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Introduction

The study of final states with photons has been instrumental in the
search of BSM signatures – also thanks to the precision of the CMS
detector in measuring photons.

• See CMS photon performance talk

• See CMS ECAL performance talk

Analysis Integrated Luminosity Code Status

Diphotons with CT-PPS 9.4 ǒb-1 (2016) EXO-18-014 NEW

Dark photons in VBF Higgs 137 ǒb-1 (2016-2018) EXO-20-005 NEW

LLP decaying to photons 70.1 ǒb-1 (2016-2017) PRD 100, 112003 NEW
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https://indico.cern.ch/event/868940/contributions/3813681/
https://indico.cern.ch/event/868940/contributions/3813533/


Analysis #1: Exclusive diphotons with intact protons



Search for Exclusive Diphotons with Intact Protons
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Proton tagging provides the strongest sensitivity to
study anomalous quartic gauge couplings (AQGCs)

• Using the CMS and TOTEM Precision Proton Spectrometer
(CT-PPS, now PPS), we can measure all final state
particles in the light-by-light (LbyL) scattering process

• Conservation of momentum allows for kinematical
matching of the forward and central systems, providing a
very strong background suppression

• Measure fractional momentum loss ξ, which can be
translated into mass and rapidity

mpp =
√
sξ1ξ2, ypp =

1

2
log(ξ1/ξ2)

• See CMS PPS Talk for more
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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 of
a fermion or charged boson. It may be extended with new intermediate interactions of new
physics objects, such as a loop of a heavy charged particle or an s-channel exchange.

Classical physics suggests that photons, as massless and chargeless particles, should not inter-1

act with each other. However, due to the characteristics of the vacuum, photons with sufficient2

energy may fluctuate into particle-antiparticle pairs, thus giving rise to four-photon interac-3

tions or light-by-light (LbyL) scattering. The observation of this phenomenon has been sought4

after in laboratory experiments over few decades [1–4], and has been studied indirectly by the5

measurement of the anomalous magnetic moment of the muon [5].6

Recently, first evidences for LbyL were seen in LHC experiments in CMS [6] and ATLAS [7, 8]7

observations, among the broad spectrum of gg production channels reachable at this energy8

scale. The analyses performed in proton-proton or heavy-ion collisions showed results com-9

patible with the SM expectations. However, they probed the production of LbyL candidates10

in the diphoton mass range of a few GeV. Complementary to these previous results, a higher11

diphoton mass spectrum is probed for the first time at a hadron-hadron collider.12

At the electroweak scale (and higher), the LbyL scattering may be studied in proton-proton col-13

lisions for its sensitivity to many standard model (SM) extensions of quantum electrodynamics14

[9–13]. Among these, a purely effective extension of the SM Lagrangian using charge-parity15

conserving operators, as used e.g in [14–16] for the ggW+W� quartic coupling, leads to a16

minimum dimension-eight term for the four-photon coupling, containing the two parameters17

z1,2 = a
gg
1,2/L4 (where L is the scale for new physics, generally at the order of a few TeVs):18

L
gggg
8 = z1FµnF

µn
FrsF

rs + z2FµnF
µr

FrsF
sn.

In proton-proton collisions, the LbyL scattering (pictured in Figure 1) can lead to the observa-19

tion of two photons and two intact protons, using two separate detectors. In this letter, a search20

is performed in pp collisions at a centre-of-mass energy of 13 TeV using data collected with the21

CMS and TOTEM detectors in 2016, corresponding to an integrated luminosity of 9.4 fb�1.22

The CMS detector boasts the central feature of its 3.8 T magnetic field through a supercon-23

ducting solenoid. Within this latter volume are a silicon pixel and strip tracker with coverage24

in pseudorapidity up to |h| = 2.5, followed by a lead tungstate crystal electromagnetic cal-25

orimeter (ECAL), and a brass and scintillator hadron calorimeter. Additionally, muons are26

measured in three technologies of gas-ionisation detectors located in the return yoke following27

the solenoid. A more detailed description of the apparatus, with a definition of the coordinate28

system used and the kinematic variables of interest, can be found in [17]. Events are selected29
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Search for Exclusive Diphotons with Intact Protons

