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Abstract

A search is reported for pairs of light Higgs bosons (H1) produced in supersymmet-
ric cascade decays in final states with small missing transverse momentum. A data
set of LHC pp collisions collected with the CMS detector at

√
s = 13 TeV and corre-

sponding to an integrated luminosity of 138 fb−1 is used. The search targets events
where both H1 bosons decay into bb pairs that are reconstructed as large-radius jets
using substructure techniques. No evidence is found for an excess of events beyond
the background expectations of the standard model (SM). Results from the search
are interpreted in the next-to-minimal supersymmetric extension of the SM, where a
“singlino” of small mass leads to squark and gluino cascade decays that can predom-
inantly end in a highly Lorentz-boosted singlet-like H1 and a singlino-like neutralino
of small transverse momentum. Upper limits are set on the product of the squark or
gluino pair production cross section and the square of the bb branching fraction of
the H1 in a benchmark model containing almost mass-degenerate gluinos and light-
flavour squarks. Under the assumption of an SM-like H1 → bb branching fraction,
H1 bosons with masses in the range 40–120 GeV arising from the decays of squarks or
gluinos with a mass of 1200 to 2500 GeV are excluded at 95% confidence level.
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1 Introduction
This paper presents a search for pairs of light Higgs bosons (H1) produced in supersymmetric
(SUSY) [1–8] cascade decays in final states with small missing transverse momentum (pmiss

T ).
Such events can arise from the pair production of squarks (q̃) and gluinos (g̃) in the next-to-
minimal supersymmetric extension of the standard model (SM) [9] when the lightest SUSY
particle (LSP) is a singlino-like neutralino (χ̃0

S) of small mass [10]. The χ̃0
S mass eigenstate is

dominated by the singlino component and has only small couplings to other SUSY particles,
suppressing direct squark or gluino decays to the χ̃0

S. Squarks and gluinos decay via the next-
to-LSP χ̃0

2 into a χ̃0
S and a Higgs, Z, or W boson [10, 11]. The case of a singlet-like CP-even H1,

shown in Fig. 1, is the focus of this search. When the χ̃0
S has a far smaller mass than the H1 and

the phase space for the decay χ̃0
2 → H1 + χ̃0

S is small, the H1 carries much larger momentum
than the χ̃0

S. In such pmiss
T -suppressed scenarios, the key signature for the pair production of

squarks and gluinos is a pair of Lorentz-boosted H1 bosons.
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Figure 1: Diagram of squark pair production and subsequent cascade decay in the benchmark
signal model. The particle χ̃0

2 is the next-to-LSP, χ̃0
S is the singlino-like LSP, and H1 is the CP-

even singlet-like Higgs boson.

This search targets events with two highly boosted H1 bosons that decay into bb pairs that
are reconstructed as large-radius jets using substructure techniques. This is the first search
at the LHC to focus on this type of event, where particles invisible to the detector have only
small transverse momentum (pT) and therefore the events are not selected by searches requiring
significant pmiss

T [10, 12]. Previous searches by the ATLAS and CMS experiments with similar
final states have considered events with two boosted SM Higgs bosons and large values of
pmiss

T [13, 14], or two SM Higgs bosons in resolved final states where each of the four b quarks
is reconstructed as a separate jet, with either small [15] or large [14–17] values of pmiss

T . This
search uses data from pp collisions collected by the CMS detector at

√
s = 13 TeV during 2016–

2018, corresponding to an integrated luminosity of 138 fb−1 [18–20].

2 Benchmark signal model
A benchmark signal model is established following the work of Ellwanger and Teixeira [10,
11]. The eight first- and second-generation squarks are assumed mass-degenerate at the mass
mSUSY, and the gluino mass is set at 1% larger. The small gluino-squark mass gap means that
the kinematics of the final-state particles are very similar in the q̃q̃ , q̃ g̃ , and g̃g̃ production
modes, as little momentum is transferred to the quark in the g̃ → q̃ + q decay. All SUSY
particles other than gluinos and those shown in Fig. 1 are assumed decoupled.
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This search targets squarks and gluinos with mSUSY > 1200 GeV. Less massive squarks and
gluinos can be probed by pmiss

T -based searches, owing to their larger pair-production cross sec-
tions [12]. Smaller mSUSY values can also lead to smaller pT of the H1 than is necessary for
the bb pair to be merged in a single jet. The cross sections (σ) for the signal probed in this
search, calculated at next-to-leading order (NLO) accuracy in the strong coupling constant (αS)
including approximate next-to-NLO (NNLO) corrections and next-to-next-to-leading logarith-
mic (NNLL) soft gluon corrections [21–29], are shown in Table 1.

