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1 Introduction

The Higgs boson (H) provides an intriguing opportunity to explore physics beyond the

standard model (SM) of particle physics. Many scenarios of physics beyond the SM pos-

tulate the existence of cascade decays of heavy states involving Higgs bosons [1, 2]. In

minimal supersymmetry (SUSY) [3], a Higgs boson may appear in processes involving the

bottom squark (b̃), the SUSY partner of the bottom quark. Bottom squarks are produced

via strong interactions and then may decay to a Higgs boson, quarks, and the lightest

SUSY particle (LSP). Similarly charginos or neutralinos produced through the electroweak

interaction may decay to a Higgs boson and the LSP. Of particular interest are gauge-

mediated SUSY breaking (GMSB) scenarios, where the lightest neutralino may decay to a

Higgs boson and the gravitino LSP (G̃) [4, 5]. Similar searches have been performed by the

ATLAS and CMS Collaborations using proton-proton (pp) collisions at the CERN LHC

at center-of-mass energies of 8 [6, 7] and 13TeV [8–11].

We search for evidence of SUSY that produces an excess of events with one or more

Higgs bosons decaying to two photons and large missing transverse momentum using pp

collision data collected by the CMS experiment at the LHC at a center-of-mass energy of

13TeV in 2016 and 2017, corresponding to an integrated luminosity of 77.5 fb−1. Kinematic
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Figure 1. Diagrams displaying the simplified models that are being considered. Upper left: bottom

squark pair production; upper right: wino-like chargino-neutralino production; lower: the two

relevant decay modes for higgsino-like neutralino pair production in the GMSB scenario.

variables that discriminate the SUSY signal from SM backgrounds are used to separate

events into several mutually exclusive categories, and the diphoton mass from the H → γγ

decay is used to extract the signal from the background. The branching ratio for H → γγ of

0.227% from the SM is assumed. The dominant backgrounds are SM production of diphoton

and photon+jets, which are modeled by functional fits to the diphoton mass distribution.

The SM Higgs boson background constitutes a small fraction of the background for most

of the phase space used in the search and is estimated from simulation samples.

We have designed a new analysis to extend our sensitivity to both strong and elec-

troweak SUSY production over the previously published result [8]. Two analysis strategies

are pursued: one focuses on the electroweak production of charginos and neutralinos by

introducing additional event categories containing one or two charged-lepton candidates,

thereby enhancing the sensitivity to SUSY signatures involving W and Z bosons, and

the other is optimized for strong production by categorizing events in the number of jets

and the number of jets identified as originating from the fragmentation of b quarks (“b-

tagged”). The use of the two strategies enhances the overall sensitivity of the search, and

increases the robustness of the result by exploring alternative phase space regions. Finally,

we interpret the results in various simplified model scenarios of SUSY as summarized in

figure 1, including bottom squark pair production, chargino-neutralino, and neutralino-pair

production.

In this paper, we discuss the CMS detector in section 2, the event simulation in sec-

tion 3, the event reconstruction and selection in section 4, the analysis strategy in section 5,

the background estimation in section 6, the systematic uncertainties in section 7, and the

results and interpretations in section 8. A summary is given in section 9.
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2 The CMS detector

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

ameter, providing a magnetic field of 3.8T. Within the solenoid volume are a silicon pixel

and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass

and scintillator hadron calorimeter, each composed of a barrel and two endcap sections.

Forward calorimeters extend the pseudorapidity (η) coverage provided by the barrel and

endcap detectors. Muons are measured in gas-ionization detectors embedded in the steel

flux-return yoke outside the solenoid. The first level of the CMS trigger system [12], com-

posed of custom hardware processors, uses information from the calorimeters and muon

detectors to select the most interesting events in a fixed time interval of less than 4 µs. The

high-level trigger processor farm further decreases the event rate from around 100 kHz to

less than 1 kHz before data storage. A more detailed description of the CMS detector, to-

gether with a definition of the coordinate system used and the relevant kinematic variables,

can be found in ref. [13].

3 Event simulation

Simulated Monte Carlo (MC) event samples are used to model the SM Higgs boson

backgrounds and the SUSY signal models. Simulated samples of SM Higgs boson pro-

duction through gluon fusion, vector boson fusion, associated production with a W or

a Z boson, bb̄H, and tt̄H are generated using the next-to-leading order (NLO) Mad-

Graph5 amc@nlo v2.2.2 [14] event generator. The Higgs boson mass is assumed to be

125GeV for the simulated event samples and is within the uncertainty of the currently

best measured value [15, 16]. The Higgs boson production cross sections are taken from

ref. [17] and are computed to next-to-next-to-leading order plus next-to-next-to-leading

logarithm in the quantum chromodynamics (QCD) coupling constant and to NLO in the

electroweak coupling constant. For the gluon fusion production mode, the sample is gen-

erated with up to two extra partons from initial-state radiation (ISR) at NLO accuracy

and uses the FxFx matching scheme described in ref. [18]. The SUSY signal MC sam-

ples are generated using MadGraph5 amc@nlo at leading order accuracy with up to

two extra partons in the matrix element calculations, with the MLM matching scheme

described in ref. [19]. For samples simulating the 2016 data set, pythia v8.212 [20] is

used to model the fragmentation and parton showering with the CUETP8M1 tune [21],

while for samples simulating the 2017 data set, pythia v8.226 is used with the CP5 [22]

tune. The NNPDF3.0 [23] and NNPDF3.1 [24] parton distribution function (PDF) sets

are used for the 2016 and 2017 simulation samples, respectively. The production cross

section for squark pair production is computed at NLO plus next-to-leading logarithmic

(NLL) accuracy in QCD [25–30] under the assumption that all SUSY particles other than

those in the relevant diagram are too heavy to participate in the interaction. The cross

sections for higgsino pair production are computed at NLO+NLL precision in the limit

of mass-degenerate higgsinos χ̃
0
2, χ̃

±
1 , and χ̃

0
1, with all the other sparticles assumed to be

heavy and decoupled [31–33]. Following the convention of real mixing matrices and signed
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neutralino or chargino masses [34], we set the mass of χ̃01 (χ̃02) to positive (negative) values.

The product of the third and fourth elements of the corresponding rows of the neutralino

mixing matrix N is +0.5 (−0.5). The elements U12 and V12 of the chargino mixing matrices

are set to 1.

The SM Higgs boson background samples are simulated using a Geant4-based

model [35] of the CMS detector. To cover the large SUSY signal parameter space in

reasonable computation time, the signal model samples are simulated with the CMS fast

simulation package [36, 37], which has been validated to produce accurate predictions of ob-

ject identification efficiencies and momentum resolution. All simulated events include the

effects of additional pp interactions in the same or adjacent beam bunch crossings (pileup),

and are processed with the same chain of reconstruction programs used for collision data.

To improve the MadGraph modeling of ISR in the SUSY signal MC samples, we

apply a shape correction as a function of the multiplicity of ISR jets for bottom squark

pair production and as a function of the transverse momentum (pISRT ) of the chargino-

neutralino system for chargino-neutralino production, derived from studies of tt̄ and Z

+jets events, respectively [38]. The correction factors vary between 0.92 and 0.51 for the

ISR jet multiplicity between one and six, and between 1.18 and 0.78 for pISRT between 125

and 600GeV. The corrections have a small effect on the signal yields for all the simplified

models considered at the level of about 1%. For the bottom squark pair production signal

model, the full effect of the correction is propagated as a systematic uncertainty. For

the chargino-neutralino production one half of effect of the correction is propagated as a

systematic uncertainty.

4 Event reconstruction and selection

The search with the 2016 data set uses events selected by the diphoton high-level trigger,

which requires two photons with pT above 30 and 18GeV for the leading and subleading

photons, respectively. For the 2017 data set, to cope with the increased instantaneous

luminosity, the pT requirement on the subleading photon was increased to 22GeV in order

to reduce the trigger rate. The efficiency of the trigger for events with two identified

photons is above 98%.

Events are reconstructed using the CMS particle flow (PF) algorithm [39], which uses

the information from the tracker, calorimeter, and muon systems to construct an optimized

global description of the event. The reconstructed vertex with the largest value of summed

physics-object p2T is taken to be the primary interaction vertex. The physics objects used

in this context are the objects returned by a jet finding algorithm [40, 41] applied to

all charged tracks associated with the vertex under consideration, plus the corresponding

associated missing transverse momentum.

As the signal is predominantly produced in the central region of the detector, we

select events with at least two photons reconstructed in the barrel region (|η| < 1.44).

The measured energy of photons is corrected for clustering and local geometric effects

using an energy regression trained on Monte Carlo (MC) simulation, and calibrated using

a combination of π0 → γγ, η → γγ, and Z → ee candidates [42]. The regression also
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provides an estimate of the uncertainty of the energy measurement that is used to separate

events into high- and low-resolution categories. The photons are required to satisfy the

photon identification requirements based on electromagnetic shower shape, hadronic to

electromagnetic energy ratio, and isolation around the photon candidate. A photon is

considered isolated if the pT sum of the PF candidates from charged and neutral hadrons

and photons within a cone of 0.3 in ∆R =
√
(∆η)2 + (∆φ)2, where φ is the azimuthal angle

in radians, are each below a set threshold. The isolation sums are corrected for the effect

of pileup by subtracting the average energy deposited as estimated by the pileup energy

density ρ [43]. If the photon is matched to a reconstructed electron that is inconsistent

with a conversion candidate, it is discarded. A loose working point is used for the photon

identification, which has an efficiency of approximately 90%, uniform in pT and η. The

leading (subleading) photon is required to have pT/mγγ > 0.33 (0.25), where mγγ is the

reconstructed diphoton mass. The diphoton mass is required to be larger than 100GeV.

The two photons with the largest pT, selected according to the identification criteria above,

are considered to be the decay products of the Higgs boson candidate.

The PF candidates are clustered into jets using the anti-kT algorithm [40, 41] with

a distance parameter of 0.4. Jet energy corrections are applied and derived based on a

combination of simulation studies, accounting for the nonlinear detector response and the

presence of pileup, together with in-situ measurements of the energy balance in dijet and

γ+jet events using the methods described in ref. [44]. Jets originating from a heavy-flavor

parton are identified by the combined secondary vertex (CSVv2) tagger algorithm [45]

using a loose working point. The resulting efficiency is about 80%, while the mistag rate

for light-quark and gluon jets is approximately 10%. We identify each jet with pT > 20GeV

that satisfies the loose working point as a b-tagged jet. Other jets with pT > 30GeV and

|η| < 2.4 are considered in this analysis for the purpose of jet counting. Electrons and muons

in the region |η| < 2.4 and with pT > 20GeV are selected from the PF candidates, and

a loose identification working point is used. Jets that overlap with the selected electrons,

muons, and photons in a cone of size ∆R = 0.4 are discarded. Electrons in a cone of size

∆R = 1.0 and muons in a cone of size ∆R = 0.5 around the selected photons are discarded.