Search for BSM contributions to the LbyL
cross-section

• Using 9.4 ǒb−1 of data from 2016

• mγγ > 350 GeV, pT > 75 GeV,
1− | ∆ϕ | /π < 0.005

• Require both protons to be detected in
CT-PPS

• No candidate with forward protons found
with an expected background prediction
of 0.23+0.08-0.04 events.
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Figure 3: Invariant mass distribution of the diphoton pairs for the elastic (signal) selection de-
scribed in the text. The hatched bands indicate the statistical uncertainty on simulated samples
added in quadrature. An anomalous quartic gauge coupling signal for the parameters z1 =
10�13 GeV�4, z2 = 0 is shown with the green solid line for comparison.

basis may reduce significantly the contribution of inclusive backgrounds. In fact, the large101

majority of such events comes from the coincidence of an inclusively produced diphoton event102

with pileup protons from unrelated events. The matching therefore almost completely ensures103

that the two systems are originating from the same vertex.104

The CT-PPS silicon strips, by design, can only reconstruct one proton at a time. This causes an105

inefficiency when multiple diffracted protons are observed in one bunch crossing. In this study,106

the time variation of this inefficiency due to varying pileup conditions has been neglected, and107

a 70% global strips single-tracking efficiency is assumed all along the data collection.108

Additionally, a second inefficiency contribution due to radiation damage was observed for the109

detector areas closest to the beam. This leads to a track reconstruction inefficiency varying with110

x (and hence x), growing with doses accumulated along time. In this analysis, only the region111

of the detectors with an efficiency greater than 90% for the data period of interest is used.112

Constraining the elastic selection to events with a diphoton mass and rapidity corresponding113

to the 90% efficient range of the proton detectors, only three events remain with an expected114

background prediction of 2.62 ± 0.30 (stat.) with no matching criteria applied. Among these,115

none contains a pair of forward proton tracks, hence no diphoton candidates with exclusive116

kinematic features are observed within 2 and 3 standard deviations (both in mass and rapidity)117

of the two systems.118

Background contributions are estimated following the same procedure as developed in [31].119

Pseudo-events are defined combining diphoton kinematics sampled from a template with the120

two-proton system kinematics taken from data events randomly chosen in the period of inter-121

est. The diphoton kinematics are sampled from a templated, exponential fit to the x±gg spectra122

in the background-enriched selection defined above, where x±gg =
�

p
g1
T e

±hg1 + p
g2
T e

±hg2
�
/
p

s.123

Using this method, the background prediction for an elastic diphoton pair in association with124

a pair of protons observed within the 90% efficient range of the proton detectors was evalu-125

ated 1.34+0.14
�0.44. In the 2s and 3s matching windows, the background prediction is respectively126

CMS-PAS-EXO-18-014 / TOTEM-NOTE-2020-003
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Search for Exclusive Diphotons with Intact Protons

An upper limit is set on the exclusive diphoton process of 3.0 ǒb within CT-PPS fully efficient
acceptance range in mass and rapidity, leading to the first ever collider limits on the four-photon
AQGC.

Limits are extracted in the context of an EFT
extension with dimension-8 operators

L4γ = ζ1FµνFµνFρσFρσ + ζ2FµνFνρFρλFλµ

where the following limits are set on the
coupling parameters

| ζ1 |< 3.7 × 10
−13GeV−4

(ζ2 = 0)

| ζ2 |< 7.7 × 10
−13GeV−4

(ζ1 = 0)
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Analysis #2: VBF Higgs decaying to a dark photon



Search for VBF Higgs Decaying to a Dark Photon

Search for a Higgs boson produced by
vector boson fusion (VBF) decaying to a
photon and an undetected particle.

