extended with intermediate interactions of new
physics objects, such as a loop of a heavy charged particle or an s-channel process producing a
scalar axion-like resonance that decays into two photons.

As has been shown in Ref. [7], with the assumption of a new mass scale heavier than the current
reachable experimental energy, the 4g interactions can be described by an effective Lagrangian
using dimension-8 operators

L4g = z1FµnF
µn

FrsF
rs + z2FµnF

nr
FrlF

lµ. (1)

These z1 and z2 parameters are identically zero in the SM, but in the case of a loop of a heavy16

charged particle or a resonance of a neutral particle, the contribution to the 4g process would17

be nonzero.18

From Equation 1, the angular cross-section of the four-photon interaction can be computed as

ds

dW
=

1
16p2s

�
s

2 + t
2 + st

�2 ⇥48z2
1 + 40z1z2 + 11z2

2
⇤

where s and t are the Mandelstam variables.19 21



First collider limits on anomalous γγγγ 
couplings were published by CMS, using 
2016 data with 9.4fb-1 

New limits using the full Run 2 
dataset (102.7 fb-1) improve on these 
by a factor of ~4
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Figure 4: Two-dimensional limits on the anomalous four-photon couplings, derived from the
observed upper limit on the diphoton production cross section. The shaded area depicts the
excluded values of the coupling parameters z1 and z2.

continuously operating a near-beam proton spectrometer at a high-luminosity hadron collider.206

The first search for the gg ! gg process with forward proton tags is presented. The search207

uses an integrated luminosity of 9.4 fb�1 of proton-proton collisions collected at a 13 TeV center-208

of-mass energy at the LHC during 2016. No events are observed with a pair of proton tracks209

compatible with the diphoton kinematic properties with an expected background of 0.23 and210

0.43 events for the 2 and 3 standard deviations windows, respectively. This provides the first211

limit for the standard model light-by-light production cross section at a scale of hundreds of212

GeV, and places limits on anomalous couplings for the four-photon interaction based on an213

effective field theory extension of the standard model.214
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Figure 9: The observed and expected exclusion limits on the anomalous coupling parameters
z1 and z2.

The observed and expected limits resulting from the analysis can be seen in Figure 11. These321

are the strongest limits for ALP masses in the range of 500 – 2000 GeV.322
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Figure 8: Both efficiency and acceptance effects parameterized as function of the proton x for all
years. Differences in the reconstruction percentage can be attributed to differences in detector
location, configuration, and design.

Table 5: Anomalous coupling signal efficiency for each year of the Run II period. The left col-
umn is the CMS only efficiency, the middle column is the PPS efficiency, and the right column
is the multiplicative combination of the previous columns.

Year CMS e ⇥ A PPS e ⇥ A e ⇥ A

2016 80.1% 6.5% 5.2%
2017 75.7% 3.3% 2.5%
2018 77.4% 18.4% 14.2%

The observed (expected) limits on the coupling parameters (setting the other to be zero) are309

| z1 |< 7.3(7.1)⇥ 10�14 GeV�4 (z2 = 0),
| z2 |< 1.5(1.5)⇥ 10�13 GeV�4 (z1 = 0).

The observed and expected limits in the plane of (z1, z2) are shown in Figure 9.310

These limits equate to the strongest upper limit on the anomalous four-photon coupling cross311

section of312

s(pp ! pggp|xp 2 xPPS) < 0.61 fb. (8)

6.4 Limit on axion-like particle production313

The same limit setting procedure is applied to the s-channel production of a scalar axion-like314

particle. Following the approach described in [8], this gg ! a ! gg process can be parame-315

terized as a function of the ALP mass, mALP, and its coupling to the diphoton system, f
�1.316

For the diphoton invariant mass acceptance determined by the x ranges probed in this analysis,317

the selection efficiency depends only on the mass of the ALP. The efficiency times acceptance,318

shown in Figure 10, are calculated for each sample and for each year and used as an input to319

the limit setting tool.320

6

an overall signal efficiency of 6.7%, significantly smaller than for the anomalous four-photon
process.

For the anomalous quartic gauge coupling extension of the SM introduced earlier, an observed
upper limit of 2.08 fb can be compared with the expected limit of 2.49 fb using the background-
only hypothesis. This upper limit is used to place the first limits on the four-photon anomalous
quartic gauge couplings. The signal efficiency is observed to be approximately constant over a
wide range of the couplings parameters z1 and z2 in the search region. It is evaluated at 63.8%
for the central two-photon system and 22.7% for the forward proton system. Figure 4 shows
the region of the parameter phase space where the corresponding cross section is excluded by
this measurement. Consequently, when one of the model parameters is assumed to be null, the
other is limited to

|z1| < 2.88 ⇥ 10-13 GeV�4(z2 = 0),

|z2| < 6.02 ⇥ 10-13 GeV�4(z1 = 0).
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Figure 4: Two-dimensional limits on the anomalous four-photon couplings, derived from the
observed upper limit on the diphoton production cross section. The shaded area depicts the
excluded values of the coupling parameters z1 and z2.

To summarize, the CMS-TOTEM precision proton spectrometer has proven the feasibility of
continuously operating a near-beam proton spectrometer at a high-luminosity hadron collider.
The first search for the gg ! gg process with forward proton tags is presented. The search
uses an integrated luminosity of 9.4 fb�1 of proton-proton collisions collected at a 13 TeV center-
of-mass energy at the LHC during 2016. No events are observed with a pair of proton tracks
compatible with the diphoton kinematic properties with an expected background of 0.23 and
0.43 events for the 2 and 3 standard deviations windows, respectively. This provides the first
limit for the standard model light-by-light production cross section at a scale of hundreds of
GeV, and places limits on anomalous couplings for the four-photon interaction based on an
effective field theory extension of the standard model.
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γγ→WW and γγ→ZZ:

1. Introduction 1

1 Introduction1

There is a class of proton-proton scattering events at the LHC, in which the incoming protons2

radiate high-energy quasi-real photons and remain intact, while only the two photons interact.3

The protons lose a small fraction of their energy and are scattered at very small angles. At4