A larger veto cone is used for electrons to suppress photon conversions.

The transverse component of the negative vectorial sum of the momenta of all PF

candidates is the missing transverse momentum ~pmiss
T , and its magnitude is defined as pmiss

T .

Dedicated filters [46] reject events with possible beam halo contamination or anomalous

noise in the calorimeter systems that can give rise to a large pmiss
T .

5 Analysis strategy

Two analysis strategies are pursued that employ two alternative event categorization

schemes: one focused on electroweak production (EWP analysis) of charginos and neu-

tralinos; and another focused on strong production (SP analysis) of bottom squarks. For

both strategies, we define event categories based on the pT of the diphoton Higgs boson

candidate, and the presence of additional Z, W, or H → bb̄ candidates. Within each event

category, we define search region bins based on the number of jets and b-tagged jets, and the
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values of kinematic variables that discriminate between SUSY signal and SM backgrounds

events. Finally, to test specific SUSY simplified model hypotheses, we perform an unbinned

extended maximum likelihood fit to the diphoton mass distribution, simultaneously in all

of the search bins defined for each analysis.

The dominant background results from SM production of diphoton or photon+jets,

and is collectively referred to as the nonresonant background. This background exhibits

a regular falling shape as validated in the MC simulation samples, and is modeled with a

fit to a family of falling functions independently in each search region bin as described in

the next section. The SM Higgs boson background and the SUSY signal model under test

exhibit a resonant shape in the diphoton mass and are constrained to the MC simulation

predictions within uncertainties. A more detailed discussion of the background fit model

and the systematic uncertainties can be found in sections 6 and 7, respectively.

In the EWP approach, we build upon the strategy employed in a previous publica-

tion [8], which categorized events according to the pT of the diphoton Higgs boson candi-

date, the presence of an additional Higgs boson candidate, the estimated diphoton mass

resolution, and the values of the “razor” kinematic variables [47, 48]. In addition, we add

event categories with one or two identified leptons, and further optimize the binning in

the kinematic variables for the enlarged data set. The bin boundaries have been chosen

to yield the best expected signal significance as estimated using simulation predictions of

the signal and background yields. These enhancements improve the signal sensitivity to

electroweak production of charginos and neutralinos. By isolating events with a Z, W, or

H → bb̄ candidate in addition to the H → γγ candidate, we improve the sensitivity to the

simplified signal models shown in figure 1.

The Higgs boson candidate and any additional identified leptons or jets are clustered

into two hemispheres (megajets) according to the razor megajet algorithm [48], which

minimizes the sum of the squared-invariant-mass values of the two megajets. In order to

form two hemispheres, we require that events have at least one identified lepton or jet in

addition to the Higgs boson candidate. The razor variables [47, 48] MR and R2 are then

computed as follows:

MR ≡
√

(|~p j1 |+ |~p j2 |)2 − (pz j1 + pz j2)2, (5.1)

R2 ≡
(
MR

T

MR

)2

, (5.2)

where ~p is the momentum of a megajet, pz is its longitudinal component, and j1 and j2 are

used to label the two megajets. In the definition of R2, the variable MR
T is defined as:

MR
T ≡

√
pmiss
T (pTj1 + pTj2)− ~pmiss

T · (~pT j1 + ~pT j2)

2
. (5.3)

The razor variables MR and R2 provide discrimination between SUSY signal models and

SM background processes, with SUSY signals typically having large values of MR and R2,

while the SM diphoton and photon+jets backgrounds exhibit a falling spectrum in each

variable.
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The selected events are first categorized according to the number of electrons or muons.

Events with two same-flavor opposite-sign leptons are placed in the “Two-Lepton” category

if the dilepton mass satisfies the constraint |mZ −mℓℓ| ≤ 20GeV. Among the remaining

events, those with at least one muon (electron) are placed in the “Muon” (“Electron”)

category, with the Muon category taking precedence. Events in the Electron and Muon

categories are further subdivided into the “High-pT” and “Low-pT” subcategories depend-

ing on whether the pT of the Higgs boson candidate is larger or smaller than 110GeV. For

events which do not have any leptons, we search for pairs of b-tagged jets, whose mass is

between 95 and 140GeV, and place them into the “Hbb̄” category. If no such jet-pairs are

found, then we search for pairs of b-tagged jets whose mass is between 60 and 95GeV, and

place them into the “Zbb̄” category. Events in the Hbb̄ and Zbb̄ categories are also further

subdivided into the High-pT and Low-pT subcategories using the same criteria stated above.

Among the remaining events, those with the pT of the Higgs boson candidate larger than

110GeV are placed in the High-pT category. Finally, the remaining events are categorized

as “High-Res” or “Low-Res” if the diphoton mass resolution estimate σm/m is smaller or

larger than 0.85%, respectively, with σm defined as:

σm =
1

2

√
(σEγ1/Eγ1)2 + (σEγ2/Eγ2)2, (5.4)

where Eγ1,2 is the energy of each photon and σEγ1,2 is the estimated energy resolution for

each photon. The choice of the 0.85% threshold was made to be identical to past results [8],

which was previously optimized for signal to background discrimination.

The leptonic categories select SUSY events containing decays to W or Z bosons; the

Hbb̄ (Zbb̄) categories select events that contain an additional Higgs (Z) boson, which decays

to a pair of b jets; the High-pT category selects SUSY events producing high-pT Higgs

bosons; and the separation into the High-Res and Low-Res categories further improves

the discrimination between any signal containing an H → γγ candidate and non-resonant

background in the remaining event sample. Finally, to distinguish SUSY signal events

from the SM background, each event category is further divided into bins in the MR and

R2 variables, provided there are a sufficient number of data events in the diphoton mass

sideband to be able to estimate the background. These bins define the exclusive search

regions. For all categories except the Two-Lepton category, we impose the requirement

MR > 150GeV to suppress the SM backgrounds.

In the SP approach, we optimize the event categorization for strong production of

bottom squark pairs, which typically produce a larger number of jets and b-tagged jets. An

alternative clustering algorithm is employed, following ref. [49], to produce two hemispheres

referred to as pseudojets, and the kinematic variable mT2 [50] is calculated as

mT2 = min
~p
missX(1)
T +~p

missX(2)
T =~pmiss

T

[
max

(
m

(1)
T ,m

(2)
T

)]
, (5.5)

where ~p
missX(i)
T (with i=1,2) are trial vectors obtained by decomposing ~pmiss

T and m
(i)
T ,

the transverse masses obtained by pairing any of these trial vectors with one of the two

pseudojets. The minimization is performed over all trial momenta satisfying the ~pmiss
T con-

straint. The pγγT /mγγ and mT2 kinematic variables are used to enhance the discrimination
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between the SUSY signal and the SM background. Two bins in the mT2 variable are used:

mT2 < 30 and mT2 ≥ 30GeV; and three bins in pγγT /mγγ : 0–0.6, 0.6–1.0 and ≥1.0.

Events are also separated into the Two-Lepton, Muon, Electron, Hbb̄, and Zbb̄ cat-

egories following the same procedure as described above for the EWP approach. The

remaining events are separated into the hadronic categories depending on the number of

jets and b-tagged jets. Within each of the event categories, the exclusive search region bins

are then defined based on the values of the pγγT /mγγ and mT2 observables.

A summary of the 35 search region bins is shown in table 1 for the EWP analysis and

of the 64 search region bins in tables 2 and 3 for the SP analysis.

Finally, to test specific SUSY simplified model hypotheses, we perform a combined

simultaneous fit using all the search regions defined for each analysis. The final result for

each signal model is obtained from the analysis with the best expected sensitivity. The

diphoton mass distribution is fit independently in each search region, while the expected

yields for the SM Higgs background and SUSY signal model among the different search

regions are constrained to the predicted values.

Search region bins with large values of pγγT and large values of the kinematic variables

MR and mT2 yield the best sensitivity for SUSY signals with larger squark or neutralino

masses, as backgrounds are heavily suppressed. The event categories with one lepton, two

leptons, a Z → bb̄ candidate, or a H → bb̄ candidate yield increasingly better sensitivity

for more compressed regions as the neutralino mass approaches the Higgs boson mass.

6 Backgrounds

Two types of backgrounds can be identified for this search: a nonresonant one stemming

from the SM production of diphotons or a photon and a jet, and a resonant background

from SM Higgs boson production. To model the nonresonant background, a set of possible

functions is chosen from sums of exponential functions, sums of Bernstein polynomials,

Laurent series, and sums of power-law functions. To determine the best functional form,

two alternative strategies are followed for the EWP and SP analyses. As we do not know

a priori the exact shape of the background, it is important that the functional form used

is capable of adequately describing a sufficiently large range of background shapes to cover

potential systematic effects that affect the shapes. At the same time we do not want to

arbitrarily increase the number of fit parameters without yielding additional robustness

against systematic uncertainties.

The EWP analysis uses the Akaike information criterion (AIC) [51] to determine which

functional forms are most appropriate to describe the background spectrum. The same

procedure was employed in the previous version of this search [8]. Bias tests are performed

by drawing random events using one functional form and fitting the resulting pseudo-data

set to another functional form. The functional form with the best AIC measure passing

the bias test is chosen to describe the nonresonant background.

For the SP analysis, the background fit is performed by discrete profiling using the

“envelope” method [52]. The background functional form is treated as a discrete nuisance

parameter in the likelihood fit. A penalty is assigned to the likelihood for each parameter in

– 8 –



J
H
E
P
1
1
(
2
0
1
9
)
1
0
9

Bin number Category pγγ
T

(GeV) MR (GeV) R2

EWP 0 Two-Lepton No req. No req. No req.