Table 1: Inclusive pair-production cross sections calculated at approximately NNLO and NNLL
in αS [21–29] for squark mass mSUSY and gluino mass 1% larger. The quoted uncertainty is
obtained from variations in the choice of scales, parton distribution functions, and αS.

mSUSY [GeV] σ(pp → q̃ q̃ , q̃ g̃ , g̃ g̃) [fb] Uncertainty

1200 580 8%
1600 69 9%
2000 10 11%
2200 4.1 13%
2400 1.6 14%
2600 0.67 16%
2800 0.27 18%

The values considered of the H1 mass (mH1
) and the corresponding H1 → bb branching frac-

tions (B) are shown in Table 2. Only events where both H1 bosons decay into bb pairs are
used as signal. The B values are chosen to be those of an SM-like Higgs boson (HSM) of the
corresponding mass [10], as calculated using HDECAY 6.61 [30, 31]. The B values decrease for
larger H1 masses as the virtual WW∗ and ZZ∗ decay channels, both of which have sizeable
leptonic branching fractions, become more accessible. The region mH1

< mZ is therefore where
the pmiss

T -suppressed all-jet signature is of greatest experimental importance. Nevertheless, to
preserve generality, this search attempts to probe as much of the region mH1

< 125 GeV as
possible.

Table 2: The mH1
values in this search and corresponding H1 → bb branching fractions.

mH1
[GeV] 30 35 40 50 60 70 80 90 100 110 120 125

B(H1 → bb) 0.86 0.86 0.86 0.86 0.85 0.84 0.83 0.81 0.79 0.75 0.65 0.58

In addition to mH1
and mSUSY, there are two other unknown masses in the benchmark model:

those of the χ̃0
S and the χ̃0

2. The corresponding degrees of freedom are parameterised by Rm ≡
mH1

/m
χ̃0

2
and ∆m ≡ m

χ̃0
2
− mH1

− mχ̃0
S
. The pmiss

T -suppressed signature arises for values of

Rm close to unity, provided ∆m > 0 to permit the χ̃0
2 → H1 + χ̃0

S decay. In this case, the
phase space for the χ̃0

2 decay is small and the χ̃0
S has much smaller mass than the H1, so the

χ̃0
S always carries much less momentum than the H1. The pmiss

T -suppressed signature probed
in this search is representative of a significant part of the model parameter space since the
momenta of reconstructed objects do not exhibit a strong dependence on Rm and ∆m in the
region Rm > 0.9. Models with smaller Rm can be probed by pmiss

T -based searches [10, 12]. For
the benchmark model, the values Rm = 0.99 and ∆m = 0.1 GeV are assumed.

Branching fractions of unity are assumed for the decays q̃ → q + χ̃0
2 and χ̃0

2 → H1 + χ̃0
S. In the

Rm and ∆m region of the benchmark model, this is true except where m
χ̃0

2
> mZ + mχ̃0

S
. In that

case, the χ̃0
2 → Z + χ̃0

S decay is permitted if the χ̃0
2 has a higgsino component [11]. However,
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the χ̃0
2 is expected to be mainly bino-like for relevant values of its mass [10]. For configurations

where the H1 mass is close to that of the HSM, the decay χ̃0
2 → HSM + χ̃0

S is also possible. The
signatures for such H1 and HSM bosons are indistinguishable in this search. The assumption
that the branching fraction for χ̃0

2 → H1 + χ̃0
S decay is 100% can therefore be relaxed to the

assumption that the branching fractions to H1 and HSM sum to unity.

3 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. A silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter, and a brass and scintillator hadron calorimeter, each composed
of a barrel and two endcap sections, reside within the solenoid volume. Forward calorimeters
extend the pseudorapidity (η) coverage provided by the barrel and endcap detectors. Muons
are measured in gas-ionisation detectors embedded in the steel flux-return yoke outside the
solenoid. Events of interest are selected using a two-tiered trigger system. The first level,
composed of custom hardware processors, uses information from the calorimeters and muon
detectors to select events at a rate of around 100 kHz within a fixed latency of about 4 µs [32].
The second level, known as the high-level trigger, consists of a farm of processors running a
version of the full event reconstruction software optimised for fast processing, and reduces the
event rate to around 1 kHz before data storage [33]. A more detailed description of the CMS
detector, together with a definition of the coordinate system and the kinematic variables, can
be found in Ref. [34].

4 Event simulation
The primary background in this search originates from multijet production. Simulated multi-
jet events are used to validate the multijet background estimation based on data (described in
Section 6), but are not used for any of the final predictions. The remaining significant back-
ground is from events with vector bosons that decay into quark-antiquark pairs. Simulated
events are used to determine the contributions from tt, Z+jets, and W+jets production. The
expected yields from all other SM sources of background are found to be negligible.

The multijet, Z+jets, and W+jets processes are simulated at leading order (LO) in perturbative
quantum chromodynamics (QCD) using MADGRAPH5 aMC@NLO 2.4.2 [35] with up to four
additional partons at the matrix element (ME) level. Simulated signal events for each pair of
mH1