CMS,the scattered protons can be measured with the Precision Proton Spectrometer (PPS), a5

set of near-beam detectors located ⇠210-220m from the interaction point. The trajectories of6

the scattered protons are bent by the LHC magnets between the interaction point and the PPS7

detectors, and this makes it possible to measure their momentum, within an acceptance range8

depending on the LHC conditions. By reconstrucing both protons, the center-of-mass energy9

of the two-photon collision can thus be determined on an event-by-event basis.10

In the present paper, a search is presented for exclusive production of gauge boson pairs (WW11

or ZZ) from gg interactions, with both protons reconstructed in PPS. The final state consists12

solely of the two bosons and the scattered protons. The fully hadronic decay modes of the W13

and Z are considered; because of the boost, the bosons appear as single so-called “fat” jets.14

In this particular case, the kinematics of the final state bosons can be fully reconstructed both15

with the central CMS detector and with PPS. Therefore, in correctly identified signal events, the16

entire 13 TeV collision energy will be reconstructed in the four-body pWWp or pZZp system.17

p p

pp
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p p
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Figure 1: Schematic diagrams of gg ! WW production with intact protons according to the
Standard Model.

Within the Standard Model (SM), quartic couplings involving two-photon production of charged18

(W) gauge bosons are allowed at tree level. Because of gauge invariance, the strength of19

these couplings is related to the triple gauge couplings which enter through t- and u-channel20

gg ! WW production, and is fully specified in the SM. The SM cross section for the gg ! WW21

process with both protons intact is expected to be ⇠ 87 fb at
p

s = 13 TeV [1], and is concen-22

trated at low values of the WW invariant mass, m(WW). Excesses over the prediction, par-23

ticularly in the high m(WW) tails where the SM prediction is small, could indicate physics24

beyond the SM. All-neutral quartic couplings are forbidden in the SM, and therefore processes25

like gg ! ZZ are not allowed at tree level. Any observably large signal for this process would26

thus indicate new physics.27

Such beyond standard model effects are predicted in a variety of models, with both resonant28

and non-resonant signals [2–10]. A common approach to quantify deviations from the SM29

with minimal assumptions involves Anomalous Quartic Gauge Couplings (AQGCs), in which30

all operators obeying basic discrete and gauge symmetries are considered. Two formalisms31

commonly used in electroweak studies at the LHC exploit dimension-6 non-linear operators,32

and dimension-8 linear operators [11–15].33

The gg ! WW process with leptonic W decays, but without the measurement of the outgo-34

ing protons, was among several channels used to place the first LHC bounds on such AQGCs35

using 7 and 8 TeV data [16–18], as well as providing constraints from 1.96 TeV data at the Teva-36

tron [19]. The cross section was also measured at 13 TeV, using the leptonic channel without37

proton detection [20]. More recently, strong constraints have been placed on AQGCs using a va-38

Similar idea as γγ→γγ, except using massive 
gauge bosons 

WW: allowed in the SM 

ZZ: forbidden at tree-level in the SM

23CMS-PAS-SMP-21-014

Search performed in the high-mass region (>1.1 TeV), where any SM signal is expected to be negligible 

Use boosted all-hadronic channel, where W/Z’s are expected to be merged into a single “fat” jet 

Backgrounds estimated from sideband regions in diboson acoplanarity, proton-diboson matching 

Analysis performed for each year of Run 2, using events with 1 or 2 protons matched



γγ→WW and γγ→ZZ: Constraints on Anomalous Quartic Gauge 
Couplings

12

Coupling Observed (expected) 95% CL upper limit Clipping
|aW

0 /L2| 4.3 (3.9) ⇥ 10�6 GeV�2 -
|aW

C /L2| 1.6 (1.4) ⇥ 10�5 GeV�2 -
|aZ

0 /L2| 0.9 (1.0) ⇥ 10�5 GeV�2 -
|aZ

C/L2| 4.0 (4.5) ⇥ 10�5 GeV�2 -
|aW

0 /L2| 5.2 (5.1) ⇥ 10�6 GeV�2 1.4 TeV
|aW

C /L2| 2.0 (2.0) ⇥ 10�5 GeV�2 1.4 TeV

Table 3: Limits on LEP-like dimension-6 Anomalous Quartic Gauge Coupling parameters, with
and without unitarization via a clipping procedure.
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Figure 9: Expected and observed limits in the two-dimensional plane of aW
0 /L2 vs. aW

C /L2

(above left), aZ
0 /L2 vs. aZ

C/L2 (above right), and aW
0 /L2 vs. aW

C /L2 with unitarization imposed
by clipping the signal model at 1.4 TeV (below).

8.2 Translation to linear dimension-8 AQGCs294

Many recent anomalous coupling studies quote limits on only dimension-8 linear operators.295

In the case of processes involving photons, the aW,Z
0,C operators can be translated into a linear296

combination of dimension-8 fM,i(i = 0 � 7) operators [15]. In the case of the aW
0 coupling, the297

relationship reads [15]:298

aW
0 = � MW

paem
[s2

w
fM,0

L2 + 2c2
w

fM,2

L2 + swcw
fM,4

L2 ].

Here MW is the W boson mass, aem is the fine structure constant, and sw and cw represent the299

sine and cosine of the weak mixing angle, respectively. By further assuming that anomalous300

contributions to WWZg vanish, an additional constraint of fM,0 + 2 ⇥ fM,2 is obtained [11, 47],301

allowing aW
0 to be written in terms of only fM,0 and fM,4. In order to compare to other results,302
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8 Signal extraction and results258

The signal is extracted in a total of twelve bins: three for the three years of data, times two259

for the WW and ZZ regions, times two for the fully (“region d”) and partially (“region o”)260

reconstructed events. Systematic uncertainties are in most cases accounted for as log-normal261

nuisance parameters. When the systematic is based on a sample with < 10 events, Poisson262

nuisances are used instead; this applies to some of the background statistical uncertainties263

derived from sideband regions, and some of the simulation statistical errors for very small264

couplings. The signal is estimated for each of the anomalous couplings, with all other couplings265

fixed to zero.266

Figure 7 shows the number of observed events compared to the expectation of background267

and a hypothetical signal, in each bin of the analysis. The backgrounds and observed data are268

compared to a signal with non-zero WW anomalous couplings, slightly above the expected269

sensitivity of the analysis. Small ( 1s) excesses are seen in “region o” of the WW for all years,270

while small deficits are seen in the ZZ channel. None of these excesses or deficits in the data271

are significant.272
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Figure 7: Observed data and expected number of background events in each signal region. A
hypothetical AQGC signal is also shown. The histogram with solid lines indicates the number
expected for only background, with uncertainties shown by the shaded band. The dashed-line
histogram shows the number for background plus an assumed signal with aW

0 /L2 = 5 ⇥ 10�6

GeV�2.