EWP 1 Muon High-pT ≥110 ≥150 ≥0.0

EWP 2 Muon Low-pT 0–110 ≥150 ≥0.0

EWP 3 Electron High-pT ≥110 ≥150 ≥0.0

EWP 4 Electron Low-pT 0–110 ≥150 0.000–0.055

EWP 5 Electron Low-pT 0–110 ≥150 0.055–0.125

EWP 6 Electron Low-pT 0–110 ≥150 ≥0.125

EWP 7 Hbb̄ High-pT ≥110 ≥150 0.000–0.080

EWP 8 Hbb̄ High-pT ≥110 ≥150 ≥0.080

EWP 9 Hbb̄ Low-pT 0–110 ≥150 0.000–0.080

EWP 10 Hbb̄ Low-pT 0–110 ≥150 ≥0.080

EWP 11 Zbb̄ High-pT ≥110 ≥150 0.000–0.035

EWP 12 Zbb̄ High-pT ≥110 ≥150 0.035–0.090

EWP 13 Zbb̄ High-pT ≥110 ≥150 ≥0.090

EWP 14 Zbb̄ Low-pT 0–110 ≥150 0.000–0.035

EWP 15 Zbb̄ Low-pT 0–110 ≥150 0.035–0.090

EWP 16 Zbb̄ Low-pT 0–110 ≥150 ≥0.090

EWP 17 High-pT ≥110 ≥150 ≥0.260

EWP 18 High-pT ≥110 150–250 0.170–0.260

EWP 19 High-pT ≥110 ≥250 0.170–0.260

EWP 20 High-pT ≥110 ≥150 0.000–0.110

EWP 21 High-pT ≥110 150–350 0.110–0.170

EWP 22 High-pT ≥110 ≥350 0.110–0.170

EWP 23 High-Res 0–110 ≥150 ≥0.325

EWP 24 High-Res 0–110 ≥150 0.285–0.325

EWP 25 High-Res 0–110 ≥150 0.225–0.285

EWP 26 High-Res 0–110 ≥150 0.000–0.185

EWP 27 High-Res 0–110 150–200 0.185–0.225

EWP 28 High-Res 0–110 ≥200 0.185–0.225

EWP 29 Low-Res 0–110 ≥150 ≥0.325

EWP 30 Low-Res 0–110 ≥150 0.285–0.325

EWP 31 Low-Res 0–110 ≥150 0.225–0.285

EWP 32 Low-Res 0–110 ≥150 0.000–0.185

EWP 33 Low-Res 0–110 150–200 0.185–0.225

EWP 34 Low-Res 0–110 ≥200 0.185–0.225

Table 1. A summary of the search region bins used in the EWP analysis. Events are separated

into categories based on the number of leptons, the presence of H → bb̄ candidates, the pT of

the H → γγ candidate, and the estimated diphoton mass resolution. The High-Res and Low-Res

categories are defined by the estimated diphoton resolution mass σm/m being smaller or larger

than 0.85%, respectively. For the Two-Lepton category, “No req.” means that no requirements are

placed on the given observables.
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Bin number Bin name Category pγγT /mγγ mT2 (GeV)

SP 0 Zℓℓ Two-Lepton No req. No req.

SP 1 1µ p0T, m
0
T2 Muon 0.0–0.6 0–30

SP 2 1µ p0T, m
30
T2 Muon 0.0–0.6 ≥30

SP 3 1µ p75T , m
0
T2 Muon 0.6–1.0 0–30

SP 4 1µ p75T , m
30
T2 Muon 0.6–1.0 ≥30

SP 5 1µ p125T , m0
T2 Muon ≥1.0 0–30

SP 6 1µ p125T , m30
T2 Muon ≥1.0 ≥30

SP 7 1e p0T, m
0
T2 Electron 0.0–0.6 0–30

SP 8 1e p0T, m
30
T2 Electron 0.0–0.6 ≥30

SP 9 1e p75T , m
0
T2 Electron 0.6–1.0 0–30

SP 10 1e p75T , m
30
T2 Electron 0.6–1.0 ≥30

SP 11 1e p125T , m0
T2 Electron ≥1.0 0–30

SP 12 1e p125T , m30
T2 Electron ≥1.0 ≥30

SP 13 Zbb̄ p0T, m
0
T2 Zbb̄ 0.0–0.6 0–30

SP 14 Zbb̄ p75T , m
0
T2 Zbb̄ 0.6–1.0 0–30

SP 15 Zbb̄ p125T , m0
T2 Zbb̄ ≥1.0 0–30

SP 16 Zbb̄ p0T, m
30
T2 Zbb̄ 0.0–0.6 ≥30

SP 17 Zbb̄ p75T , m
30
T2 Zbb̄ 0.6–1.0 ≥30

SP 18 Zbb̄ p125T , m30
T2 Zbb̄ ≥1.0 ≥30

SP 19 Hbb̄ p0T, m
0
T2 Hbb̄ 0.0–0.6 0–30

SP 20 Hbb̄ p75T , m
0
T2 Hbb̄ 0.6–1.0 0–30

SP 21 Hbb̄ p125T , m0
T2 Hbb̄ ≥1.0 0–30

SP 22 Hbb̄ p0T, m
30
T2 Hbb̄ 0.0–0.6 ≥30

SP 23 Hbb̄ p75T , m
30
T2 Hbb̄ 0.6–1.0 ≥30

SP 24 Hbb̄ p125T , m30
T2 Hbb̄ ≥1.0 ≥30

Table 2. A summary of the search region bins in the leptonic and Higgs boson categories used in the

SP analysis, along with the requirements on pγγ
T
/mγγ and mT2. There are no explicit requirements

on the number of jets or b-tagged jets for these categories. For the Two-Lepton category, “No req.”

means that no requirements are placed on the given observables.

the function. The envelope with the best likelihood is determined by the discrete profiling

method taking penalties into account. These two alternative background modeling methods

were studied in a past CMS measurement of the SM Higgs process in the diphoton decay

channel and similar accuracy is expected [53].

The shape of the SM Higgs boson background and the SUSY signals is modeled by a

double Crystal Ball function [54, 55], fitted to the diphoton mass distribution from the MC

simulation separately in each search region bin. The parameters of each double Crystal

Ball function are held constant in the signal extraction fit procedure. The normalization of

the SM Higgs boson background in each bin is constrained to the MC simulation prediction

to within systematic uncertainties.
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Bin number Bin name Jets b-tagged jets pγγ
T
/mγγ mT2 (GeV)

SP 25 0j, ≥0b, p0
T

0 No req. 0.0–0.6 No req.

SP 26 0j, ≥0b, p75
T

0 No req. 0.6–1.0 No req.

SP 27 0j, ≥0b, p125
T

0 No req. ≥1.0 No req.

SP 28 1–3j, 0b, p0
T
, m0

T2
1–3 0 0.0–0.6 0–30

SP 29 1–3j, 0b, p0
T
, m30

T2
1–3 0 0.0–0.6 ≥30

SP 30 1–3j, 0b, p75
T
, m0

T2
1–3 0 0.6–1.0 0–30

SP 31 1–3j, 0b, p75
T
, m30

T2
1–3 0 0.6–1.0 ≥30

SP 32 1–3j, 0b, p125
T
, m0

T2
1–3 0 ≥1.0 0–30

SP 33 1–3j, 0b, p125
T
, m30

T2
1–3 0 ≥1.0 ≥30

SP 34 1–3j, 1b, p0
T
, m0

T2
1–3 1 0.0–0.6 0–30

SP 35 1–3j, 1b, p0
T
, m30

T2
1–3 1 0.0–0.6 ≥30

SP 36 1–3j, 1b, p75
T
, m0

T2
1–3 1 0.6–1.0 0–30

SP 37 1–3j, 1b, p75
T
, m30

T2
1–3 1 0.6–1.0 ≥30

SP 38 1–3j, 1b, p125
T
, m0

T2
1–3 1 ≥1.0 0–30

SP 39 1–3j, 1b, p125
T
, m30

T2
1–3 1 ≥1.0 ≥30

SP 40 1–3j, ≥2b, p0
T
, m0

T2
1–3 ≥2 0.0–0.6 0–30

SP 41 1–3j, ≥2b, p0
T
, m30

T2
1–3 ≥2 0.0–0.6 ≥30

SP 42 1–3j, ≥2b, p75
T
, m0

T2
1–3 ≥2 0.6–1.0 0–30

SP 43 1–3j, ≥2b, p75
T
, m30

T2
1–3 ≥2 0.6–1.0 ≥30

SP 44 1–3j, ≥2b, p125
T
, m0

T2
1–3 ≥2 ≥1.0 0–30

SP 45 1–3j, ≥2b, p125
T
, m30

T2
1–3 ≥2 ≥1.0 ≥30

SP 46 ≥4j, 0b, p0
T
, m0

T2
≥4 0 0.0–0.6 0–30

SP 47 ≥4j, 0b, p0
T
, m30

T2
≥4 0 0.0–0.6 ≥30

SP 48 ≥4j, 0b, p75
T
, m0

T2
≥4 0 0.6–1.0 0–30

SP 49 ≥4j, 0b, p75
T
, m30

T2
≥4 0 0.6–1.0 ≥30

SP 50 ≥4j, 0b, p125
T
, m0

T2
≥4 0 ≥1.0 0–30

SP 51 ≥4j, 0b, p125
T
, m30

T2
≥4 0 ≥1.0 ≥30

SP 52 ≥4j, 1b, p0
T
, m0

T2
≥4 1 0.0–0.6 0–30

SP 53 ≥4j, 1b, p0
T
, m30

T2
≥4 1 0.0–0.6 ≥30

SP 54 ≥4j, 1b, p75
T
, m0

T2
≥4 1 0.6–1.0 0–30

SP 55 ≥4j, 1b, p75
T
, m30

T2
≥4 1 0.6–1.0 ≥30

SP 56 ≥4j, 1b, p125
T
, m0

T2
≥4 1 ≥1.0 0–30

SP 57 ≥4j, 1b, p125
T
, m30

T2
≥4 1 ≥1.0 ≥30

SP 58 ≥4j, ≥2b, p0
T
, m0

T2
≥4 ≥2 0.0–0.6 0–30

SP 59 ≥4j, ≥2b, p0
T
, m30

T2
≥4 ≥2 0.0–0.6 ≥30

SP 60 ≥4j, ≥2b, p75
T
, m0

T2
≥4 ≥2 0.6–1.0 0–30

SP 61 ≥4j, ≥2b, p75
T
, m30

T2
≥4 ≥2 0.6–1.0 ≥30

SP 62 ≥4j, ≥2b, p125
T
, m0

T2
≥4 ≥2 ≥1.0 0–30

SP 63 ≥4j, ≥2b, p125
T
, m30

T2
≥4 ≥2 ≥1.0 ≥30

Table 3. A summary of the search region bins in the leptonic and Higgs boson categories used

in the SP analysis, along with the requirements on pγγ
T
/mγγ and mT2. “No req.” means that no

requirements are placed on the given observables.
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7 Systematic uncertainties

The dominant systematic uncertainties in this search are the normalization and shape of

the nonresonant background associated with the fitted functional form. They are propa-

gated by profiling the associated unconstrained functional form parameters. The fraction

of the total uncertainty due to the nonresonant background fit ranges from 75% to 99%,

and is above 90% for most search region bins. The subdominant systematic uncertainties

in the SM Higgs boson background and SUSY signal are propagated through independent

log-normal nuisance parameters that take both theoretical and instrumental effects into

account. These systematic uncertainties affect the event yield predictions of the SM Higgs

boson background and SUSY signal in the different search region bins, and are propagated

as shape uncertainties. The independent systematic effects considered include missing

higher-order QCD corrections, PDFs, trigger and object selection efficiencies, jet energy

scale uncertainties, b-tagging efficiency, lepton identification efficiencies, fast simulation

pmiss
T modeling, and the uncertainty in the integrated luminosity. The typical size of these

effects on the signal and background yields are summarized in table 4, and are approxi-

mately the same for the SP and EWP analyses. Systematic uncertainties due to missing

higher-order corrections are estimated by the use of the procedure outlined in ref. [56],

where the factorization (µF) and renormalization (µR) scales are varied independently by

factors of 0.5 and 2.0. The PDF systematic uncertainties are propagated for the SM Higgs

background as a shape uncertainty using the LHC4PDF procedure [57].