and mSUSY values of the benchmark model are generated at LO at the ME level with up to
one additional parton using MADGRAPH5 aMC@NLO 2.3.3. The MLM [36] prescription is used
to match partons from the LO ME calculations to those from the parton showers. Simulated tt
events are produced at NLO in QCD at the ME level with the POWHEG v2.0 [37–40] generator.
The NNPDF2.3, NNPDF3.0, and NNPDF3.1 [41–44] parton distribution functions (PDFs) are
used for the signal, 2016 background, and 2017–2018 background simulations, respectively. The
parton shower and hadronisation are performed via PYTHIA 8.2 [45]. The CUETP8M1 [46, 47]
tune is used for the signal and 2016 background simulations, while the CP5 tune [48] is used
for the 2017 and 2018 background simulations. The cross section used to normalise the tt
simulation is calculated at NNLO+NNLL in QCD [49], and those for Z+jets and W+jets are cal-
culated at NNLO in QCD [50–52]. Additional pp interactions within the same or nearby bunch
crossings (pileup) are simulated for all events according to the distribution of the number of
interactions observed in each bunch crossing [53]. The interactions of particles with the CMS
detector are simulated using GEANT4 [54].
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5 Object reconstruction and event selection
The data are collected using triggers based on the scalar sum of jet pT (HT), with a require-
ment of HT > 900 GeV (2016) and HT > 1050 GeV (2017 and 2018). Events are reconstructed
offline using a particle-flow (PF) algorithm [55] that reconstructs and identifies each individual
particle (PF candidate) in an event using an optimised combination of information from the
components of the CMS detector.

Jets are reconstructed by clustering the PF candidates using the anti-kT clustering algorithm [56],
as implemented in the FASTJET package [57]. A distance parameter of 0.4 or 0.8 is used for
standard- and large-radius jets, referred to as AK4 and AK8 jets, respectively. The jet momen-
tum is defined as the vectorial sum of all particle momenta in the jet. To mitigate the effect
of pileup, constituent charged PF candidates identified to be originating from vertices other
than the primary pp interaction vertex are not used in the clustering algorithm. The primary
vertex is taken to be the vertex corresponding to the hardest scattering in the event, evaluated
using tracking information alone, as described in Section 9.4 of Ref. [58]. For AK4 jets, an offset
correction is applied to correct for remaining pileup contributions. For AK8 jets, the pileup-per-
particle identification algorithm [59, 60] is used to rescale the momenta of constituent neutral
particles according to the probability they originated from the primary vertex. This probability
is based on a local shape variable that distinguishes between collinear and soft diffuse distribu-
tions of the surrounding charged particles that are compatible with the primary vertex. For all
jets, jet energy corrections are derived from simulation to bring the measured average response
of jets to that of particle-level jets. In situ measurements of the momentum balance in dijet,
photon+jet, Z+jet, and multijet events are used to account for any residual differences in jet en-
ergy scale and resolution between data and simulation [61, 62]. Additional criteria are imposed
to reject jets from spurious sources, such as electronics noise and detector malfunctions [63, 64].

The identification of AK8 jets originating from two collimated b quarks (double-b tagging)
is integral to the reconstruction of the H1. A discriminant is calculated for each jet using a
double-b tagging algorithm that combines tracking and vertexing information in a multivariate
approach with no strong dependence on jet mass or pT [65].

The event preselection requires two AK8 jets with pT > 170 GeV and |η| < 2.4 (so that they
are within the acceptance of the tracker). If there are more than two candidate AK8 jets, the
two with the largest double-b tag discriminants are selected as most likely to have originated
from H1 → bb decays. For the offline analysis, HT is defined as the scalar pT sum of all AK4
jets with pT > 40 GeV and |η| < 3.0, including AK4 jets with PF candidates clustered into
AK8 jets. The HT distributions for various simulated signal and background processes are
shown in Fig. 2, after implementing all preselection requirements. Since the final state contains
only jets, the average signal event HT depends significantly on mSUSY, and signal events with
mSUSY > 1200 GeV tend to have HT > 1500 GeV.

Additional requirements based on the expected kinematic properties of signal events are ap-
plied after the preselection. They define the kinematic event selection:

1. Both selected AK8 jets must have pT > 300 GeV and |η| < 2.4, characteristic of the jets
originating from H1 → bb decay in signal events.

2. There must be at least one AK4 jet with pT > 300 GeV and |η| < 3.0, characteristic of
the quarks from squark decays in signal events. Such jets must be separated by ∆R ≡√
(∆φ)2 + (∆η)2 > 1.4 from both selected AK8 jets, to avoid being constructed from the

same PF candidates.
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Figure 2: The HT distribution in signal events with different values of mSUSY, and in the sim-
ulated SM backgrounds, normalised to unit area. The uncertainties are statistical. All events
satisfy the preselection.

3. The event HT must exceed 1500 GeV.

Although the offline HT resolution is better than that of the trigger-level variable, the offline
HT threshold is comfortably above the trigger-level HT requirements. The trigger efficiency for
this analysis is measured using events collected with a single muon trigger with a muon pT
threshold between 24 and 27 GeV. The efficiency for each data-taking year is nearly 100%. For
the 2018 data, the |η| selection for the AK4 jets is reduced from 3.0 to 2.4 to avoid a region of
the endcap electromagnetic calorimeters affected by large losses in crystal transparency, and
therefore increased energy-equivalent electronics noise [66]. This change has a negligible effect
on signal acceptance for all considered masses.

The fraction of signal events that satisfy the kinematic selection is essentially independent of
mH1

. It increases from about 60 to 80% as mSUSY increases from 1200 to 2000 GeV, after which it
remains approximately constant.