8.1 AQGC limits273

The resulting expected and observed 95% CL upper limits on the AQGC operators are shown274

in Fig. 8.275

For large values of anomalous couplings, the predicted cross section becomes unphysically276

large at high masses, and violates partial wave unitarity. We estimate the sensitivity of the277

limits to this effect by calculating the energy of gg collisions at which unitarity is violated278

Analysis based on full Run 2 dataset 
(100fb-1) 

No significant excess in any final 
states (WW or ZZ), years (2016, 2017, 
2018), or proton reconstruction 
choices (single- or double-arm) 

Limits set on cross sections, and 
anomalous quartic gauge couplings of 
dimension-6 and dimension-8, with 
and without unitarization 
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Coupling Observed (expected) 95% CL upper limit Clipping
|aW

0 /L2| 4.3 (3.9) ⇥ 10�6 GeV�2 -
|aW

C /L2| 1.6 (1.4) ⇥ 10�5 GeV�2 -
|aZ

0 /L2| 0.9 (1.0) ⇥ 10�5 GeV�2 -
|aZ

C/L2| 4.0 (4.5) ⇥ 10�5 GeV�2 -
|aW

0 /L2| 5.2 (5.1) ⇥ 10�6 GeV�2 1.4 TeV
|aW

C /L2| 2.0 (2.0) ⇥ 10�5 GeV�2 1.4 TeV

Table 3: Limits on LEP-like dimension-6 Anomalous Quartic Gauge Coupling parameters, with
and without unitarization via a clipping procedure.
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0 /L2 vs. aW

C /L2 with unitarization imposed
by clipping the signal model at 1.4 TeV (below).

8.2 Translation to linear dimension-8 AQGCs294

Many recent anomalous coupling studies quote limits on only dimension-8 linear operators.295

In the case of processes involving photons, the aW,Z
0,C operators can be translated into a linear296

combination of dimension-8 fM,i(i = 0 � 7) operators [15]. In the case of the aW
0 coupling, the297

relationship reads [15]:298

aW
0 = � MW

paem
[s2

w
fM,0

L2 + 2c2
w

fM,2

L2 + swcw
fM,4

L2 ].

Here MW is the W boson mass, aem is the fine structure constant, and sw and cw represent the299

sine and cosine of the weak mixing angle, respectively. By further assuming that anomalous300

contributions to WWZg vanish, an additional constraint of fM,0 + 2 ⇥ fM,2 is obtained [11, 47],301

allowing aW
0 to be written in terms of only fM,0 and fM,4. In order to compare to other results,302

Coupling ⇤cuto↵ Observed allowed range [GeV �2] Expected allowed range [GeV �2]
aW

0 /⇤
2 500 GeV [�0.96 ⇥ 10�4, 0.93 ⇥ 10�4] [�0.90 ⇥ 10�4, 0.87 ⇥ 10�4]

aW
C /⇤

2 500 GeV [�3.5 ⇥ 10�4, 3.3 ⇥ 10�4] [�3.3 ⇥ 10�4, 3.1 ⇥ 10�4]
aW

0 /⇤
2 1 [�1.7 ⇥ 10�6, 1.7 ⇥ 10�6] [�1.5 ⇥ 10�6, 1.6 ⇥ 10�6]

aW
C /⇤

2 1 [�6.4 ⇥ 10�6, 6.3 ⇥ 10�6] [�5.9 ⇥ 10�6, 5.8 ⇥ 10�6]

Table 9: The observed allowed ranges for aW
0 /⇤

2 and aW
C /⇤

2, for dipole form factor with ⇤cuto↵ = 500 GeV and
without form factor (⇤cuto↵ ! 1). The regions outside the quoted ranges are excluded at 95% confidence-level.

Coupling ⇤cuto↵ Observed allowed range [GeV�4] Expected allowed range [GeV�4]
fM,0/⇤4 500 GeV [�3.7 ⇥ 10�9, 3.6 ⇥ 10�9] [�3.5 ⇥ 10�9, 3.4 ⇥ 10�9]
fM,1/⇤4 500 GeV [�13 ⇥ 10�9, 14 ⇥ 10�9] [�12 ⇥ 10�9, 13 ⇥ 10�9]
fM,0/⇤4 1 [�6.6 ⇥ 10�11, 6.6 ⇥ 10�11] [�5.8 ⇥ 10�11, 6.2 ⇥ 10�11]
fM,1/⇤4 1 [�24 ⇥ 10�11, 25 ⇥ 10�11] [�23 ⇥ 10�11, 23 ⇥ 10�11]

Table 10: The allowed ranges for dimension-8 couplings values derived from the aW
0 and aW

C parameters, for a
dipole form factor with ⇤cuto↵ = 500 GeV and without form factor. The regions outside the quoted ranges are
excluded at 95% confidence-level. The limits on fM,2,3/⇤4 can be determined using the relations: fM,2 = 2 ⇥ fM,0
and fM,3 = 2 ⇥ fM,1.
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Figure 14: The observed log-likelihood 95% confidence-level contour and 1D limits for the case with a dipole form
factor with ⇤cuto↵ = 500 GeV. The CMS combined 7 and 8 TeV result [14] is shown for comparison.
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γγ→WW and γγ→ZZ: Constraints on Anomalous Quartic Gauge 
Couplings

25CMS-PAS-SMP-21-014

Various subtleties comparing results (dimension-6 vs. dimension-8 couplings, unitarization scheme) 

