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Abstract

This paper presents the implementation and validation of the CMS-EX0-22-024 analysis
within the MADANALYSIS 5 framework. The analysis searches for signatures of new physics
in high-mass diphoton final states produced in proton-proton collisions at a center-of-mass
energy of /s = 13 TeV. The dataset, corresponding to an integrated luminosity of 138 fb—1,
was collected by the CMS detector at the LHC during the 2016-2018 data-taking period. The
validation of our implementation is performed by comparing our results against the official
cutflow tables provided in the analysis note.

1 Introduction

The Standard Model is incomplete, with the hierarchy problem [1, 2], requiring extreme fine-tuning
of the Higgs mass, motivating BSM physics. Proposed solutions include large extra dimensions
(ADD), where gravity weakens by propagating in extra dimensions, and the warped Randall and
Sundrum (RS) model [3, 4], where gravity is exponentially suppressed. Both predict Kaluza-
Klein graviton excitations that decay into diphotons, either as a continuum excess (ADD) or as
distinct resonances (RS). The continuum clockwork mechanism [5] offers an alternative with on-
shell KK modes yielding a continuum-like signature. Additionally, high-mass diphoton events can
probe other BSM scenarios, such as heavy spin-0 resonances from extended Higgs sectors [6, 7, 8].
Unlike the spin-2 graviton signatures, these spin-0 resonances would appear as narrow peaks in the
diphoton mass spectrum, with production and decay governed by their scalar couplings to Standard
Model particles.

In this paper, we present the implementation and validation of the CMS-EX0-22-024 analysis
[9] within the MADANALYSIS 5 framework [10, 11, 12]. The original search, performed by the
CMS Collaboration, looks for BSM physics in high-mass diphoton events using proton-proton col-
lision data at /s = 13 TeV collected during the LHC Run 2 period (2016-2018), corresponding to
an integrated luminosity of 138 fb~!. Resonant signals from RS gravitons and heavy spin-0 reso-
nances are probed using a data-driven functional fit to the diphoton spectrum, while nonresonant
signals from ADD and clockwork models are investigated using NNLO QCD background calcula-
tions and data-driven jet-to-photon misidentification estimates from control samples. The analysis
improves upon the previous CMS result through enhanced photon identification and calibration,
improved background modelling, and advanced statistical inference techniques. Our implementa-
tion is validated by comparing our results against the official cutflow tables provided in the analysis
note.



2 Description of Analysis

Photon candidates are reconstructed from ECAL energy deposits grouped into superclusters using
an algorithm that preserves energy from bremsstrahlung and conversions, ensuring high efficiency
for high-pr photons. The same algorithm is applied to Z — eTe™ events, which serve as a control
sample to evaluate the photon energy scale, resolution, and selection efficiency.

Jet and electron backgrounds are suppressed by applying stringent photon identification criteria
based on shower shape and isolation. The hadronic energy captured along the photon direction in
the hadron calorimeter (HCAL) must be less than 5% of the total energy of the photon. Isolation
variables are constructed using the total transverse momentum of particles reconstructed within a
cone of size AR = /(An)? 4+ (A¢)? < 0.3 around the photon candidate. Two different isolation
variables are defined, summing the transverse momenta of either charged hadrons or photons. The
charged-hadron isolation is required to be less than 5.0 GeV, while the photon isolation is required
to be less than 2.75 GeV in the ECAL barrel (EB) and less than 2.0 GeV in the ECAL endcaps
(EE). The photon isolation is corrected by the average energy density in the event to account
for contributions from the photon itself and other interactions within the isolation region. The
electromagnetic shower shape is characterized using the second-order moment of the log-weighted
crystal energies of the photon candidate in the 7 direction, denoted oy,;,. Also a selection on
shower shap varaible is imposed Rg9 > 0.8, though these two variables are not currently available
in MADANALYSIS 5. The reconstruction efficiency is 90% (EB) and 82% (EE), with weak pr
dependence.

In events with more than two photon candidates, the two photons leading in pr are chosen
for further analysis. The trigger photon candidates are required to have a ratio of hadronic to
electromagnetic energy of less than 0.15. With these selections, the trigger efficiency is close to
100% for two photons reconstructed offline with py > 125 GeV, ensuring that the analysis is not
limited by trigger inefficiencies in the high-mass signal region.

Two diphoton event categories are considered in this analysis. The first category consists of
events where both photons are reconstructed in the fiducial region of the EB with |n| < 1.44
(denoted EBEB). The second category consists of events with one photon in the EB and the other
photon in the fiducial region of the EE, defined as 1.57 < |n| < 2.50 (denoted EBEE). Photons
in the overlap region between 1.44 < |n| < 1.57 are not used due to low reconstruction efficiency.
The EBEE category typically provides an increase of approximately 10% to the signal sensitivity
compared to using only the EBEB category. Events where both photons are in the EE are not
considered because this category is dominated by SM backgrounds and has negligible sensitivity to
the signal models under study. The minimum reconstructed invariant mass of the diphoton system
is required to be m.,, > 500 GeV, defining the signal region. Photon pairs must additionally
satisfy AR, > 0.45 to be consistent with the theoretical calculations used for the SM diphoton
background.

The energy of the photons is typically corrected by approximately 0.5%, with variations de-
pending on the pr and 7 of the photon. The additional Gaussian smearing needed in simulation to
match the measured energy resolution in data varies between 0.8% and 1.5% for photon candidates
in the EB region and between 2% and 2.5% for photon candidates in the EE region.