Because of the imperfect simulation of the effects of pileup and transparency loss

from radiation damage in the ECAL crystals, we observe some simulation mismodeling

of the estimated mass resolution, which can migrate events between the High-Res and

Low-Res event categories of the EWP analysis. As a result, a systematic uncertainty of

10–24%, measured using a Z → e+e− control sample, is propagated to the prediction of

the SM Higgs boson background and SUSY signal yields in the High-Res and Low-Res

event categories. The systematic uncertainty in the photon energy scale is implemented as

a Gaussian-distributed nuisance parameter that shifts the Higgs boson mass peak position,

constrained in the fit to lie within approximately 1% of the nominal Higgs boson mass

observed in simulation. The systematic uncertainty for the modeling of the ISR for the

signal process is also propagated.

8 Results and interpretation

The fit results for the search region bins including the data yields, fitted background, and

signal yields are summarized in tables 5 and 6 for the SP analysis and in table 7 for the

EWP analysis. Example fit results are shown in figure 2 to illustrate the background-only

and signal plus background fits. We observe no statistically significant deviation from the

SM background expectation.

The search results are interpreted in terms of limits on the product of the production

cross section and branching fraction for simplified models of bottom squark pair production

and chargino-neutralino production indicated in figure 1. In the case of bottom squark pair
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Uncertainty source Uncertainty size (%)

PDFs and QCD scale variations

10–30 (SM Higgs boson)

5–10 (EWK SUSY signal)

15–30 (Strong SUSY signal)

Signal ISR modeling 5–25

σm/m categorization 10–24

Fast simulation pmiss
T modeling 3–16

Luminosity 2.3–2.5

Trigger and selection efficiency 3

Lepton efficiency 4

Jet energy scale 1–5

Photon energy scale 1

b-tagging efficiency 4

H → γγ branching fraction 2

Table 4. Summary of systematic uncertainties on the SM Higgs boson background and signal yield

predictions, and the size of their effect on the signal yield.

production, we consider the scenario where the bottom squark subsequently decays to a

bottom quark and the next-to-lightest neutralino (χ̃02), where the χ̃
0
2 decays to a Higgs

boson and the LSP (χ̃01). The mass splitting between the χ̃
0
2 and χ̃

0
1 is assumed to be

130GeV, slightly above threshold to produce an on-shell Higgs boson.

In the case of chargino-neutralino production, we consider two different scenarios. In

the first scenario, the pure wino-like charginos (χ̃±1 ) and the χ̃
0
2 are mass-degenerate and

are produced together, with the chargino decaying to a W boson and the χ̃
0
1 LSP, and the

χ̃
0
2 decaying to a Higgs boson and the LSP. The production cross sections are computed at

NLO+NLL accuracy in QCD in the limit of mass-degenerate wino χ̃
0
2 and χ̃

±
1 , light bino

χ̃
0
1, and with all the other sparticles assumed to be heavy and decoupled [31–33].

In the second scenario, we consider a GMSB [4, 5] simplified model where higgsino-like

charginos and neutralinos are nearly mass-degenerate and are produced in pairs through

the following combinations: χ̃01χ̃
0
2, χ̃

0
1χ̃

±
1 , χ̃

0
2χ̃

±
1 , and χ̃

±
1 χ̃

∓
1 . Because of the mass degeneracy,

both the χ̃02 and χ̃
±
1 will decay to χ̃

0
1 and other low-pT (soft) particles, leading to a signature

with a χ̃
0
1 pair. Each χ̃

0
1 will subsequently decay to a Higgs boson and the G̃ LSP, or to a

Z boson and the LSP. We consider the case where the branching fraction of the χ̃
0
1 → HG̃

decay is 100%, and the case where the branching fraction of the χ̃
0
1 → HG̃ and χ̃

0
1 → ZG̃

decays are each 50%. This scenario is represented by the χ̃
0
1-pair production simplified

model shown on figure 1.

We show the expected event yields from a representative selection of the different

simplified SUSY models considered in the different search region bins of the SP analysis

in tables 8 and 9, and in the different search region bins of the EWP analysis in table 10.

The details of the particular signal model are described in the caption of table 8.

Following the CLs criterion [58–60], we use the profile likelihood ratio test statistic and

the asymptotic formula [61] to evaluate the 95% confidence level (CL) observed and ex-
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Search
Bin name

Observed Fitted SM Higgs boson

region bin data nonresonant bkg bkg

SP 0 Zℓℓ 2 1.7 ± 0.2 0.84 ± 0.09

SP 1 1µ p0T, m
0
T2 24 20.0 ± 0.9 1.6 ± 0.1

SP 2 1µ p0T, m
30
T2 10 8.9 ± 1.4 1.1 ± 0.1

SP 3 1µ p75T , m
0
T2 3 2.6 ± 0.5 0.89 ± 0.07

SP 4 1µ p75T , m
30
T2 7 2.4 ± 0.4 0.79 ± 0.07

SP 5 1µ p125T , m0
T2 4 3.1 ± 0.4 1.0 ± 0.1

SP 6 1µ p125T , m30
T2 3 2.2 ± 0.4 1.1 ± 0.1

SP 7 1e p0T, m
0
T2 93 87.2 ± 10.6 1.1 ± 0.1

SP 8 1e p0T, m
30
T2 15 13.8 ± 0.9 0.59 ± 0.05

SP 9 1e p75T , m
0
T2 10 18.6 ± 3.0 0.74 ± 0.06

SP 10 1e p75T , m
30
T2 3 4.3 ± 0.3 0.48 ± 0.04

SP 11 1e p125T , m0
T2 7 6.2 ± 0.4 1.1 ± 0.1

SP 12 1e p125T , m30
T2 1 1.4 ± 0.2 0.89 ± 0.08

SP 13 Zbb̄ p0T, m
0
T2 227 224 ± 17 4.4 ± 0.6

SP 14 Zbb̄ p75T , m
0
T2 33 42.2 ± 7.4 1.7 ± 0.2

SP 15 Zbb̄ p125T , m0
T2 15 15.7 ± 3.6 2.9 ± 0.3

SP 16 Zbb̄ p0T, m
30
T2 44 43.4 ± 7.5 0.83 ± 0.40

SP 17 Zbb̄ p75T , m
30
T2 13 10.8 ± 2.3 0.48 ± 0.13

SP 18 Zbb̄ p125T , m30
T2 5 4.5 ± 0.4 0.82 ± 0.11

SP 19 Hbb̄ p0T, m
0
T2 179 179 ± 15 3.4 ± 0.3

SP 20 Hbb̄ p75T , m
0
T2 45 41.2 ± 1.9 1.9 ± 0.2

SP 21 Hbb̄ p125T , m0
T2 22 18.4 ± 1.8 3.0 ± 0.9

SP 22 Hbb̄ p0T, m
30
T2 47 42.5 ± 7.4 0.93 ± 0.32

SP 23 Hbb̄ p75T , m
30
T2 13 12.1 ± 0.8 0.62 ± 0.06

SP 24 Hbb̄ p125T , m30
T2 6 4.4 ± 0.7 1.3 ± 0.2

Table 5. The observed data, fitted nonresonant background yields, and SM Higgs boson back-

ground yields within the mass window between 122 and 129GeV are shown for each search region

bin in the Hbb̄, Zbb̄, and leptonic categories of the SP analysis. The uncertainties quoted are the

fit uncertainties, which include the impact of all systematic uncertainties. The bin names give a

short-form description of the search region bin definition which are given in full in table 2. The

labels p0
T
, p75

T
, and p125

T
refer to bins defined by the requirement that pγγ

T
/mγγ is less than 0.6,

between 0.6 and 1.0, and greater than 1.0, respectively. The labels m0

T2
and m30

T2
refer to bins

defined by the requirement that mT2 is less than and greater than 30GeV, respectively.

pected limits on the signal production cross sections. For the simplified models of bottom

squark pair production where the bottom squark undergoes a cascade decay to a Higgs

boson and the LSP, the SP analysis yields better expected sensitivity because of the bin-

ning in the number of jets and b-tagged jets, as more jets and more heavy-flavor jets are

produced. The limits obtained using the SP analysis are shown in figure 3, as a function
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Figure 2. The diphoton mass distribution for two example search bin is shown with the

background-only fit (left) and the signal-plus-background fit (right) to illustrate the signal ex-

traction procedure. The search region bins shown corresponds to the Hbb̄ p125
T
, m0

T2
category, bin

21, of the SP analysis (upper) and the Muon Low-pT category, bin 2, of the EWP analysis (lower).

of the bottom squark mass and the LSP mass. We exclude bottom squarks with masses

below about 530GeV for an LSP mass of 1GeV.