Constraints are generally much more stringent than those from the γγ→WW channel without proton 
tagging in LHC Run 1



Direct searches by colliding photons

26



If BSM physics is light enough (<2 TeV), new particles produced in central exclusive processes could 
be directly detected using tagged protons  

In most cases models are strongly constrained by other LHC searches  

=> Focus on scenarios where proton tagging of γγ collisions can provide unique sensitivity 

Particles that can be detected thanks to the closed kinematics  

Particles with large couplings to photons

Direct searches

27



Reconstruct the pp+Z or pp+γ system, and look for anything 
“left over” from the 13 TeV collision energy 

Analogous to a “recoil analysis” at e+e- colliders 

First use of this technique at a hadron collider

2

Figure 1: Feynman diagram of a two-photon production of a Z boson or photon with an ad-
ditional, unknown particle c giving rise to a missing mass mmiss = mc. Note that the produc-
tion mechanism does not have to proceed through photon exchange, other colorless exchange
mechanisms (e.g. double pomeron) are also allowed. However, at such a high energy scale,
EWK processes are enhanced, while QCD-based colorless exchanges are expected to be sup-
pressed.

model, a simplified generic Monte Carlo (MC) simulation is used to simulate the associated48

exclusive production of a massive particle of narrow width, together with a Z boson or photon49

and forward protons. The observed missing mass spectrum is confronted with the background50

plus signal model, using a likelihood technique in which the hypothetical signal component51

strength is constrained within the statistical and systematic uncertainties. In the absence of sig-52

nificant deviations in data with respect to the background-only prediction, model-indepdent53

upper limits are derived on the visible production cross section of pp ! pp + Z/g + X within54

a fiducial volume defined in terms of the momenta of the final state leptons (or photon) and55

protons.56

2 The CMS and CT-PPS detectors57

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal di-58

ameter, providing a magnetic field of 3.8 T. Within the solenoid volume are located a silicon59

pixel and strip tracker with coverage in pseudorapidity up to |h| = 2.5, surrounded by a lead60

tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calor-61

imeter (HCAL) directly outside the ECAL. The muon detection system consists of three types of62

gas-ionization chambers embedded in the steel flux-return yoke outside the solenoid. A more63

detailed description of the CMS detector, together with a definition of the coordinate system64

used and the relevant kinematic variables, can be found in Ref. [2]. Events are selected online65

and stored at a maximal rate of about 1 kHz using a two-tier triggering system [4, 5].66

The CT-PPS is an array of movable, near-beam ”Roman pot” (RPs) devices containing tracking67

and timing detectors inserted horizontally at about 15 standard deviations (s) of the transverse68

width of the LHC beam. The detectors are used to reconstruct the flight path of protons coming69

from the interaction point (IP) through 210 m of LHC beamline.70

In this analysis, two RP tracking stations per side, or “arm”, of CMS are used. These tracking71

stations provide a measurement of the proton trajectories with respect to the beam position.72

Knowledge of the magnetic fields traversed by the proton from the IP to the RPs allows for73

Search for (possibly) invisible particles in the Z+X and γ+X “missing 
mass” spectrum

The missing “X” could be any new heavy particle, including ones that are invisible, long-lived, or 
otherwise difficult to reconstruct 

28CMS-PAS-EXO-19-009



Analysis uses 37.2 fb-1 of data from 
2017 

Categorized by final state and 
different proton reconstruction 
algorithms  

Backgrounds are determined from 
event mixing and control regions (e-
mu)

Search for (possibly) invisible particles in the Z+X and γ+X “missing 
mass” spectrum

29CMS-PAS-EXO-19-009



Limits on associated production of any “X” particles 
on the order of ~50fb (Z+X) to ~1pb (γ+X), from 
600-1600 GeV 

Largest local excesses within ~2σ 

γ+X limits are weaker due to prescaled single-photon 
trigger 

Currently uses only ~1/3 of the available PPS Run 2 data, 
and no timing information 

Still room for improvement with Run 2 data, + Run 3

Search for (possibly) invisible particles in the Z+X and γ+X “missing 
mass” spectrum

30CMS-PAS-EXO-19-009



Initial idea of axions: very light pseudoscalar particle, to solve the strong CP problem, and 
possibly provide a dark matter candidate 

Recent interest in much heavier “axion-like” particles with large couplings to photons 

Extension of the anomalous couplings analysis, looking for a narrow resonance instead of a broad 
excess

γγ→γγ: Search for Axion-Like Particles

8

Trial factors associated with the test of several mass hypotheses are estimated for fixed width
and spin assumptions by counting the number of times the value of p0 observed in data crosses
the level corresponding to 0.5 standard deviations and applying the asymptotic formulas of
Ref. [42], where a trial factor refers to the ratio of the probability to observe an excess at a
given mX value to the probability to observe it anywhere in the examined mX range. To account
for the different width and spin hypotheses tested, a correction factor is estimated using the
13 TeV event categories, as follows. A sampling distribution of the minimum value of p0 is
generated from an ensemble of background-only pseudo-experiments, testing for all examined
spin, width, and mass hypotheses. The correction factor is given by the ratio of the trial factors
obtained varying only the signal mass to those obtained also varying the width and spin. A
global significance for the 750 GeV excess, taking into account the effect of testing all the signal
hypotheses considered, is thereby estimated to be approximately 1.6 standard deviations. The
estimated global significance increases by about 5% if the spin hypothesis is not varied and by
an additional 5% if only narrow-width signal hypotheses are considered. A statistical uncer-
tainty of roughly 10% in the estimated global significance is associated with the counting of p0
crossings in data.
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Figure 4: Observed background-only p-values for narrow-width scalar resonances as a function
of the resonance mass mX, from the combined analysis of the 8 and 13 TeV data. The results for
the separate 8 and 13 TeV data sets are also shown. The inset shows an expanded region around
mX = 750 GeV.