• The branching fraction for the process
shown in the diagram can be as high
as 5%1

• Using the full Run II dataset: 130 ǒb−1

• The Higgs is accompanied by two jets
with a large gap in pseudorapidity,
allowing for discrimination against SM
backgrounds

• Different selection cuts based on year
and trigger

• Data are well described by background
estimate
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Search for VBF Higgs Decaying to a Dark Photon
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• 801 events observed with a background prediction of 799.3 ± 124.6

• The product of σVBF and B(H→invisible + γ) is excluded between 2 ǒb — 150 ǒb
for mH from 125 GeV — 1000 GeV.

• For more CMS results see exotic Higgs decays and dark matter talks at ICHEP2020.

CMS-PAS-EXO-20-005
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Analysis #3: Search for LLPs daying to photons



Search for LLPs decaying to photons

Many BSM theories predict neutral particles with long lifetimes. This study explores a
SUSY benchmark scenario of a neutralino decaying to a gravitino and a “delayed”
photon. For more on LLP see CMS LLP talk.

• Using 77.4 ǒb−1of data from 2016-2017

• The photon selection requires pγT > 70 GeV, tight
photon ID

• Because of their displaced vertices and resulting
trajectories, signal photons have delayed arrival
times and non-normal impact angles in the CMS
ECAL

• Special photon isolation criteria are developed for
this analysis.
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Search for LLPs decaying to photons

Dedicated CMS ECAL study to
determine timing resolution

• Signal photons tend to arrive in the
ECAL up to 10 ns later than photons
produced at the primary vertex.

• Using Z→e+e− events, the time
resolution between neighboring ECAL
crystals as a function of amplitude is
understood

• σ (∆t) and Aeff correspond to the
time resolution and effective
amplitude, respectively
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Figure 2: The time resolution between two neighboring ECAL crystals as a function of the
effective amplitudes of the signals in the two crystals for the 2016 and 2017 data sets. The lines
shown reflect the fits described in the text. The horizontal bars on the data represent the bin
widths, which are treated as uncertainties in the fit.

Phys. Rev. D 100, 112003 (2019)
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Search for LLPs decaying to photons

• Signal extraction performed using
“ABCD” method where bin C is the
signal enriched region

• Limits are given as a function of
neutralino proper decay length
(cτX̃0

1
) and mass (MX̃0

1
)

• Limits are increased on the decay
length by an order of magnitude and
increased on the mass by 100 GeV
with respect to Run I results from
CMS and ATLAS
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Conclusion

Photons are good candidates to searches for new physics, and we’ve
seen three new CMS results utilizing photons.

• Search for high-mass exclusive diphoton events with intact
protons sets first limits of four-photon anomalous coupling

• Search for VBF Higgs decaying to a dark photon leads to
enhanced limits on the cross-section between ∼ 2 — 150 ǒb for
125 GeV< mH < 1000 GeV

• Search for long lived particles decaying to photons increases the
limits on the neutralino proper decay length by an order of
magnitude

10/11



Done ⌣
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Conclusion
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M

M

M

M

M
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1911.04968 (3 , 4 )tt + , pseudoscalar (scalar), g2
top × BR( 2 ) > = 0.03(0.04) 0.108 0.34  137 fb 1

1911.04968 (3 , 4 )tt + , pseudoscalar (scalar), g2
top × BR( 2 ) > = 0.03(0.004) 0.015 0.075  137 fb 1

1912.12238; 1604.08907 (2j)Scalar Diquark 0.5 7.5  137 fb 1
1912.12238; 1604.08907 (2j)Color Octect Scalar, k2

s = 1/2 0.5 3.7  137 fb 1
1808.01257 (1j + 1 )Higgs  resonance 0.72 3.25  36 fb 1

1712.03143 (2 + 1 ; 2e + 1 ; 2j + 1 )Z  resonance 0.35 4  36 fb 1
1912.12238; 1604.08907 (2j)String resonance 0.5 8.1  137 fb 1