The primary interaction vertex is selected using a multivariate classifier that considers the p2T
sum of associated tracks, the pp balance between the diphoton system and tracks, and photon
conversion information when available. For signal events with m.,, the correct vertex is assigned
with approximately 90% efficiency, ensuring minimal degradation of the diphoton mass resolution.



3 Validation

3.1 Event Generation

Signal predictions are computed at leading order (LO) using the PYTHIA 8.316 program [13] with
the NNPDF3.1 [14] LO parton distribution functions and the CP2 [15] underlying event tune. For
the resonant search, we consider a spin-0 (J = 0) signal corresponding to a heavy SM-like Higgs
boson, with a narrow width hypothesis of I'x /mx = 1.4 x 10~%, where I'x and mx are the natural
width and mass of the resonance, respectively. Signal events are generated for mass points ranging
from 1000 GeV to 5000 GeV in steps of 500 GeV, in both the EBEB and EBEE categories, with
100,000 events per point. The cross section values obtained from our implementation are compared
with those reported in the analysis note, and are found to be in agreement at the 99% level.

3.2 Comparison with official results

To validate our MadAnalysis 5 (MA5) reimplementation of the CMS-EX0-22-024 analysis, we
compare the selection efficiencies obtained from MAS5 (version 1.9.60) with the official CMS results
for resonance masses of 1000, 2000, 3000, 4000, and 5000 GeV. The efficiency € is defined as

o Nselected (1)

Ngene'rated

where N is the number of event count, and the relative difference 6™ between the MA5 and CMS

values is given as
MA5

5 =11 — L= x 100 2
where ¢ corresponds to the cut number.
1000 GeV 2000 GeV
Cuts CMS MAS5 ol | CMS MAS5 ol

pr > 125 GeV 0.868  0.81718  5.85% | 0.903  0.86967  3.69%
Photon ID 0.616 0.5747121 6.70% | 0.648 0.5989702 7.57%
EBEB-EBEE 0.611 0.5695817 6.78% | 0.637 0.5880571 7.68%
My > 500 GeV  0.611  0.5694934 6.79% | 0.637 0.5876026 7.75%

AR, 0.611 0.5694934 6.79% | 0.637 0.5876026 7.75%

Table 1: Comparison of selection efficiencies for 1000 and 2000 GeV resonance masses obtained
from our MadAnalysis 5 reimplementation (MA5) and the CMS official results. Efficiencies are
defined in Eq. 1, while the relative difference 6! between the two is computed using Eq. 2.

Due to limitations in the current MAS5 release, our implementation does not include the shower
shape variables 0;,;, and Rg. The selection applied in our analysis therefore consists of the follow-
ing cuts: pr > 125 GeV, photon identification (excluding shower shape variables), EBEB-EBEE
categorisation, m,, > 500 GeV, and AR, ,.



3000 GeV 4000 GeV

Cuts CMS MAS5 o | cMS MAS5 ore!
pr > 125 0.906  0.88281 2.56% | 0.883  0.86545 1.99%
Photon ID 0.657 0.6017637 8.41% | 0.64 0.5920917 7.49%

EBEB-EBEE 0.643 0.5877038 8.60% | 0.625 0.575712  7.89%

My, > 500 GeV  0.643  0.5850308 9.02% | 0.625 0.5569519 10.89%

AR, 0.643  0.5850308 9.02% | 0.625 0.5569519 10.89%

Table 2: The same efficiency comparison as in Table 1, but for resonance masses of 3000 and
4000 GeV.

Cuts CMS (official) MA5 orel

pr > 125 GeV 0.798 0.76645 3.95%
Photon ID 0.572 0.5328847  6.84%
EBEB-EBEE 0.558 0.5185625  7.07%
Mys > 500 GeV 0.557 0.439922  21.02%
AR, 0.557 0.439922  21.02%

Table 3: Efficiency comparison for a resonance mass of 5000 GeV, following the same format as in
Table 1

The comparison is presented in Tables 1, 2, and 3. For the 1000 and 2000 GeV mass points,
the MA5 and CMS efficiencies agree within 3.69-7.75% across all cuts, with the best agreement
observed for the pr > 125 GeV. For the 3000 and 4000 GeV masses, the agreement remains good,
with relative differences below 12% for most cuts. For the 5000 GeV mass point, the first three
cuts agree within 7.1%, but a 21% discrepancy appears after the m., > 500 GeV selection.

Moreover, In Fig. 1 the event selection efficiency € is compared between the CMS and Mab
configurations for the EBEB (red) and EBEE (blue) final-state categories, as a function of the
signal resonance mass mx (ranging from 1000 to 3000 GeV). The efficiencies are shown for the
narrow-width hypothesis (I'x /mx = 1.4 x 10~%) and spin-parity J = 0. The overall discrepancy
stays below 15%, indicating good agreement between the two configurations.

Despite the absence of trigger and shower shape variables, the good agreement between MAS
and CMS results across all mass points validates our implementation, confirming its suitability for
recasting the CMS-EX0-22-024 search.
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Figure 1: Event selection efficiency € as a function of the signal resonance mass mx (GeV) for the
narrow-width hypothesis (I'y /mx = 1.4 x 10~%) and spin-parity .J = 0. Efficiencies are shown for
the EBEB (red) and EBEE (blue) final-state categories. The solid curves correspond to the Ma5
configuration, while the dashed curves correspond to the CMS official values.
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