The excess is primarily due to events in which both photons are in the ECAL barrel. The shape
of the associated ECAL clusters is in agreement with the expectation for high-pT prompt pho-
tons. In particular, the R9 value exceeds 0.94 for more than 80% of the photon pair candidates
in the 13 TeV data in the region corresponding to the excess, i.e., the showers are compact, with
lateral shapes like those of unconverted photons at lower energy, in agreement with the expec-
tation for a sample of prompt high energy photon pairs. Within the limited statistical precision
currently available, the kinematic distributions of the diphoton candidates in the mgg region
corresponding to the largest excess, as well as the multiplicity and kinematic distributions of
the hadronic jets reconstructed in the same events, do not exhibit significant deviations from
the distributions expected for SM processes.

In summary, a search for the resonant production of high-mass photon pairs is presented. The

The largest deviation from the background-only hypothesis is observed near a mass of 750 GeV, for
a k/MPl value of 0.23, corresponding to a local excess of 3.8 standard deviations. The width associated
with k/MPl = 0.23 at mG⇤ = 750 GeV is 57 GeV. The global significance evaluated using the search region
of 500–2000 GeV in mass and 0.01–0.3 in k/MPl is 2.1 standard deviations. The statistical uncertainty
from the number of pseudo-experiments is ±0.05 standard deviations. For k/MPl = 0.01, correspond-
ing to a narrow width signal, the largest deviation from the background-only hypothesis corresponds to
3.3 standard deviations local significance at a mass near 770 GeV. The change in the likelihood ratio
between the best signal-plus-background fits with a small k/MPl value and k/MPl = 0.23 corresponds to
a di↵erence of 1.3 standard deviations, assuming the asymptotic approximation.

Figure 6 shows the diphoton invariant mass distribution for the selection optimized for the spin-0 res-
onance search together with the best background-only fit (NS=0) using the functional-form approach.
The compatibility with the background-only hypothesis, quantified with the local p0-value expressed in
standard deviations, is shown in Figure 7 as a function of the hypothesized resonance mass and width.
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Figure 6: Distribution of the invariant mass of the diphoton candidates for the selection used in the search for a
spin-0 resonance with the best background-only fit. The di↵erence between the data and this fit is shown in the
bottom panel. The arrow shown in the lower panel indicates a value outside the range with more than one standard
deviation. There is no data event with m��> 2000 GeV.

As in the spin-2 resonance search, the largest deviation is observed near a mass of 750 GeV. It corres-
ponds to a local excess over the background-only hypothesis with a significance of 3.9 standard deviations
for a width of 45 GeV. The impact of systematic uncertainties on the significance of the excess is small,
corresponding to a change of about 0.1 standard deviations in the local significance. Only systematic
uncertainties related to the background modelling have a non-negligible contribution to this small di↵er-
ence. The global significance evaluated using the search region of 200–2000 GeV in mass and 0%–10%
in �X/mX is 2.1 standard deviations. The statistical uncertainty from the number of pseudo-experiments
is ±0.05 standard deviations.

If assuming a signal with a narrow width, the largest deviation from the background-only hypothesis is
found for a mass near 750 GeV and it corresponds to a local significance of 2.9 standard deviations. The

19

Historical interest: 750GeV diphoton bump reported 
by ATLAS+CMS at the beginning of LHC Run 2 

Not confirmed, but recognized as a golden 
channel to study in γγ collisions

31
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Figure 11: Limits on axion-like particle (ALP) production in the plane of the ALP mass and
the coupling strength. The shape of the limit curve follows the PPS acceptance times efficiency
curve.

Acknowledgments336

Since no excess is seen, new limits placed on 
mass/coupling of axion-like particles at the TeV 
scale

Notable: Best sensitivity   
is near 750 GeV, no 

excess seen

γγ→γγ: Search for Axion-Like Particles
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5. Event selection 7
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Figure 4: Axion-Like particle (ALP) signal kinematics for the single photon h (top left), single
photon pT (top right), diphoton acoplanarity (bottom left), diphoton mass (bottom right). The
signal simulation shown here is generated with FPMC for ALP signals using f

�1 = 10�1 TeV�1.
The distributions represent the signal sample after undergoing the full CMS detector response.
A preselection is applied to these events as described in Section 5.

requirement was raised to 70 GeV. The efficiency of each of these triggers has been studied as195

a function of pT and trigger-safe pT selections are applied to the data. For the 2016 data, the196

trigger-safe pT selection is placed at 75 GeV and, for the 2017 and 2018 data the pT selection197

is placed at 100 GeV. Additionally, a trigger-safe H/E selection requirement of H/E < 0.10 is198

applied.199

In addition to the HLT selection, the preselection makes selection criteria to ensure the quality200

of the selected events. To be sure that the electromagnetic objects selected by the trigger are201

photons, we use the MVA WP90 photon ID and conversion-safe electron veto described in sec-202

tion 4. Furthermore, the single photon pseudo-rapidity is constrained to be within the region203

| hg |< 2.5, with an additional veto between 1.4442 < |hg| < 1.566, corresponding to the ECAL204

transition region between the barrel and the endcaps. The last requirement of the preselection205

is that the mass of the diphoton pair be greater than the 350 GeV where the SM LbL process is206

negligible as motivated in [33].207

In order to select the exclusive gg ! gg process, a criterion is applied to select photons that208

are back-to-back with respect to the angle f. The variable of interest to define this criterion is209

the acoplanarity between the two photons, defined as210

Signal simulation for  
different ALP masses

Reinterpretation of the anomalous couplings analysis, with signal 
modeled as a narrow resonance



Best limits from a few GeV  
to 100 GeV come from γγ→γγ  

in LHC heavy ion collisions  
(“Light-by-light scattering”)

γγ→γγ: Search for Axion-Like Particles
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Figure 11: Limits on axion-like particle (ALP) production in the plane of the ALP mass and
the coupling strength. The shape of the limit curve follows the PPS acceptance times efficiency
curve.
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γγ→γγ: Search for Axion-Like Particles
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A first search for top quark pair production from γγ interactions was performed by 
CMS using 29.4 fb-1 in the dilepton and lepton+jets channel 

No excess was observed in either channel, and the first limits on the cross section 
were placed at < 0.59 pb  

Building on previous work to verify Standard Model signals for very high energy γγ interactions, 
and extensive validation/calibration of forward proton reconstruction: 