CMS preliminary 36-140 fb 1 (8,13 TeV)
Overview of CMS EXO results

LHCP 2020Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).
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2001.04521 (2 + 2j)Excited Lepton Contact Interaction 0.2 5.7  77 fb 1
2001.04521 (2e + 2j)Excited Lepton Contact Interaction 0.2 5.6  77 fb 1

1812.10443 (2 )quark compositeness ( ), LL/RR = 1 <32  36 fb 1
1803.0803 (2j)quark compositeness (qq), LL/RR = 1 <17.5  36 fb 1

1812.10443 (2 )quark compositeness ( ), LL/RR = 1 <20  36 fb 1
1803.0803 (2j)quark compositeness (qq), LL/RR = 1 <12.8  36 fb 1
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1811.10151 (1 + 1j + Emiss
T )Leptoquark mediator, = 1, B = 0.1, X, DM = 0.1, 800 < MLQ < 1500 GeV 0.3 0.6  77 fb 1

1911.03761 ( 3j)Vector resonance, gq = 0.25, gDM = 1, m = 1 GeV 0.35 0.7  18 fb 1
1908.01713 (h + Emiss

T )Z′ 2HDM, gZ′ = 0.8, gDM = 1, tan = 1, m = 100 GeV 0.5 3.2  36 fb 1
1908.01713 (h + Emiss

T )Baryonic Z′, gq = 0.25, gDM = 1, m = 1 GeV <1.9  36 fb 1
1810.10069 (4j)complex sc. med. (dark QCD), m DK = 5 GeV, c XDK = 25 mm <1.54  36 fb 1

1712.02345 ( 1j + Emiss
T )scalar mediator (fermion portal), u = 1, m = 1 GeV <1.4  36 fb 1

1901.01553 (0, 1 + 3j + Emiss
T )pseudoscalar mediator (+t/tt), gq = 1, gDM = 1, m = 1 GeV <0.3  36 fb 1

1901.01553 (0, 1 + 3j + Emiss
T )scalar mediator (+t/tt), gq = 1, gDM = 1, m = 1 GeV <0.29  36 fb 1

1912.12238; 1604.08907 (2j)(axial-)vector mediator (qq), gq = 0.25, gDM = 1, m = 1 GeV 0.5 2.8  137 fb 1
1712.02345 ( 1j + Emiss

T )(axial-)vector mediator ( ), gq = 0.25, gDM = 1, m = 1 GeV <1.8  36 fb 1
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1810.10092 (6j)RPV gluinos to 3 quarks <1.5  36 fb 1
1806.01058 (2j)RPV gluino to 4 quarks 0.1 1.41  38 fb 1

1806.01058 (2j)RPV squark to 4 quarks 0.1 0.72  38 fb 1
1808.03124 (2j; 4j)RPV stop to 4 quarks 0.08 0.52  36 fb 1
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1912.12238; 1604.08907 (2j)RS GKK(qq, gg), k/MPl = 0.1 0.5 2.6  137 fb 1
1803.11133 ( + Emiss

T )split-UED, 4 TeV 0.4 2.9  36 fb 1
1805.06013 ( 7j( , ))non-rotating BH, MD = 4 TeV, nED = 6 <9.7  36 fb 1

1802.01122 (e )RS QBH (e ), nED = 1 <3.6  36 fb 1
1803.0803 (2j)RS QBH (jj), nED = 1 <5.9  36 fb 1

1809.00327 (2 )RS GKK( ), k/MPl = 0.1 <4.1  36 fb 1
1802.01122 (e )ADD QBH (e ), nED = 6 <5.6  36 fb 1

1803.0803 (2j)ADD QBH (jj), nED = 6 <8.2  36 fb 1
1712.02345 ( 1j + Emiss

T )ADD GKK emission, n = 2 <9.9  36 fb 1
1812.10443 (2 , 2 )ADD ( , ) HLZ, nED = 3 <9.3  36 fb 1