For the simplified models of chargino-neutralino production, the EWP analysis has

slightly better expected sensitivity because of the inclusion of bins with smaller MR and

larger R2. Events in such bins typically have lower values of pmiss
T and are not in the

regions of high signal sensitivity for the SP analysis, while the R2 variable is able to

suppress backgrounds more effectively in these regions of phase space. For the wino-like

chargino-neutralino production, the limits obtained using the EWP analysis are shown in

figure 4 as a function of the chargino mass and the LSP mass. We exclude chargino masses

below about 235GeV for an LSP mass of 1GeV. For the higgsino-like chargino-neutralino

production simplified models, the limits obtained using the EWP analysis are shown in

figure 5 as a function of the chargino mass for the case where the branching fraction of the

χ̃
0
1 → HG̃ decay is 100%, and for the case where the branching fraction of the χ̃

0
1 → HG̃

and χ̃
0
1 → ZG̃ decays are both 50%. We exclude charginos below 290 and 230 GeV in

the former and latter cases, respectively. The corresponding limits from the EWP analysis

as applied to bottom squark production and limits from the SP analysis as applied to

chargino-neutralino production are included in the appendix for completeness.
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Figure 3. The observed 95% CL upper limits on the bottom squark pair production cross section

are shown for the SP analysis. The bold and light solid black contours represent the observed

exclusion region and the ±1 standard deviation (s.d.) band, including both experimental and

theoretical uncertainties. The analogous red dotted contours represent the expected exclusion

region and its ±1 and ±2 s.d. bands.

The search region bins with large pγγT in the H → bb̄ category yield the best overall

sensitivity. For signal models with squark or neutralino masses exceeding the Higgs boson

mass by 100GeV or more, the search region bins with large values of pγγT and large values

of the kinematic variables MR and mT2 in the untagged jet categories of the SP analysis

or the High-pT category for the EWP analysis also contribute significantly to the search

sensitivity. For more compressed regions of the signal model parameter space, where the

neutralino mass approaches the Higgs boson mass, the search region bins with large pγγT in

the leptonic categories contribute significantly to the search sensitivity. The search region

bins with small values of pγγT and small values of the kinematic variables MR, R
2, and mT2

typically have low sensitivity to the simplified models considered due to higher levels of

background, but are included to maintain inclusivity for this search.

9 Summary

We have presented a search for supersymmetry (SUSY) in the final state with a Higgs

boson (H) decaying to a photon pair, using data collected with the CMS detector at the

LHC in 2016 and 2017, corresponding to 77.5 fb−1 of integrated luminosity. To improve the

sensitivity over previously published results, we pursue two strategies that are optimized for

strong and electroweak SUSY production, respectively. Photon pairs in the central region of

the detector are used to reconstruct Higgs boson candidates. Charged leptons and b jets are
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Figure 4. The observed 95% CL upper limits on the wino-like chargino-neutralino production

cross section are shown for the EWP analysis. The bold and light black contours represent the

observed exclusion region and the ±1 standard deviation (s.d.) band, including both experimental

and theoretical uncertainties. The analogous red dotted contours represent the expected exclusion

region and its ±1 s.d. band.
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Figure 5. The observed 95% CL upper limits on the production cross section for higgsino-like

chargino-neutralino production are shown for the EWP analysis. We present limits in the scenario

where the branching fraction of χ̃
0
1
→ HG̃ decay is 100% (left plot), and where the χ̃

0
1
→ HG̃

and χ̃
0
1
→ ZG̃ decays are each 50% (right plot). The dotted and solid black curves represent the

expected and observed exclusion region, and the green dark and yellow light bands represent the ±1

and ±2 standard deviation regions, respectively. The red solid and dotted lines show the theoretical

production cross section and its uncertainty band.
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Search
Bin name

Observed Fitted SM Higgs boson

region bin data nonresonant bkg bkg

SP 25 0j, ≥0b, p
0
T 53 252 53 662 ± 104 973 ± 68

SP 26 0j, ≥0b, p
75
T 586 574 ± 27 33.3 ± 4.1

SP 27 0j, ≥0b, p
125
T 51 49.5 ± 8.0 7.4 ± 0.8

SP 28 1–3j, 0b, p
0
T, m

0
T2 14 648 14 753 ± 138 308 ± 33

SP 29 1–3j, 0b, p
0
T, m

30
T2 2732 2725 ± 10 125 ± 10

SP 30 1–3j, 0b, p
75
T , m

0
T2 781 708 ± 30 101 ± 9

SP 31 1–3j, 0b, p
75
T , m

30
T2 103 101 ± 11 0.90 ± 0.38

SP 32 1–3j, 0b, p
125
T , m

0
T2 47 46.6 ± 7.7 0.95 ± 0.28

SP 33 1–3j, 0b, p
125
T , m

30
T2 52 37.2 ± 6.9 3.9 ± 0.6

SP 34 1–3j, 1b, p
0
T, m

0
T2 4184 4149 ± 7 78.4 ± 7.7

SP 35 1–3j, 1b, p
0
T, m

30
T2 928 902 ± 34 35.3 ± 3.1

SP 36 1–3j, 1b, p
75
T , m

0
T2 273 270 ± 19 36.4 ± 3.1

SP 37 1–3j, 1b, p
75
T , m

30
T2 75 78.0 ± 10.0 1.3 ± 0.1

SP 38 1–3j, 1b, p
125
T , m

0
T2 52 43.7 ± 7.5 0.97 ± 0.26

SP 39 1–3j, 1b, p
125
T , m

30
T2 38 30.8 ± 6.3 3.7 ± 0.8

SP 40 1–3j, ≥2b, p
0
T, m

0
T2 312 292 ± 19 5.6 ± 0.8

SP 41 1–3j, ≥2b, p
0
T, m

30
T2 79 79.6 ± 10.1 3.0 ± 0.3

SP 42 1–3j, ≥2b, p
75
T , m

0
T2 37 34.3 ± 6.6 4.5 ± 0.6

SP 43 1–3j, ≥2b, p
75
T , m

30
T2 26 24.0 ± 5.6 0.57 ± 0.06

SP 44 1–3j, ≥2b, p
125
T , m

0
T2 16 12.3 ± 0.8 0.54 ± 0.10

SP 45 1–3j, ≥2b, p
125
T , m

30
T2 15 10.0 ± 0.8 1.7 ± 0.2

SP 46 ≥4j, 0b, p
0
T, m

0
T2 2429 2426 ± 7 35.3 ± 2.6

SP 47 ≥4j, 0b, p
0
T, m

30
T2 339 339 ± 21 12.9 ± 1.2

SP 48 ≥4j, 0b, p
75
T , m

0
T2 118 97.8 ± 11.2 11.1 ± 2.2

SP 49 ≥4j, 0b, p
75
T , m

30
T2 15 19.5 ± 3.1 0.16 ± 0.05

SP 50 ≥4j, 0b, p
125
T , m

0
T2 13 10.0 ± 1.7 0.08 ± 1.76

SP 51 ≥4j, 0b, p
125
T , m

30
T2 7 6.5 ± 0.6 0.73 ± 0.18

SP 52 ≥4j, 1b, p
0
T, m

0
T2 833 800 ± 32 12.3 ± 2.5

SP 53 ≥4j, 1b, p
0
T, m

30
T2 132 135 ± 13 4.6 ± 0.3

SP 54 ≥4j, 1b, p
75
T , m

0
T2 33 42.5 ± 7.4 4.8 ± 0.7

SP 55 ≥4j, 1b, p
75
T , m

30
T2 13 20.2 ± 5.1 0.35 ± 0.04

SP 56 ≥4j, 1b, p
125
T , m

0
T2 10 11.4 ± 1.5 0.34 ± 0.04

SP 57 ≥4j, 1b, p
125
T , m

30
T2 9 8.4 ± 0.6 0.97 ± 0.11

SP 58 ≥4j, ≥2b, p
0
T, m

0
T2 90 88.4 ± 10.7 1.1 ± 0.3

SP 59 ≥4j, ≥2b, p
0
T, m

30
T2 25 20.9 ± 4.6 0.52 ± 0.06

SP 60 ≥4j, ≥2b, p
75
T , m

0
T2 11 8.7 ± 0.6 0.84 ± 0.17

SP 61 ≥4j, ≥2b, p
75
T , m

30
T2 12 11.5 ± 3.7 0.26 ± 0.09

SP 62 ≥4j, ≥2b, p
125
T , m

0
T2 6 3.7 ± 0.4 0.24 ± 0.08

SP 63 ≥4j, ≥2b, p
125
T , m

30
T2 4 5.2 ± 1.1 0.69 ± 0.09

Table 6. The observed data, fitted nonresonant background yields, and SM Higgs boson back-

ground yields within the mass window between 122 and 129GeV are shown for each search region

bin in the all-hadronic categories of the SP analysis. The uncertainties quoted are the fit uncer-

tainties, which include the impact of all systematic uncertainties. The bin names give a short-form

description of the search region bin definition which are given in full in table 3. The labels p0
T
,

p75
T
, and p125

T
refer to bins defined by the requirement that pγγ

T
/mγγ is less than 0.6, between 0.6

and 1.0, and greater than 1.0, respectively. The labels m0

T2
and m30

T2
refer to bins defined by the

requirement that mT2 is less than and greater than 30GeV, respectively.
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Search
Category