Summary (I)
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Similar approaches were used to probe BSM physics in γγ collisions with intact protons in several 
other final states 

Indirect searches 

• First+best collider constraints on anomalous quartic gauge couplings in γγ→γγ 

• New constraints on anomalous quartic gauge couplings in γγ→WW, γγ→ZZ 

Direct searches 

• First “Missing mass” searches for resonances in Z+X, γ+X final states at a hadron collider 

• Best limits on axion-like particles from γγ→γγ at ~TeV scale 

36

Summary (II)



Still a lot to do with the large Run 2 data sample, + new Run 3 data now being 
collected  

As well as the heavy ion γγ physics program, not covered here

37

Outlook

The LHC is likely to be the best (and cheapest) high energy photon collider available for 
a long time 

This mode of operation should be maximally exploited for SM and BSM physics 
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γγ→ll and ξ  reconstruction: 2-d correlations

• A few events in 2016 data, using “single-
RP” algorithm 

• 5σ excess by combining μ+μ- and e+e-  

• 2017+2018: many more events in the μ+μ- 

channel alone, even using more restrictive 
“multi-RP” reconstruction

44

that is kinematically inaccessible for signal events, as the protons would be outside the ac-844

ceptance. These regions can be populated by background events where a dimuon event is845

combined with an unrelated proton from a pileup interaction. In the remaining area of the846

plots, a clear clustering of events around the diagonal, where a fully correlated signal would847

be expected, is visible for both arms and years. The samples extend to x ⇠ 0.12; no signifi-848

cant deviation from the diagonal is observed in this region. The difference between the two849

proton reconstruction algorithms can be seen from the plots. The multi-RP algorithm gives a850

narrower distribution around the diagonal and fewer off-diagonal background events, while851

the single-RP algorithm extends the coverage to lower x values.852

Figure 42: Distribution of x(p) vs. x(µ+µ�) for the z > 0 (LHC sector 45) and z < 0 (LHC
sector 56) directions in the CMS coordinate system. The two styles of points represent the
data collected during 2017 and 2018. The shaded bands represent the region incompatible with
the PPS acceptance for signal events; events in this region are expected to arise from random
combinations of muon pairs with protons from pileup interactions. The upper plots show
the results of the single-RP reconstruction algorithm, while the lower plots show the multi-RP
results. The dotted line illustrates the case of a perfect correlation, where signal events are
expected.

In order to compare more quantitatively the data with simulation, a one-dimensional projection853

in the variable 1� x(p)/x(µ+µ�) is performed, combining both arms and years, for events with854

x(µ+µ�) > 0.04. The expected shape of the residual background is obtained from a sideband855

region in the acoplanarity (0.009 < a < 0.1) and extra tracks multiplicity (5 < N < 10).856
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Figure 11: Correlation between the fractional values of the proton momentum loss measured in
the central dilepton system, x(`+`�), and in the RPs, x(RP), for both RPs in each arm combined.
The 45 (left) and 56 (right) arms are shown. The hatched region corresponds to the kinematical
region outside the acceptance of both the near and far RPs, while the shaded (pale blue) region
corresponds to the region outside the acceptance of the near RP. For the events in which a
track is detected in both, the x value measured at the near RP is plotted. The horizontal error
bars indicate the uncertainty of x(RP), and the vertical bars the uncertainty of x(`+`�). The
events labeled “out of acceptance” are those in which x(`+`�) corresponds to a signal proton
outside the RP acceptance; in these events a background proton is detected with nonmatching
kinematics.
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Figure 12: Expected acceptance regions in the rapidity vs. invariant mass plane overlaid with
the observed dimuon (closed circles) and dielectron (open circles) signal candidate events. The
“double-arm acceptance” refers to exclusive events, pp ! p`+`�p. Following the CMS con-
vention, the positive (negative) rapidity region corresponds to the 45 (56) LHC sector.

of 9.4 fb�1 collected in proton–proton collisions at
p

s = 13 TeV. The Roman Pot alignment
and LHC optics corrections have been determined using a high statistics sample of forward
protons. A total of 12 gg ! µ+µ� and 8 gg ! e+e� events are observed with dilepton
invariant mass larger than 110 GeV, and a forward proton with consistent kinematics. This cor-
responds to an excess larger than five standard deviations over the expected background from

40
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Figure 3: Overlap between vertical and horizontal RPs.

analogous to the LHC collimator alignment [20]. This is a precondition for systematic RP inser-140

tion close to the high-intensity LHC beams. Then, thanks to the low intensity, the safety rules141

allow to insert both horizontal and vertical RPs very close to the beam: at 6.5 sbeam horizontally142

and at 5 sbeam vertically. At these distances horizontal and vertical detectors overlap, as shown143

in Figure 3, which allows the relative alignment of the RPs in each arm. The presence of verti-144

cal RPs makes it possible to detect elastically scattered protons that are used for horizontal RP145

alignment with respect to the beam. The alignment procedure is detailed in Section 5. The very146

small distance of the horizontal RPs from the beam in the alignment fills permits to record ad-147

ditional data essential for optics calibration (cf. Section 6). There are typically two “alignment”148

fills per year of LHC operation.149

The PPS datasets are divided in data taking periods. The PPS performance is often sensitive150

to the LHC settings (optics, collimators etc.) many of which vary with time—they are often151

changed during LHC technical stops (TS). For instance, the LHC optics was modified during152

the second technical stop (TS2) in 2016 and b⇤ was changed in TS2 in 2017. The technical153

stops are also occasions for updating the position of detectors in RP system. For example, in154