5.1 Double-b tag based event selection

The two AK8 jets that are classified as the H1 → bb candidates in each event are randomly
assigned the labels “A” and “B”. Their double-b tag discriminants define a two-dimensional
(2D) parameter space, shown with simulated signal and multijet event distributions in Fig. 3.
The signal events are expected to contain two H1 → bb decays and therefore accumulate in
the region where both double-b tag discriminants are large. The signal-enhanced tag region
(TR) is defined as the region where the sum of the two double-b tag discriminants exceeds 1.3,
illustrated by the shaded triangle in Fig. 3. Two additional regions are defined in Fig. 3 for
use in the multijet background estimation and validation: the control region (CR), a multijet-
dominated region with negligible signal; and the validation region (VR), a more signal-like
region where one of the two jets has a large double-b tag discriminant. The VR is defined
sufficiently far from the TR for the signal contamination to be negligible.

About 50% of the signal events that satisfy the kinematic selection populate the TR, with vari-
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Figure 3: Distributions of simulated signal and multijet events in the 2D double-b tag dis-
criminant plane, where the fractions of events in each bin are represented by the areas of the
filled red and open blue squares, respectively. The signal parameters are mH1

= 70 GeV and
mSUSY = 2000 GeV. The kinematic selection is implemented with the masses of the two AK8
jets required to be within the set of signal and sideband mass regions defined in Section 5.2.
The green, yellow, and orange shaded areas represent the tag region (TR), control region (CR),
and validation region (VR), respectively. Of the plotted signal events, 65% fall within the TR.

ation at the level of ±10% across the mH1
and mSUSY parameter space considered. Since the

multijet background is dominated by light-flavour quark and gluon initiated jets, only about
3% of these events populate the TR. For the tt, Z+jets, and W+jets backgrounds, the corre-
sponding figures are 13, 6, and 3%, respectively.

5.2 Soft-drop mass based signal and sideband regions

In signal events, both selected AK8 jets are likely to originate from H1 → bb decays and
therefore have a jet mass close to mH1

. The multijet background has no resonant mass peak,
while the other backgrounds are only expected to exhibit peaks near the known top quark and
vector bosons masses, which means that an accurate reconstruction of the jet mass is impor-
tant in distinguishing signal from background. The AK8 jet masses are evaluated using the
“soft-drop” algorithm [67] (with a soft-drop threshold of zcut = 0.1 and angular exponent of
β = 0), in which wide-angle soft radiation is removed recursively from a jet. In signal events
this algorithm achieves a relative jet mass resolution from 10% for mH1

= 125 GeV to 20% for
mH1

= 30 GeV.

The soft-drop masses of the two AK8 jets define a 2D parameter space, shown in Fig. 4, in
which 10 signal regions (Si) and 10 sideband regions (Ui) are defined. The Si contain events
in which the two H1-candidate jets have approximately the same soft-drop mass. The width
of each Si corresponds to about four times the experimental soft-drop mass resolution for the
relevant simulated value of mH1

.
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Figure 4: Map of mass regions used in the 2D soft-drop mass plane. The regions labelled Si are
the signal mass regions, and the disjoint regions Ui form the corresponding sidebands.

The event distributions for a set of signal models with different mH1
values are shown in Fig. 5,

with the signal and sideband mass regions overlaid. The peaks in the signal distributions where
one or both AK8 jets have a soft-drop mass close to zero result from a selected jet originating
from a single parton or one of the H1 → bb decays lying outside the acceptance of the jet
reconstruction algorithm. The latter can happen when the angular separation of the b quarks
exceeds the AK8 jet distance parameter, or when the ratio of the b quark pT values is larger than
9 (such that the softer b quark would not satisfy the zcut threshold in the soft-drop algorithm).
For signal models with 40 < mH1

< 125 GeV,≈50% of the events that satisfy the kinematic and
TR selection fall within any of the Si. However, for mH1

< 35 GeV the bulk of the distribution
is lower in mass than S1, leading to a rapid decrease in signal acceptance.

The distributions of background events are also shown in Fig. 5. The majority of multijet events
contain at least one AK8 jet evaluated to have a small soft-drop mass, reflecting the characteris-
tic one-prong structure of quark and gluon jets. After applying the kinematic and TR selection
criteria, approximately 5% of multijet events fall within any of the Si, with greater probability
at small masses. For the vector boson and tt backgrounds the corresponding figures are 7 and
19%, respectively, concentrated in the Si corresponding to masses between the W boson and
top quark masses.

For each Si there are two corresponding sideband regions, Ui, used for the multijet background
estimation described in Section 6. The sideband regions U1 have a triangular form to avoid the
region of very small soft-drop masses, where the density from multijet events increases sharply.