Observed Fitted SM Higgs boson

region bin data nonresonant bkg bkg

EWP 0 Two-Lepton 2 1.5 ± 0.4 1.1 ± 0.6

EWP 1 Muon High-pT 11 6.2 ± 0.9 3.7 ± 0.8

EWP 2 Muon Low-pT 28 15.8 ± 1.4 3.0 ± 0.8

EWP 3 Electron High-pT 17 11.9 ± 1.3 3.4 ± 1.1

EWP 4 Electron Low-pT 8 5.2 ± 0.8 0.6 ± 0.2

EWP 5 Electron Low-pT 18 31.5 ± 1.9 0.9 ± 0.4

EWP 6 Electron Low-pT 9 13.7 ± 1.3 0.7 ± 0.3

EWP 7 Hbb̄ High-pT 9 7.0 ± 0.9 1.2 ± 0.4

EWP 8 Hbb̄ High-pT 19 17.8 ± 1.5 3.8 ± 0.7

EWP 9 Hbb̄ Low-pT 34 25.8 ± 1.8 0.8 ± 0.1

EWP 10 Hbb̄ Low-pT 60 51.0 ± 2.4 1.9 ± 0.3

EWP 11 Zbb̄ High-pT 3 7.2 ± 1.1 0.5 ± 0.1

EWP 12 Zbb̄ High-pT 17 14.0 ± 1.3 2.8 ± 1.1

EWP 13 Zbb̄ High-pT 10 9.4 ± 1.1 1.3 ± 0.3

EWP 14 Zbb̄ Low-pT 27 35.2 ± 2.0 0.8 ± 0.2

EWP 15 Zbb̄ Low-pT 84 75.1 ± 2.9 2.5 ± 1.3

EWP 16 Zbb̄ Low-pT 45 46.3 ± 2.3 1.2 ± 0.4

EWP 17 High-pT 11 14.4 ± 1.3 1.8 ± 0.2

EWP 18 High-pT 31 21.8 ± 1.6 2.1 ± 0.4

EWP 19 High-pT 11 13.5 ± 1.3 1.2 ± 0.3

EWP 20 High-pT 1834 1648 ± 14 248 ± 38

EWP 21 High-pT 91 100.2 ± 3.7 8.9 ± 1.5

EWP 22 High-pT 12 14.4 ± 1.4 1.2 ± 0.2

EWP 23 High-Res 30 20.6 ± 1.6 0.6 ± 0.2

EWP 24 High-Res 46 49.1 ± 4.0 1.5 ± 0.5

EWP 25 High-Res 9 17.0 ± 1.4 0.4 ± 0.1

EWP 26 High-Res 5186 5057 ± 25 219 ± 42

EWP 27 High-Res 53 63.0 ± 2.6 2.4 ± 1.0

EWP 28 High-Res 19 17.7 ± 1.5 0.5 ± 0.1

EWP 29 Low-Res 26 33.8 ± 2.1 0.3 ± 0.1

EWP 30 Low-Res 61 65.8 ± 3.0 0.9 ± 0.2

EWP 31 Low-Res 24 18.3 ± 1.5 0.2 ± 0.1

EWP 32 Low-Res 5548 5328 ± 22 141 ± 27

EWP 33 Low-Res 78 79.1 ± 2.9 1.4 ± 0.4

EWP 34 Low-Res 25 23.7 ± 1.8 0.4 ± 0.1

Table 7. The observed data, fitted nonresonant background yields, and SM Higgs boson back-

ground yields within the mass window between 122 and 129GeV are shown for each search region

bin of the EWP analysis. The uncertainties quoted are the fit uncertainties, which include the

impact of all systematic uncertainties.
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Search
Bin name HH ZH WH (200,1) b̃ (450,1) b̃ (450,300)

region bin

SP 0 Zℓℓ 0.15 ± 0.02 1.2 ± 0.2 0.0 ± 0.0 0.07 ± 0.01 0.10 ± 0.01

SP 1 1µ p0T, m
0
T2 0.67 ± 0.11 0.22 ± 0.04 0.63 ± 0.07 0.69 ± 0.06 0.10 ± 0.01

SP 2 1µ p0T, m
30
T2 0.59 ± 0.10 0.23 ± 0.04 1.1 ± 0.1 0.88 ± 0.07 0.09 ± 0.01

SP 3 1µ p75T , m
0
T2 0.68 ± 0.09 0.22 ± 0.03 0.44 ± 0.04 0.40 ± 0.03 0.17 ± 0.01

SP 4 1µ p75T , m
30
T2 0.74 ± 0.09 0.27 ± 0.03 1.0 ± 0.1 0.45 ± 0.04 0.18 ± 0.01

SP 5 1µ p125T , m0
T2 1.6 ± 0.3 0.51 ± 0.08 0.72 ± 0.14 0.24 ± 0.02 1.2 ± 0.1

SP 6 1µ p125T , m30
T2 1.7 ± 0.3 0.58 ± 0.10 1.7 ± 0.3 0.32 ± 0.03 1.6 ± 0.1

SP 7 1e p0T, m
0
T2 0.43 ± 0.12 0.18 ± 0.03 0.41 ± 0.05 0.52 ± 0.04 0.06 ± 0.00

SP 8 1e p0T, m
30
T2 0.43 ± 0.11 0.19 ± 0.04 0.78 ± 0.12 0.52 ± 0.03 0.05 ± 0.00

SP 9 1e p75T , m
0
T2 0.45 ± 0.11 0.19 ± 0.02 0.30 ± 0.03 0.27 ± 0.02 0.12 ± 0.01

SP 10 1e p75T , m
30
T2 0.48 ± 0.09 0.22 ± 0.02 0.66 ± 0.07 0.29 ± 0.02 0.12 ± 0.01

SP 11 1e p125T , m0
T2 1.3 ± 0.3 0.46 ± 0.09 0.60 ± 0.11 0.24 ± 0.02 0.87 ± 0.07

SP 12 1e p125T , m30
T2 1.5 ± 0.3 0.57 ± 0.09 1.4 ± 0.3 0.28 ± 0.02 1.1 ± 0.1

SP 13 Zbb̄ p0T, m
0
T2 1.3 ± 0.2 0.50 ± 0.08 0.09 ± 0.02 3.0 ± 0.2 0.29 ± 0.02

SP 14 Zbb̄ p75T , m
0
T2 1.3 ± 0.1 0.52 ± 0.06 0.05 ± 0.01 1.7 ± 0.1 0.63 ± 0.04

SP 15 Zbb̄ p125T , m0
T2 2.9 ± 0.5 1.2 ± 0.2 0.11 ± 0.02 1.3 ± 0.1 5.1 ± 0.3

SP 16 Zbb̄ p0T, m
30
T2 1.1 ± 0.2 0.49 ± 0.08 0.12 ± 0.02 2.5 ± 0.3 0.13 ± 0.01

SP 17 Zbb̄ p75T , m
30
T2 1.1 ± 0.1 0.52 ± 0.07 0.13 ± 0.02 1.5 ± 0.1 0.31 ± 0.03

SP 18 Zbb̄ p125T , m30
T2 2.3 ± 0.4 1.3 ± 0.2 0.25 ± 0.05 1.1 ± 0.1 2.2 ± 0.2

SP 19 Hbb̄ p0T, m
0
T2 2.9 ± 0.5 0.81 ± 0.14 0.03 ± 0.01 5.9 ± 0.4 1.4 ± 0.1

SP 20 Hbb̄ p75T , m
0
T2 3.3 ± 0.3 0.91 ± 0.13 0.04 ± 0.01 3.4 ± 0.3 2.6 ± 0.2

SP 21 Hbb̄ p125T , m0
T2 9.6 ± 1.8 2.6 ± 0.5 0.06 ± 0.01 3.0 ± 0.2 22.7 ± 1.7

SP 22 Hbb̄ p0T, m
30
T2 2.5 ± 0.4 0.71 ± 0.10 0.10 ± 0.01 4.7 ± 0.5 0.49 ± 0.05

SP 23 Hbb̄ p75T , m
30
T2 2.9 ± 0.3 0.82 ± 0.10 0.11 ± 0.02 3.0 ± 0.3 0.86 ± 0.08

SP 24 Hbb̄ p125T , m30
T2 8.2 ± 1.6 2.4 ± 0.4 0.15 ± 0.04 2.8 ± 0.2 8.7 ± 0.7

Table 8. The expected signal yields for the SUSY simplified model signals considered are shown for

each search region bin in the Hbb̄, Zbb̄, and leptonic categories of the SP analysis. The bin names

give a short-form description of the search region bin definition which are given in full in table 2.

The labels p0
T
, p75

T
, and p125

T
refer to bins defined by the requirement that pγγ

T
/mγγ is less than

0.6, between 0.6 and 1.0, and greater than 1.0, respectively. The labels m0

T2
and m30

T2
refer to bins

defined by the requirement that mT2 is less than and greater than 30GeV, respectively. The labels

HH and ZH refer to the signal models for higgsino-like chargino and neutralino production where

the branching fractions of the decays χ̃0
1
→ HG̃ and χ̃

0
1
→ ZG̃ are 100% and 0% , and 50% and 50%,

respectively. For the above two scenarios, the mass of the chargino and next-to-lightest neutralino

is 175GeV, while the LSP mass is 45GeV. The label WH (200,1) refers to the signal model for

wino-like chargino and neutralino production, where the mass of the chargino and next-to-lightest

neutralino is 200GeV and the LSP mass is 1GeV. The labels b̃ (450,1) and b̃ (450,300) refer to the

signal models for bottom squark pair production where the bottom squark mass is 450GeV and the

LSP mass is 1 and 300GeV, respectively.

used to tag the decay products of an additional boson, while kinematic quantities such as

mT2 and the razor variables MR and R2 are used to suppress standard model backgrounds.

Data driven fits determine the shape and normalization of the nonresonant background.
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Search
Bin name HH ZH WH (200,1) b̃ (450,1) b̃ (450,300)

region bin

SP 25 0j, ≥0b, p0T 3.9 ± 0.6 2.9 ± 0.5 2.6 ± 0.3 2.7 ± 0.1 0.0 ± 0.0

SP 26 0j, ≥0b, p75T 2.4 ± 0.3 2.1 ± 0.2 1.8 ± 0.2 0.54 ± 0.02 0.0 ± 0.0

SP 27 0j, ≥0b, p125T 1.7 ± 0.2 2.7 ± 0.4 1.7 ± 0.2 0.15 ± 0.01 0.01 ± 0.00

SP 28 1–3j, 0b, p0T, m
0
T2 4.7 ± 0.8 2.7 ± 0.4 2.9 ± 0.3 4.2 ± 0.5 0.03 ± 0.00

SP 29 1–3j, 0b, p0T, m
30
T2 4.7 ± 0.5 2.6 ± 0.3 2.1 ± 0.2 1.6 ± 0.3 0.03 ± 0.01

SP 30 1–3j, 0b, p75T , m
0
T2 9.0 ± 1.5 5.1 ± 0.9 3.1 ± 0.6 0.73 ± 0.15 0.27 ± 0.05

SP 31 1–3j, 0b, p75T , m
30
T2 0.21 ± 0.04 0.10 ± 0.02 0.10 ± 0.01 0.34 ± 0.09 0.04 ± 0.01

SP 32 1–3j, 0b, p125T , m0
T2 0.18 ± 0.02 0.10 ± 0.01 0.07 ± 0.01 0.15 ± 0.04 0.05 ± 0.01

SP 33 1–3j, 0b, p125T , m30
T2 0.66 ± 0.14 0.35 ± 0.07 0.19 ± 0.04 0.14 ± 0.03 0.35 ± 0.07

SP 34 1–3j, 1b, p0T, m
0
T2 6.1 ± 0.9 2.2 ± 0.3 1.1 ± 0.1 7.1 ± 1.0 0.12 ± 0.02

SP 35 1–3j, 1b, p0T, m
30
T2 6.6 ± 0.6 2.4 ± 0.2 0.81 ± 0.06 3.4 ± 0.3 0.20 ± 0.02