1803.0803 (2j)ADD (jj) HLZ, nED = 3 <12  36 fb 1
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1811.03052 ( + 2 )excited muon, fS = f = f ′ = 1, = m * 0.25 3.8  36 fb 1
1811.03052 ( + 2e)excited electron, fS = f = f ′ = 1, = m *

e 0.25 3.9  36 fb 1
1912.12238; 1604.08907 (2j)excited light quark (qg), = m *

q 0.5 6.3  137 fb 1
1711.04652 ( + j)excited b quark, fS = f = f ′ = 1, = m *

q 1 1.8  36 fb 1
1711.04652 ( + j)excited light quark (q ), fS = f = f ′ = 1, = m *

q 1 5.5  36 fb 1
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1905.10853 (3 , 4 , 2 , 1 )Vector like taus, Doublet 0.12 0.79  77 fb 1
1911.04968 (3 , 4 )Type-III seesaw heavy fermions, Flavor-democratic <0.88  137 fb 1

1806.10905 (2 , 1j)MSM, |VeNV*
N|2/(|VeN|2 + |V N|2) = 1.0 0.02 1.6  36 fb 1

1802.02965 (3 ( , e))MSM, |VeN|2 = 1.8,  |V N|2 = 1.8 <1.2  36 fb 1
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1806.03472 (2 + b)scalar LQ (single prod.), coup. to 3rd gen. ferm., = 1, = 1 <0.74  36 fb 1
1811.00806 (2 + 2j)scalar LQ (pair prod.), coupling to 3rd gen. fermions, = 1 <1.02  36 fb 1

1808.05082 (2 + 2j; + 2j + Emiss
T )scalar LQ (pair prod.), coupling to 2nd gen. fermions, = 0.5 <1.29  36 fb 1

1811.10151 (1 + 1j + Emiss
T )scalar LQ (pair prod.), coupling to 2nd gen. fermions, = 1 0.8 1.5  77 fb 1

1808.05082 (2 + 2j)scalar LQ (pair prod.), coupling to 2nd gen. fermions, = 1 <1.53  36 fb 1
1811.01197 (2e + 2j; e + 2j + Emiss

T )scalar LQ (pair prod.), coupling to 1st gen. fermions, = 0.5 <1.27  36 fb 1
1811.01197 (2e + 2j)scalar LQ (pair prod.), coupling to 1st gen. fermions, = 1 <1.44  36 fb 1
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1912.12238; 1604.08907 (2j)Axigluon, Coloron, cot = 1 0.5 6.6  137 fb 1
1811.00806 (2 + 2j)LRSM WR( NR), MNR = 0.5MWR <3.5  36 fb 1

1803.11116 (2 + 2j)LRSM WR( NR), MNR = 0.5MWR <4.4  36 fb 1
1912.12238; 1604.08907 (2j)SSM W′(qq) 0.5 3.6  137 fb 1

1807.11421 ( + Emiss
T )SSM W′( ) 0.4 4  36 fb 1

1803.11133 ( + Emiss
T )SSM W′( ) 0.4 5.2  36 fb 1

1909.04114 (2j)Leptophobic Z′ 0.05 0.45  78 fb 1
1802.01122 (e )LFV Z′, BR(e ) = 10% 0.2 4.4  36 fb 1

EXO-19-019 (2e, 2 )Superstring Z′ 0.2 4.6  140 fb 1
1905.10331 (1j, 1 )Z′(qq) 0.01 0.125  36 fb 1

1912.12238; 1604.08907 (2j)SSM Z′(qq) 0.5 2.9  137 fb 1
EXO-19-019 (2e, 2 )SSM Z′ 0.2 5.2  140 fb 1

1912.04776 (2 )ZD, narrow resonance 0.11 0.2  137 fb 1
1912.04776 (2 )ZD, narrow resonance 0.0115 0.075  137 fb 1
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