5.3 Categorisation in HT and expected yields

The selected events are classified according to three HT categories: 1500–2500, 2500–3500, and
above 3500 GeV. Each HT category is divided into the 10 mass signal regions Si defined in
Fig. 4, resulting in a total of 30 search regions for each data-taking year. As can be seen in Fig. 6
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Figure 5: The normalised distribution of events in the 2D soft-drop mass plane overlaid by the
map of mass regions. The upper left, upper right, and middle left panels correspond to signal
events for mSUSY = 2000 GeV and mH1

values of 40, 70, and 125 GeV, respectively. The panels at
middle right, lower left, and lower right correspond to simulated multijet, tt , and vector boson
backgrounds, respectively. All events satisfy the TR requirement and the kinematic selection.
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for TR data summed over the three data-taking years, the search region yields can be visualised
through a 30-bin histogram where bins 1–10 represent the Si, in ascending order, for the first
HT category. The subsequent two sets of 10 bins represent the results for the second and third
HT categories. The primary background is from multijet events, estimated from data using the
method described in Section 6. The expected contribution from tt events is also significant,
particularly in the larger soft-drop mass regions populated by jets from hadronic top quark or
W boson decays. The tt simulation is validated in a dedicated tt-enriched control region in
data. In Fig. 4 this is the triangular region of the parameter space with both jet masses below
200 GeV and above the upper boundary of mass region 10. The yields from Z+jets and W+jets
production are small in comparison. All expected SM backgrounds tend to exhibit small values
of HT compared to signal.
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Figure 6: Observed and expected yields in the TR for each of the 30 search regions, summed
over the three data-taking years. The multijet background is estimated from data using the
method described in Section 6, while the other backgrounds are simulated. Example signal
distributions are shown for mH1

= 70 GeV and mSUSY = 1200, 2000, and 2800 GeV. The error
bars represent the statistical uncertainties and the hatched bands the systematic uncertainties.

The distributions in signal events for mH1
= 70 GeV and mSUSY = 1200, 2000 and 2800 GeV are

also shown in Fig. 6. Although the production cross section decreases quickly with increasing
mSUSY, the fraction of events in the larger-HT categories increases. Within each HT category, the
distribution of events in the 10 Si bins is described by a peak with a width of about three bins,
centred near the model value of mH1

.

6 Multijet background estimation from data
The mass sideband regions Ui form a basis for using data to estimate the multijet background.
The density of the multijet background is approximately uniform within each of the 10 mass
regions (spanning Si and Ui for each region i illustrated in Fig. 4). Apart from U1, each Ui is
constructed to have the same area as Si such that the corresponding multijet yields, respectively
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denoted Ûi and Ŝi, are approximately equal. The observed ratios of Si to Ui yields, Fi, are
measured in CR data. The Fi factors are found to be close to unity except for the F1 values
which are approximately 1.5.

The multijet background in the TR is estimated independently for each signal region Si:

ŜTR
i = Fi ÛTR

i , (1)

where ÛTR
i is the observed TR yield in sideband region Ui after subtracting the contributions

from the other simulated backgrounds. In rare cases where the prediction ŜTR
i is negative, it is

set equal to zero.

Since the Fi factors are measured and applied in different regions of double-b tag discriminant
space, any correlation between the soft-drop mass and the double-b tag discriminant of AK8
jets can bias the prediction of Eq. (1). Using a sample of data satisfying an alternative kinematic
event selection with the requirement for one or more AK4 jets inverted, the variation of Fi
between the TR and the CR is found to be less than 10%.

The overall accuracy of the multijet estimation is assessed through closure tests. First the
method is applied to simulated multijet events in the TR where, within statistical uncertain-
ties, the predicted yields are consistent with the simulated yields for each data-taking year.
Second the method is applied in the multijet-dominated VR data (defined in Fig. 3) by making
the appropriate modification to Eq. (1): ŜVR

i = Fi ÛVR
i . The resulting predicted and observed

VR yields are consistent within uncertainties, as shown in Fig. 7. Based on the results of the
closure tests, a systematic uncertainty of 15 (30%) is assigned in the lower two HT categories
(upper HT category).
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Figure 7: A comparison of the predicted and observed multijet yields in the validation region
(VR), after subtraction of the other simulated backgrounds. The prediction is made separately
for the three data-taking years, and the results are summed. The error bars on the data points
represent their statistical uncertainties. The uncertainties in the predicted yields (statistical and
systematic) are indicated by the hatched bands.
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7 Systematic uncertainties
The simulated events for signal and the tt, Z+jets, and W+jets backgrounds are affected by var-
ious systematic uncertainties. The efficiency for tagging (mistagging) a jet originating from two
b quarks (a light-flavour quark or gluon) is corrected to match that observed in data [65]. The
uncertainty in this correction corresponds to ≈ 10% in the simulated signal and background
yields. The uncertainties related to the jet energy corrections are applied to the jet properties
in bins of pT and η. These uncertainties affect the event HT, leading to an ≈ 4% migration of
events between adjacent HT categories. The uncertainty in the soft-drop mass scale in simu-
lation relative to data leads to a migration of events between adjacent Si and Ui regions of up
to 10%. The uncertainty in the simulated soft-drop mass resolution affects the widths of the
simulated mass peaks. This effect is larger for signal models with small mH1

and can reduce
the Si selection efficiency by up to 20%.

The systematic uncertainties are assumed to be fully correlated among the data-taking years
except for the 2016 double-b tagging uncertainties, which are assumed uncorrelated because
the CMS pixel detector was upgraded prior to 2017 data-taking. Changing these correlation
assumptions is found to have only a small effect on the final results. Systematic uncertainties
related to integrated luminosity, pileup, PDFs, renormalisation and factorisation scales, mod-
elling of initial-state radiation, and background cross sections were also evaluated, along with
the statistical uncertainties in the simulation, and were found to make negligible contributions
to the total uncertainty.