TS1 and TS2 in 2018, the tracking RPs were shifted vertically to distribute better the radiation155

dose accumulated by the pixel sensors. The sensor inefficiency due to radiation damage is156

discussed in Section 12. In Run 2, PPS was operated from 2016 to 2018. Table 2 summarises157

the PPS periods with significantly different LHC/RP settings and the corresponding integrated158

luminosities [21–23].159

period Lint( fb�1)
2016, pre-TS2 9.8
2016, post-TS2 5.0
2017, pre-TS2 15.0
2017, post-TS2 22.2
2018, pre-TS1 18.5
2018, TS1-TS2 26.8
2018, post-TS2 10.4

total 107.7

Table 2: List of PPS periods with distinct LHC and/or RP settings. Lint corresponds to the
integrated luminosity recorded in runs certified for use in physics analysis.
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Figure 4: Left: relative alignment between vertical and horizontal RPs (April 2018). The plot
shows track impact points in a scoring plane perpendicular to the beam. The points in red
represent tracks only reconstructed from vertical RPs, in blue only from horizontal RPs and
in green from both vertical and horizontal RPs. The size and position of the RP sensors is
schematically indicated by the black (vertical strip RPs) and magenta (horizontal pixel RPs)
contours. Right: determination of the beam position with respect to RPs (September 2016).
Black: profile (mean x as a function of y) of elastic track impact points observed in vertical
RPs; green: fit and interpolation. Blue: horizontal profile of minimum bias tracks found in the
horizontal RP; red: fit and extrapolation. Magenta cross: the determined beam position.

5 Alignment160

The alignment of RPs is a multi-level procedure including aligning sensor planes within each161

RP as well as aligning the RPs with respect to the LHC beam. This is one of the inputs for the162

proton reconstruction (discussed in detail in Section 7).163

Although conceptually similar, the alignment of RPs is different from that of other CMS sub-164

detectors. First, the RPs are movable devices – at the beginning of each LHC fill they are in a165

safe position away from the beam and are then inserted close to the beam only when the LHC166

reaches stable conditions. Second, the fill-to-fill beam position reproducibility has a limited ac-167

curacy. Consequently, it is desirable to determine the alignment parameters (at least) for every168

fill.169

The alignment procedure involves multiple steps. A special “alignment” calibration LHC fill170

allows to determine the absolute position of the RPs with respect to the beam (Section 5.1). This171

calibration then serves as a reference for the alignment of every “physics” fill with standard172

conditions (Section 5.2). Once the tracking RPs are aligned with respect to the beam, the timing173

RPs are aligned with respect to the tracking RPs (Section 5.3).174

5.1 Alignment fill175

The “alignment” fill is a special LHC fill which allows to obtain data essential for calibration,176

not available in standard LHC “physics” fills (more details are given in Section 4).177

The relative alignment – among sensor planes in all RPs and among all RPs in one arm – is178

determined by minimising residuals between hits and fitted tracks [24]. This is an iterative pro-179

cedure since a priori it is not possible to distinguish between misalignments and outliers (unre-180

lated hits due to noise etc.). Therefore the iteration starts with a large tolerance (O(100 µm), to181
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Elastic scattering and alignment
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Data-MC validation with diffractive protons from "minimum bias”
36
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Figure 33: Comparison of hit distributions from simulation (red) and LHC data (fill 6738, no
explicit event/track selection, black), for 2018 pre-TS1 configuration and the near RP in sector
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(y range limited to the area around the upper sensor edge).
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Sample collected in special low-pileup runs to study timing 
detectors

1

1 Introduction
A significant fraction (⇡25%) of the total inelastic proton–proton cross section at high ener-
gies can be attributed to diffractive interactions, characterized by the presence of at least one
non-exponentially suppressed large rapidity gap (LRG), i.e. a region of pseudorapidity h de-
void of particles, where for a particle moving at a polar angle q with respect to the beam
h = � ln[tan(q/2)]. If this h region is adjacent to the diffractively scattered proton it is called
a forward pseudorapidity gap. In hadronic interactions an LRG is presumed to be mediated
by a color-singlet exchange carrying the vacuum quantum numbers, commonly referred to as
Pomeron exchange. Figure 1 defines the main types of diffractive processes: single dissociation
(SD), double dissociation (DD), and central diffraction (CD).

Figure 1: Schematic diagrams of (a) nondiffractive, pp ! X, and diffractive processes with (b)
single dissociation, pp ! Xp or pp ! pY, (c) double dissociation, pp ! XY, and (d) central
diffraction, pp ! pXp; X(Y) represents a dissociated proton or a centrally produced hadronic
system.

Inclusive diffractive cross sections cannot be calculated within perturbative quantum chromo-
dynamics, and are commonly described by models based on Regge theory (see e.g. [1] and ref-
erences therein). The predictions of these models generally differ when extrapolated from the
Tevatron center-of-mass energies of

p
s  1.96 TeV to LHC energies. Therefore, measurements

of diffractive cross sections at 7 TeV provide a valuable input for understanding diffraction and
improving its theoretical description. They are also crucial for the proper modeling of the full
final state of hadronic interactions in event generators, and can help to improve the simulation
of the underlying event, as well as of the total inelastic cross section.

The DD cross section has been recently measured at
p

s = 7 TeV by the TOTEM collabora-
tion [2], for events in which both dissociated-proton masses are below ⇠12 GeV. Other mea-
surements of diffractive cross sections at the LHC, with higher dissociation masses, have ei-
ther a limited precision [3] or no separation between SD and DD events [4]. In this paper, we
present the first CMS measurement of inclusive diffractive cross sections at

p
s = 7 TeV. This

measurement is based on the presence of a forward LRG, with SD- and DD-dominated event
samples separated by using the CASTOR calorimeter [5], covering the very forward region,
�6.6 < h < �5.2. A data sample with a central LRG, in which DD dominates, is also used.
In addition, the inclusive differential cross section, ds/dDhF, for events with a pseudorapidity
gap adjacent to the edge of the detector, is measured over DhF = 8.4 units of pseudorapidity,
and compared to a similar ATLAS measurement [4]. The results presented here are based on
the first CMS data collected at

p
s = 7 TeV during the 2010 LHC commissioning period, when
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Figure 33: Comparison of hit distributions from simulation (red) and LHC data (fill 6738, no
explicit event/track selection, black), for 2018 pre-TS1 configuration and the near RP in sector
56. Left: distribution of horizontal track positions, right: distribution of vertical track positions
(y range limited to the area around the upper sensor edge).
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Full list of discriminating variables

8

struction efficiency; if only one of the original protons is left, the other is replaced
with one from the pool, and an appropriate weight is assigned to the event, accord-
ing to the probability for ending up with exactly one proton per arm; events where
both simulated protons are not reconstructed are treated as background.