SP 36 1–3j, 1b, p75T , m
0
T2 13.7 ± 2.1 5.1 ± 0.9 1.4 ± 0.2 2.2 ± 0.3 1.7 ± 0.2

SP 37 1–3j, 1b, p75T , m
30
T2 0.23 ± 0.03 0.09 ± 0.01 0.08 ± 0.01 0.82 ± 0.13 0.27 ± 0.04

SP 38 1–3j, 1b, p125T , m0
T2 0.36 ± 0.04 0.13 ± 0.01 0.07 ± 0.00 0.39 ± 0.06 0.59 ± 0.08

SP 39 1–3j, 1b, p125T , m30
T2 1.2 ± 0.2 0.47 ± 0.09 0.18 ± 0.03 0.37 ± 0.05 3.5 ± 0.5

SP 40 1–3j, ≥2b, p0T, m
0
T2 0.60 ± 0.09 0.21 ± 0.04 0.08 ± 0.01 1.9 ± 0.2 0.43 ± 0.05

SP 41 1–3j, ≥2b, p0T, m
30
T2 0.81 ± 0.07 0.27 ± 0.02 0.07 ± 0.01 1.2 ± 0.1 0.69 ± 0.07

SP 42 1–3j, ≥2b, p75T , m
0
T2 2.0 ± 0.4 0.67 ± 0.11 0.09 ± 0.03 0.98 ± 0.12 5.0 ± 0.6

SP 43 1–3j, ≥2b, p75T , m
30
T2 0.08 ± 0.01 0.03 ± 0.01 0.02 ± 0.01 0.38 ± 0.04 1.3 ± 0.1

SP 44 1–3j, ≥2b, p125T , m0
T2 0.11 ± 0.03 0.04 ± 0.00 0.03 ± 0.00 0.28 ± 0.03 2.2 ± 0.2

SP 45 1–3j, ≥2b, p125T , m30
T2 0.44 ± 0.10 0.16 ± 0.03 0.05 ± 0.03 0.37 ± 0.03 15.5 ± 1.3

SP 46 ≥4j, 0b, p0T, m
0
T2 3.9 ± 0.6 3.1 ± 0.5 6.6 ± 0.7 3.3 ± 0.8 0.01 ± 0.00

SP 47 ≥4j, 0b, p0T, m
30
T2 4.2 ± 0.5 3.4 ± 0.4 5.6 ± 0.5 1.2 ± 0.2 0.03 ± 0.01

SP 48 ≥4j, 0b, p75T , m
0
T2 7.5 ± 1.2 6.9 ± 1.2 8.0 ± 1.4 0.56 ± 0.11 0.13 ± 0.03

SP 49 ≥4j, 0b, p75T , m
30
T2 0.14 ± 0.02 0.10 ± 0.01 0.19 ± 0.02 0.52 ± 0.11 0.02 ± 0.00

SP 50 ≥4j, 0b, p125T , m0
T2 0.16 ± 0.02 0.13 ± 0.02 0.19 ± 0.02 0.25 ± 0.05 0.02 ± 0.00

SP 51 ≥4j, 0b, p125T , m30
T2 0.81 ± 0.18 0.50 ± 0.11 0.51 ± 0.11 0.27 ± 0.05 0.16 ± 0.03

SP 52 ≥4j, 1b, p0T, m
0
T2 5.0 ± 0.8 2.3 ± 0.3 2.5 ± 0.3 5.1 ± 0.9 0.08 ± 0.01

SP 53 ≥4j, 1b, p0T, m
30
T2 5.4 ± 0.6 2.5 ± 0.2 2.1 ± 0.2 2.3 ± 0.2 0.15 ± 0.02

SP 54 ≥4j, 1b, p75T , m
0
T2 11.4 ± 1.8 5.5 ± 0.9 3.5 ± 0.6 1.4 ± 0.2 1.1 ± 0.1

SP 55 ≥4j, 1b, p75T , m
30
T2 0.27 ± 0.03 0.14 ± 0.02 0.18 ± 0.02 1.2 ± 0.2 0.11 ± 0.01

SP 56 ≥4j, 1b, p125T , m0
T2 0.33 ± 0.03 0.14 ± 0.01 0.17 ± 0.01 0.81 ± 0.13 0.15 ± 0.03

SP 57 ≥4j, 1b, p125T , m30
T2 1.4 ± 0.3 0.65 ± 0.12 0.42 ± 0.09 0.76 ± 0.12 1.5 ± 0.2

SP 58 ≥4j, ≥2b, p0T, m
0
T2 0.42 ± 0.06 0.18 ± 0.03 0.16 ± 0.03 1.4 ± 0.1 0.18 ± 0.02

SP 59 ≥4j, ≥2b, p0T, m
30
T2 0.65 ± 0.07 0.26 ± 0.03 0.13 ± 0.02 0.86 ± 0.08 0.35 ± 0.03

SP 60 ≥4j, ≥2b, p75T , m
0
T2 1.6 ± 0.3 0.67 ± 0.11 0.24 ± 0.07 0.71 ± 0.08 2.4 ± 0.3

SP 61 ≥4j, ≥2b, p75T , m
30
T2 0.08 ± 0.02 0.03 ± 0.00 0.03 ± 0.01 0.73 ± 0.07 0.44 ± 0.04

SP 62 ≥4j, ≥2b, p125T , m0
T2 0.14 ± 0.03 0.05 ± 0.02 0.03 ± 0.00 0.53 ± 0.06 0.82 ± 0.09

SP 63 ≥4j, ≥2b, p125T , m30
T2 0.51 ± 0.11 0.20 ± 0.06 0.11 ± 0.03 0.57 ± 0.05 6.4 ± 0.6

Table 9. The expected signal yields for the SUSY simplified model signals considered are shown

for each search region bin in the all-hadronic categories of the SP analysis. The bin names give a

short-form description of the search region bin definition which are given in full in table 3. The

labels p0
T
, p75

T
, and p125

T
refer to bins defined by the requirement that pγγ

T
/mγγ is less than 0.6,

between 0.6 and 1.0, and greater than 1.0, respectively. The labels m0

T2
and m30

T2
refer to bins

defined by the requirement that mT2 is less than and greater than 30GeV, respectively. The labels

for the different signal models are explained in detail in the caption of table 8.
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Category HH ZH WH (200,1) b̃ (450,1) b̃ (450,300)