Systematic uncertainties in multijet yields arise from the systematic uncertainties in the Fi fac-
tors. As described in Section 6, an uncertainty of 15% is applied to the Fi in the lower two HT
categories and 30% in the upper HT category, uncorrelated among different Fi. Except in the
lowest HT category, the total uncertainty in the multijet yield is dominated by the statistical
uncertainty in ÛTR

i .

8 Results
Binned maximum likelihood fits to the data in all 30 search regions Si for each data-taking year
are carried out under background-only and signal+background hypotheses. The correspond-
ing sideband regions Ui are fitted simultaneously, thereby constraining the multijet contribu-
tions to the search region yields through Eq. (1). The likelihood functions are defined through
the product of 90× 2 Poisson distributions [68], one for each search region and one for each
sideband region, with additional constraint terms for the “nuisance” parameters that account
for the systematic uncertainties summarised in Section 7. Figure 8 compares the result of the
background-only fit to the yields in the search regions for the combination of 2016, 2017, and
2018 data. There is no evidence for deviations of the data from the fitted background. The
values and uncertainties of most nuisance parameters are unchanged in the fit, but the ones
corresponding to the Fi are constrained through Eq. (1) when the yields ŜTR

i and ÛTR
i are suffi-

ciently large.

Signal+background fits are used to set 95% confidence level (CL) upper limits on the product
σB2 for the mass points in the benchmark signal model. The limits are set using the modified
frequentist CLs criterion [69, 70], with the profile likelihood ratio as test statistic [68]. The
observed and expected 95% CL upper limits on σB2 are shown in Fig. 9, as functions of mH1
for constant mSUSY. The upper limits are weaker for models with mH1

< 35 GeV, for which the
signal-event distribution in the 2D soft-drop mass plane peaks outside the signal regions. The
limits have no significant dependence on mSUSY for models with mSUSY > 2000 GeV, whose
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Figure 8: Yields in all search regions after the background-only fit, summed over the three
data-taking years. Example signal contributions used in the signal+background fits are shown
for mSUSY = 2200 GeV, and mH1

= 50, 90, and 125 GeV. The error bars represent the statistical
uncertainties and the hatched bands the systematic uncertainties.

signal events mostly populate the upper HT category (as shown in Fig. 6).

The σB2 upper limits are used in conjunction with the theoretical σ and B values from Section 2
to exclude ranges of masses in mH1

and mSUSY in the benchmark model. The observed 95% CL
upper limits on r, the ratio of measured and theoretical values of σB2, are shown in Fig. 10, with
the corresponding exclusion contours at r = 1. Masses 1200 < mSUSY < 2500 GeV are excluded
within the range 40 < mH1

< 120 GeV. Expected exclusion contours for the background-
only scenario agree within one standard deviation with the observed contours. In the region
110 < mH1

< 125 GeV, B starts to decrease more quickly (as shown in Table 2), leading to a
corresponding reduction in sensitivity. Most of the sensitivity at large mSUSY comes from the
HT > 3500 GeV region, where the statistical uncertainties in the observed yields are dominant
over systematic uncertainties. This search does not explore the region outside of that shown in
Fig. 10.

To aid reinterpretation of the search by reducing the model-dependence, limits evaluated using
only the upper HT category are presented in Appendix A. Tabulated results are provided in the
HEPData record for this analysis [71].
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Figure 9: Upper limits at 95% CL on σB2 as a function of mH1
, for mSUSY values of 1200 (upper),

2000 (middle), and 2800 GeV (lower). The solid and dashed black lines indicate the observed
and median expected limits, respectively. The inner (green) band and the outer (yellow) band
indicate the regions containing 68 and 95%, respectively, of the distribution of limits expected
under the background-only hypothesis. The solid and dashed red lines show the theoretical
value of σB2 and its uncertainty [21–30]. In the upper plot, these σB2 values are beyond the
maximum of the vertical axis.
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Figure 10: The observed 95% CL upper limit on σB2/(σB2)theory, quantified by the colour scale
as a function of mH1

and mSUSY. The solid and dashed red lines indicate the observed excluded
region and its theoretical uncertainty, respectively. The solid and dashed black lines respec-
tively represent the expected excluded region and its 68% CL interval, under the background-
only hypothesis.

9 Summary
This paper presents a search for pairs of light Higgs bosons (H1) produced in supersymmetric
cascade decays. The targeted final states have small amounts of missing transverse momen-
tum and two H1 → bb decays that are reconstructed as large-radius jets using substructure
techniques. The search is based on data from pp collisions collected by the CMS experiment at√

s = 13 TeV during 2016–2018, corresponding to an integrated luminosity of 138 fb−1.

With no evidence found for an excess of events beyond the background expectations of the
standard model (SM), the results are interpreted in the next-to-minimal supersymmetric exten-
sion of the SM (NMSSM), where a “singlino” of small mass leads to squark and gluino cascade
decays that can predominantly end in a highly Lorentz-boosted singlet-like H1 and a singlino-
like neutralino of small transverse momentum.