In order to match the pileup conditions for simulated events to those in real data, a further
reweighting procedure is applied to simulated events, based on the number of reconstructed
interaction vertices. The distribution of this number for a given simulated sample, P

MC (nvtx),
and that for the data in each of the 20 (era, aX) regions, P

data (nvtx | era, aX), are determined. A
further weight wPU = P

data (nvtx | era, aX) /P
MC (nvtx) is assigned depending on the sampled

region.

To assess the validity of the background model obtained from this procedure, the distributions
of various event variables in data and simulated samples are compared; very good agreement
is observed. Figure 4 shows the overall distribution of the proton fractional momentum loss x
in both arms of CT-PPS for the semileptonic mode.
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Figure 4: Distribution of the proton fractional momentum loss x in data and background simu-
lated samples after pileup proton mixing and pileup reweighting, in the ` + jets channel. Solid
histograms: background; open histogram: signal, normalised to a cross section of 25 pb, ap-
proximately 105 larger than the SM cross section prediction from [18]; points with error bars:
data.

4.4 Multivariate analysis

In order to enhance the signal content of the selected samples, information from variables
showing discriminating power against background sources is efficiently exploited by means
of multivariate analysis techniques. For both the dilepton and the `+jets channels, a boosted
decision tree (BDT) algorithm [50] is used, implemented in the TMVA toolkit [51]. The samples
used for the training consist of signal events with both protons reconstructed, and inclusive
tt production events, by far the largest source of background, with two pileup protons added
from real data as described in the previous section. Because of the different objects in the final
state and their related kinematics, the choice of the discriminating variables is independent for
the two modes.

For the dilepton mode, the following 15 kinematic variables are used: the mass and the rapidity
of the central system reconstructed both from the tt decay products and from proton kinematics

5. Systematic uncertainties 9

(Eqs. (1), (2)); p
miss
T ; the invariant mass and the angular distance DR of the two leptons; |Df|

of the two selected b-tagged jets; the rapidity of the system formed by the two b-jets and the
two leptons, and the sum of the absolute values of their individual rapidities; the rapidity of
the system formed by all other reconstructed jets, and the sum of the absolute values of their
individual rapidities; the squared energy sum for all objects used for the tt reconstruction; the
minimum absolute value of the rapidity difference for any two systems formed by a lepton and
a b-tagged jet; the number of light-flavour jets.

For the `+jets mode, the following 10 kinematic variables are used: the number of light-flavour
jets and of b-tagged jets; the sum of the invariant mass of all jets; the total energy of all light-
flavour jets; the mean DR for all pairs of light-flavour jets; the total energy of all extra jets (not
used for tt reconstruction); the lepton momentum and its isolation; the difference in central
system rapidity reconstructed from the tt and the pp systems (Eq. (2)); the c2 of the kinematic
fit.

The distributions, for signal and background, of some of the kinematic variables of interest are
shown in Fig. 5 for the two modes.
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Figure 5: Distribution of some of the kinematic variables of interest for the dilepton (top) and
`+jets (bottom) analysis. Solid histograms: background; open histogram: signal, normalized
to a cross section of 25 pb, approximately 105 larger than the SM cross section prediction from
[18]; points with error bars: data.

5 Systematic uncertainties

Several sources of systematic uncertainty affect the normalisation of the signal and background
yields, as well as the shape of the BDT output used as the final discriminant. For each of them,
the impact on the final result is assessed by varying appropriately the parameters involved,
and repeating the analysis. When the variations imply a change in the BDT shape, a smoothing
procedure (using the ‘353QH’ algorithm described in [52]) is applied to the associated template
used in the fitting procedure described in Section 6. Modified BDT shapes are compared to the
nominal one using the Kolmogorov–Smirnov test: if the significance of the test is above 95%
for both the upwards and downwards variation, the corresponding systematic uncertainty is
only further considered as an overall normalisation effect.

5. Systematic uncertainties 9

(Eqs. (1), (2)); p
miss
T ; the invariant mass and the angular distance DR of the two leptons; |Df|

of the two selected b-tagged jets; the rapidity of the system formed by the two b-jets and the
two leptons, and the sum of the absolute values of their individual rapidities; the rapidity of
the system formed by all other reconstructed jets, and the sum of the absolute values of their
individual rapidities; the squared energy sum for all objects used for the tt reconstruction; the
minimum absolute value of the rapidity difference for any two systems formed by a lepton and
a b-tagged jet; the number of light-flavour jets.

For the `+jets mode, the following 10 kinematic variables are used: the number of light-flavour
jets and of b-tagged jets; the sum of the invariant mass of all jets; the total energy of all light-
flavour jets; the mean DR for all pairs of light-flavour jets; the total energy of all extra jets (not
used for tt reconstruction); the lepton momentum and its isolation; the difference in central
system rapidity reconstructed from the tt and the pp systems (Eq. (2)); the c2 of the kinematic
fit.

The distributions, for signal and background, of some of the kinematic variables of interest are
shown in Fig. 5 for the two modes.
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Figure 5: Distribution of some of the kinematic variables of interest for the dilepton (top) and
`+jets (bottom) analysis. Solid histograms: background; open histogram: signal, normalized
to a cross section of 25 pb, approximately 105 larger than the SM cross section prediction from
[18]; points with error bars: data.

5 Systematic uncertainties

Several sources of systematic uncertainty affect the normalisation of the signal and background
yields, as well as the shape of the BDT output used as the final discriminant. For each of them,
the impact on the final result is assessed by varying appropriately the parameters involved,
and repeating the analysis. When the variations imply a change in the BDT shape, a smoothing
procedure (using the ‘353QH’ algorithm described in [52]) is applied to the associated template
used in the fitting procedure described in Section 6. Modified BDT shapes are compared to the
nominal one using the Kolmogorov–Smirnov test: if the significance of the test is above 95%
for both the upwards and downwards variation, the corresponding systematic uncertainty is
only further considered as an overall normalisation effect.