region bin

EWP 0 Two-Lepton 0.2 ± 0.01 1.6 ± 0.1 0.0 ± 0.000 0.2 ± 0.1 0.1 ± 0.03

EWP 1 Muon High-pT 4.5 ± 0.2 1.5 ± 0.1 3.3 ± 0.2 4.4 ± 1.8 0.9 ± 0.4

EWP 2 Muon Low-pT 1.6 ± 0.04 0.6 ± 0.02 1.7 ± 0.05 0.6 ± 0.2 1.8 ± 0.7

EWP 3 Electron High-pT 4.0 ± 0.2 1.5 ± 0.1 2.7 ± 0.1 3.2 ± 1.3 0.8 ± 0.3

EWP 4 Electron Low-pT 0.5 ± 0.01 0.2 ± 0.01 0.9 ± 0.04 0.1 ± 0.03 0.7 ± 0.3

EWP 5 Electron Low-pT 0.3 ± 0.01 0.1 ± 0.01 0.2 ± 0.02 0.2 ± 0.1 0.2 ± 0.1

EWP 6 Electron Low-pT 0.3 ± 0.01 0.2 ± 0.004 0.3 ± 0.02 0.1 ± 0.04 0.4 ± 0.2

EWP 7 Hbb̄ High-pT 11.9 ± 0.5 3.4 ± 0.2 0.2 ± 0.01 4.3 ± 4.3 4.7 ± 1.9

EWP 8 Hbb̄ High-pT 9.1 ± 0.6 2.5 ± 0.2 0.1 ± 0.005 30.1 ± 12.1 2.2 ± 0.8

EWP 9 Hbb̄ Low-pT 1.9 ± 0.2 0.6 ± 0.05 0.1 ± 0.003 0.8 ± 1.0 6.5 ± 2.8

EWP 10 Hbb̄ Low-pT 1.2 ± 0.1 0.4 ± 0.04 0.03 ± 0.002 3.7 ± 1.5 2.4 ± 1.0

EWP 11 Zbb̄ High-pT 3.2 ± 0.3 1.7 ± 0.2 0.3 ± 0.02 0.6 ± 0.6 1.9 ± 0.8

EWP 12 Zbb̄ High-pT 1.3 ± 0.2 0.6 ± 0.1 0.1 ± 0.01 4.8 ± 2.2 0.4 ± 0.2

EWP 13 Zbb̄ High-pT 2.5 ± 0.1 1.1 ± 0.1 0.1 ± 0.02 2.3 ± 2.2 1.0 ± 0.4

EWP 14 Zbb̄ Low-pT 1.7 ± 0.2 0.8 ± 0.1 0.2 ± 0.01 0.1 ± 0.1 3.7 ± 1.5

EWP 15 Zbb̄ Low-pT 0.6 ± 0.2 0.2 ± 0.04 0.02 ± 0.002 0.6 ± 0.3 0.8 ± 0.4

EWP 16 Zbb̄ Low-pT 1.0 ± 0.05 0.4 ± 0.02 0.04 ± 0.01 0.3 ± 0.3 1.5 ± 0.6

EWP 17 High-pT 5.3 ± 1.6 5.5 ± 0.6 7.2 ± 0.5 0.3 ± 0.2 1.4 ± 0.7

EWP 18 High-pT 1.8 ± 0.1 0.8 ± 0.05 0.5 ± 0.03 0.01 ± 0.1 0.3 ± 0.1

EWP 19 High-pT 6.0 ± 1.4 4.0 ± 0.7 3.6 ± 0.2 0.6 ± 0.4 1.4 ± 0.6

EWP 20 High-pT 42.1 ± 3.9 19.6 ± 1.8 9.1 ± 0.8 40.1 ± 15.8 6.1 ± 2.4

EWP 21 High-pT 4.9 ± 0.2 2.3 ± 0.1 1.4 ± 0.1 0.03 ± 0.04 0.9 ± 0.4

EWP 22 High-pT 7.3 ± 1.2 4.2 ± 0.6 3.0 ± 0.2 1.5 ± 1.4 1.3 ± 0.5

EWP 23 High-Res 1.1 ± 1.2 1.0 ± 0.4 3.0 ± 0.6 0.03 ± 0.02 2.2 ± 1.2

EWP 24 High-Res 1.5 ± 0.5 0.9 ± 0.2 1.1 ± 0.1 0.03 ± 0.01 1.4 ± 0.6

EWP 25 High-Res 0.6 ± 0.3 0.4 ± 0.1 0.6 ± 0.1 0.01 ± 0.2 0.6 ± 0.3

EWP 26 High-Res 13.7 ± 2.1 6.5 ± 1.0 4.4 ± 0.7 4.1 ± 1.7 10.4 ± 4.4

EWP 27 High-Res 0.5 ± 0.1 0.3 ± 0.04 0.2 ± 0.03 0.0 ± 0.000 0.4 ± 0.2

EWP 28 High-Res 0.8 ± 0.2 0.5 ± 0.1 0.6 ± 0.1 0.1 ± 0.2 0.9 ± 0.4

EWP 29 Low-Res 0.7 ± 0.7 0.7 ± 0.3 1.9 ± 0.5 0.02 ± 0.01 1.5 ± 0.8

EWP 30 Low-Res 1.0 ± 0.3 0.5 ± 0.1 0.7 ± 0.2 0.02 ± 0.01 1.0 ± 0.5

EWP 31 Low-Res 0.5 ± 0.4 0.3 ± 0.2 0.4 ± 0.1 0.01 ± 0.003 0.5 ± 0.3

EWP 32 Low-Res 8.4 ± 2.2 4.1 ± 1.0 3.0 ± 0.8 2.7 ± 1.3 7.1 ± 3.6

EWP 33 Low-Res 0.4 ± 0.1 0.2 ± 0.05 0.2 ± 0.04 0.002 ± 0.001 0.2 ± 0.1

EWP 34 Low-Res 0.6 ± 0.2 0.3 ± 0.1 0.4 ± 0.1 0.01 ± 0.01 0.6 ± 0.3

Table 10. The expected signal yields for the SUSY simplified model signals considered are shown

for each search region bin of the EWP analysis. The category that each search region bin belongs

to is also indicated in the table. The search region bins definitions are summarized in table 1. The

labels for the different signal models are explained in detail in the caption of table 8.

The resonant background from standard model Higgs boson production is estimated from

simulation. The results are interpreted in terms of exclusion limits on the production cross

section of simplified models of bottom squark pair production and chargino-neutralino

production. As a result of the improvements in the event categorization and the larger

data set, we extend the mass limits over the previous best results [8] by about 100GeV

for bottom squark pair production and about 50GeV for chargino-neutralino production.
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We exclude bottom squark pair production for bottom squark masses below 530GeV for

a lightest neutralino mass of 1GeV; wino-like chargino-neutralino production, for chargino

and neutralino (χ̃01) masses of up to 235GeV and a gravitino (G̃) mass of 1GeV; and

higgsino-like chargino-neutralino production, for chargino and neutralino (χ̃01) masses of

up to 290 and 230GeV for the cases where the branching fraction of the lightest neutralino

χ̃
0
1 → HG̃ decay is 100%, and where the branching fractions of the χ̃

0
1 → HG̃ and χ̃

0
1 → ZG̃

decays are both 50%, respectively.
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A Additional simplified model interpretations

While the EWP and SP analyses have greater expected sensitivity to electroweak and

strong SUSY production, respectively, both analyses do have sensitivity to both production

modes. In this appendix, we present limits obtained from the EWP and SP analyses for

the simplified models that were not shown in section 8.

The upper plot of figure 6 shows the limits for sbottom pair production obtained using

the EWP analysis, as a function of the bottom squark mass and the LSP mass.

For the wino-like chargino-neutralino production, the limits obtained using the SP

analysis are shown in the lower plot of figure 6 as a function of the chargino mass and the

LSP mass. Figure 7 shows the limits for the higgsino-like chargino-neutralino production

simplified models obtained using the SP analysis as a function of the chargino mass for the

case where the branching fraction of the χ̃
0
1 → HG̃ decay is 100% on the left, and for the

case where the branching fraction of the χ̃
0
1 → HG̃ and χ̃

0
1 → ZG̃ decays are both 50% on

the right.
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Figure 6. The observed 95% CL upper limits on the bottom squark pair production cross section for

the EWP analysis (upper plot), and on the wino-like chargino-neutralino production cross section

for the SP analysis (lower plot), are shown. The bold and light solid black contours represent the

observed exclusion region and the ±1 standard deviation (s.d.) band, including both experimental

and theoretical uncertainties. The analogous red dotted contours represent the expected exclusion

region and its ±1 s.d. band.
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Figure 7. The observed 95% CL upper limits on the production cross section for higgsino-like

chargino-neutralino production are shown for the SP analysis. The charginos and neutralinos un-

dergo several cascade decays producing either Higgs bosons (left plot), or a Higgs boson and a Z

boson (right plot). We present limits in the scenario where the branching fraction of χ̃0
1
→ HG̃ decay

is 100% (left plot), and where the χ̃
0
1
→ HG̃ and χ̃

0
1
→ ZG̃ decays are each 50% (right plot). The

dotted and solid black curves represent the expected and observed exclusion region, and the green

dark and yellow light bands represent the ±1 and ±2 standard deviation regions, respectively. The

red solid and dotted lines show the theoretical production cross section and its uncertainty band.
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[20] T. Sjöstrand et al., An introduction to PYTHIA 8.2, Comput. Phys. Commun. 191 (2015)

159 [arXiv:1410.3012] [INSPIRE].

[21] P. Skands, S. Carrazza and J. Rojo, Tuning PYTHIA 8.1: the Monash 2013 Tune, Eur.

Phys. J. C 74 (2014) 3024 [arXiv:1404.5630] [INSPIRE].

[22] CMS collaboration, Extraction and validation of a new set of CMS PYTHIA8 tunes from

underlying-event measurements, arXiv:1903.12179 [INSPIRE].

[23] NNPDF collaboration, Parton distributions for the LHC Run II, JHEP 04 (2015) 040

[arXiv:1410.8849] [INSPIRE].

[24] NNPDF collaboration, Parton distributions from high-precision collider data, Eur. Phys. J.

C 77 (2017) 663 [arXiv:1706.00428] [INSPIRE].

– 27 –

https://doi.org/10.1016/j.physletb.2017.12.069
https://arxiv.org/abs/1709.00384
https://inspirehep.net/search?p=find+EPRINT+arXiv:1709.00384
https://doi.org/10.1103/PhysRevD.100.012006
https://arxiv.org/abs/1812.09432
https://inspirehep.net/search?p=find+EPRINT+arXiv:1812.09432
https://arxiv.org/abs/1908.03122
https://inspirehep.net/search?p=find+EPRINT+arXiv:1908.03122
https://doi.org/10.1103/PhysRevD.98.092002
https://doi.org/10.1103/PhysRevD.98.092002
https://arxiv.org/abs/1806.04030
https://inspirehep.net/search?p=find+EPRINT+arXiv:1809.04030
https://doi.org/10.1088/1748-0221/12/01/P01020
https://arxiv.org/abs/1609.02366
https://inspirehep.net/search?p=find+EPRINT+arXiv:1609.02366
https://doi.org/10.1088/1748-0221/3/08/S08004
https://inspirehep.net/search?p=find+J+%22JINST,3,S08004%22
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://arxiv.org/abs/1405.0301
https://inspirehep.net/search?p=find+EPRINT+arXiv:1405.0301
https://doi.org/10.1103/PhysRevLett.114.191803
https://doi.org/10.1103/PhysRevLett.114.191803
https://arxiv.org/abs/1503.07589
https://inspirehep.net/search?p=find+EPRINT+arXiv:1503.07589
https://doi.org/10.1007/JHEP11(2017)047
https://arxiv.org/abs/1706.09936
https://inspirehep.net/search?p=find+EPRINT+arXiv:1706.09936
https://arxiv.org/abs/1610.07922
https://inspirehep.net/search?p=find+EPRINT+arXiv:1610.07922
https://doi.org/10.1007/JHEP12(2012)061
https://arxiv.org/abs/1209.6215
https://inspirehep.net/search?p=find+EPRINT+arXiv:1209.6215
https://doi.org/10.1140/epjc/s10052-007-0490-5
https://arxiv.org/abs/0706.2569
https://inspirehep.net/search?p=find+EPRINT+arXiv:0706.2569
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://arxiv.org/abs/1410.3012
https://inspirehep.net/search?p=find+EPRINT+arXiv:1410.3012
https://doi.org/10.1140/epjc/s10052-014-3024-y
https://doi.org/10.1140/epjc/s10052-014-3024-y
https://arxiv.org/abs/1404.5630
https://inspirehep.net/search?p=find+J+%22Eur.Phys.J.,C74,3024%22
https://arxiv.org/abs/1903.12179
https://inspirehep.net/search?p=find+EPRINT+arXiv:1903.12179
https://doi.org/10.1007/JHEP04(2015)040
https://arxiv.org/abs/1410.8849
https://inspirehep.net/search?p=find+EPRINT+arXiv:1410.8849
https://doi.org/10.1140/epjc/s10052-017-5199-5
https://doi.org/10.1140/epjc/s10052-017-5199-5
https://arxiv.org/abs/1706.00428
https://inspirehep.net/search?p=find+EPRINT+arXiv:1706.00428


J
H
E
P
1
1
(
2
0
1
9
)
1
0
9
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T. Lampén, K. Lassila-Perini, S. Laurila, S. Lehti, T. Lindén, P. Luukka, T. Mäenpää,
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MTA-ELTE Lendület CMS Particle and Nuclear Physics Group, Eötvös Loránd
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A. Braghieria, D. Fiorinaa,b, P. Montagnaa,b, S.P. Rattia,b, V. Rea, M. Ressegottia,b,

C. Riccardia,b, P. Salvinia, I. Vaia, P. Vituloa,b

– 36 –



J
H
E
P
1
1
(
2
0
1
9
)
1
0
9

INFN Sezione di Perugia a, Università di Perugia b, Perugia, Italy
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H. Bialkowska, M. Bluj, B. Boimska, M. Górski, M. Kazana, M. Szleper, P. Zalewski

Institute of Experimental Physics, Faculty of Physics, University of Warsaw,

Warsaw, Poland

K. Bunkowski, A. Byszuk35, K. Doroba, A. Kalinowski, M. Konecki, J. Krolikowski,

M. Misiura, M. Olszewski, M. Walczak
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Centro de Investigaciones Energéticas Medioambientales y Tecnológicas

(CIEMAT), Madrid, Spain
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