Upper limits are set on the product of the production cross section and the square of the bb
branching fraction of the H1 for an NMSSM benchmark model with almost mass-degenerate
gluinos and light-flavour squarks and branching fractions of unity for the cascade decays end-
ing with the H1. Under the assumption of an SM-like H1 → bb branching fraction, H1 bosons
with masses in the range 40–120 GeV arising from the decays of squarks or gluinos with a mass
of 1200 to 2500 GeV are excluded at 95% confidence level.
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A Simplified analysis for reinterpretation
To aid reinterpretation of the search, a simplified analysis is performed using only the 10 search
regions in the upper HT category. The value Akin is defined as the product of acceptance and
efficiency for a signal event to satisfy the kinematic selection (defined in Section 5) and the
HT > 3500 GeV requirement. The value of Akin is common among all 10 search regions in the
simplified analysis, and is quoted for the benchmark signal model in Table A.1. Upper limits
on the product σB2 Akin as a function of mH1

are set in Fig. A.1, from which σB2 limits for
different signal models can be derived through division by the appropriate value of Akin. Since
the upper HT category provides most of the sensitivity for mSUSY > 2000 GeV in the nominal
analysis, the σB2 upper limits in this region are not much weaker in the simplified analysis.
This is not the case in the region mSUSY < 2000 GeV, where the lower HT categories become
important.

Table A.1: Reference values of the product of kinematic acceptance and efficiency (Akin) for the
HT > 3500 GeV region for the benchmark signal model with different values of mSUSY. These
values are independent of mH1

within 2% in the range 30 < mH1
< 125 GeV.

mSUSY [GeV] 1600 2000 2200 2400 2600 2800

Akin 0.17 0.46 0.58 0.66 0.71 0.74
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Figure A.1: The observed and expected 95% CL upper limit on the product of σB2 and Akin, the
kinematic acceptance and efficiency for the HT > 3500 GeV region, as a function of mH1

. The
results are independent of mSUSY within 10% in the range 1600 < mSUSY < 2800 GeV. The solid
and dashed black lines indicate the observed and median expected limits, respectively. The
inner (green) band and the outer (yellow) band indicate the regions containing 68 and 95%,
respectively, of the distribution of limits expected under the background-only hypothesis.

The double-b tag and mass region selections are not considered in Akin. This is done for sim-
plicity, and because the fraction of events satisfying these selections is not found to be strongly
model-dependent (except for the dependence on mH1

, which is accounted for explicitly in
Fig. A.1). For the benchmark model, this fraction is found to be independent of mSUSY within
10% in the region 1600 < mSUSY < 2800 GeV and 35 < mH1

< 125 GeV. This approximate
independence does not hold for models with mSUSY < 1600 GeV, where the H1 pT distribution
has substantial contributions below the pT necessary for the H1 → bb decay products to be
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merged in a single AK8 jet. Only models with typical bb angular separation ∆R < 0.8 should
be considered for reinterpretation.
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J. Schulz, M. Teroerde

RWTH Aachen University, III. Physikalisches Institut A, Aachen, Germany
A. Dodonova , D. Eliseev , M. Erdmann , P. Fackeldey , B. Fischer , T. Hebbeker ,

https://orcid.org/0000-0002-2056-7894
https://orcid.org/0000-0001-8692-5458
https://orcid.org/0000-0001-8399-3017
https://orcid.org/0000-0003-1260-973X
https://orcid.org/0000-0001-6645-6244
https://orcid.org/0000-0002-2387-4777
https://orcid.org/0000-0002-9380-8919
https://orcid.org/0000-0002-3532-8132
https://orcid.org/0000-0002-5191-5759
https://orcid.org/0000-0001-7040-9491
https://orcid.org/0000-0002-6552-7255
https://orcid.org/0000-0002-3364-916X
https://orcid.org/0000-0002-3244-0591
https://orcid.org/0000-0001-7369-2536
https://orcid.org/0000-0003-4807-0414
https://orcid.org/0000-0002-5200-6477
https://orcid.org/0000-0001-5871-9622
https://orcid.org/0000-0001-6066-8756
https://orcid.org/0000-0002-4023-7964
https://orcid.org/0000-0003-2898-6900
https://orcid.org/0000-0003-0392-8691
https://orcid.org/0000-0002-8398-4249
https://orcid.org/0000-0002-5502-1795
https://orcid.org/0000-0003-1370-5598
https://orcid.org/0009-0002-4847-8882
https://orcid.org/0000-0003-1609-3515
https://orcid.org/0000-0003-0510-3810
https://orcid.org/0000-0001-9337-5722
https://orcid.org/0000-0003-2039-5874
https://orcid.org/0000-0002-7073-7767
https://orcid.org/0000-0003-0386-8633
https://orcid.org/0000-0003-2340-4641
https://orcid.org/0000-0002-1133-5485
https://orcid.org/0000-0002-4359-836X
https://orcid.org/0000-0003-3278-3671
https://orcid.org/0000-0003-2040-4099
https://orcid.org/0009-0008-2784-615X
https://orcid.org/0000-0002-9860-101X
https://orcid.org/0000-0003-3090-9744
https://orcid.org/0000-0002-3932-5967
https://orcid.org/0000-0002-3872-3592
https://orcid.org/0000-0002-1343-8189
https://orcid.org/0000-0002-1024-4004
https://orcid.org/0000-0003-0269-1725
https://orcid.org/0000-0002-5388-5565
https://orcid.org/0000-0001-7803-6650
https://orcid.org/0000-0001-6402-4050
https://orcid.org/0000-0002-9481-5168
https://orcid.org/0000-0002-1119-6614
https://orcid.org/0000-0001-7435-2963
https://orcid.org/0000-0003-4368-9285
https://orcid.org/0000-0002-1194-8556
https://orcid.org/0000-0003-3629-6264
https://orcid.org/0000-0002-8597-647X
https://orcid.org/0000-0001-6027-4511
https://orcid.org/0000-0003-4386-0564
https://orcid.org/0000-0002-4087-8155
https://orcid.org/0000-0001-8710-992X
https://orcid.org/0000-0002-6669-1698
https://orcid.org/0000-0002-6762-3937
https://orcid.org/0009-0006-5692-5688
https://orcid.org/0000-0002-1275-7292
https://orcid.org/0009-0008-2093-8131
https://orcid.org/0000-0001-7561-5040
https://orcid.org/0000-0003-0985-913X
https://orcid.org/0000-0001-7305-7102
https://orcid.org/0000-0002-3836-1173
https://orcid.org/0000-0001-9580-683X
https://orcid.org/0000-0002-0632-2970
https://orcid.org/0000-0003-3735-2707
https://orcid.org/0000-0002-9892-4601
https://orcid.org/0000-0001-5187-3571
https://orcid.org/0000-0001-5381-4807
https://orcid.org/0000-0001-7098-5317
https://orcid.org/0000-0002-7214-0673
https://orcid.org/0000-0002-1178-1450
https://orcid.org/0000-0001-7476-0158
https://orcid.org/0009-0004-1837-0496
https://orcid.org/0000-0002-4535-5273
https://orcid.org/0000-0003-0249-3622
https://orcid.org/0000-0003-2797-7690
https://orcid.org/0000-0002-5230-8387
https://orcid.org/0000-0001-8955-1666
https://orcid.org/0000-0002-8545-0187
https://orcid.org/0000-0001-5821-291X
https://orcid.org/0000-0002-2431-3381
https://orcid.org/0000-0001-5680-599X
https://orcid.org/0000-0002-8036-9267
https://orcid.org/0000-0002-9923-8734
https://orcid.org/0009-0002-9897-8439
https://orcid.org/0000-0002-2939-5646
https://orcid.org/0000-0001-6768-7466
https://orcid.org/0000-0001-7556-2743
https://orcid.org/0000-0001-5790-1780
https://orcid.org/0000-0002-7204-1624
https://orcid.org/0000-0002-5524-880X
https://orcid.org/0000-0002-8679-3878
https://orcid.org/0000-0002-8402-3263
https://orcid.org/0000-0003-3437-7845
https://orcid.org/0000-0001-6185-2045
https://orcid.org/0000-0003-0885-824X
https://orcid.org/0000-0002-5349-9242
https://orcid.org/0000-0002-9253-8611
https://orcid.org/0000-0001-8646-4372
https://orcid.org/0009-0002-3901-2765
https://orcid.org/0000-0001-5377-3558
https://orcid.org/0000-0003-1661-9513
https://orcid.org/0000-0001-9813-8646
https://orcid.org/0000-0002-1546-7880
https://orcid.org/0000-0002-6839-0063
https://orcid.org/0000-0002-2722-7526
https://orcid.org/0000-0002-8117-5376
https://orcid.org/0000-0002-4745-5470
https://orcid.org/0000-0002-5892-1377
https://orcid.org/0000-0002-5115-8487
https://orcid.org/0000-0001-5844-8156
https://orcid.org/0000-0002-1653-1303
https://orcid.org/0000-0003-4932-7162
https://orcid.org/0000-0002-3900-3482
https://orcid.org/0000-0002-9736-266X


26

K. Hoepfner , F. Ivone , L. Mastrolorenzo, M. Merschmeyer , A. Meyer , G. Mocellin ,
S. Mondal , S. Mukherjee , D. Noll , A. Novak , A. Pozdnyakov , Y. Rath,
H. Reithler , A. Schmidt , S.C. Schuler, A. Sharma , L. Vigilante, S. Wiedenbeck ,
S. Zaleski

RWTH Aachen University, III. Physikalisches Institut B, Aachen, Germany
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INFN Sezione di Pisaa, Università di Pisab, Scuola Normale Superiore di Pisac, Pisa, Italy;
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Laboratório de Instrumentação e Fı́sica Experimental de Partı́culas, Lisboa, Portugal
M. Araujo , P. Bargassa , D. Bastos , A. Boletti , P. Faccioli , M. Gallinaro , J. Hollar ,
N. Leonardo , T. Niknejad , M. Pisano , J. Seixas , O. Toldaiev , J. Varela

VINCA Institute of Nuclear Sciences, University of Belgrade, Belgrade, Serbia
P. Adzic53 , M. Dordevic , P. Milenovic , J. Milosevic
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C. Amsler59 , P. Bärtschi , C. Botta , D. Brzhechko, M.F. Canelli , K. Cormier ,
A. De Wit , R. Del Burgo, J.K. Heikkilä , M. Huwiler , W. Jin , A. Jofre-
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