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Dark showers first time. The results show no significant excess over the standard model background expectation. Limits are set
SUEP on the production cross section of a Higgs boson that decays to a SUEP, for a range of parameters of the SUEP

Hidden valley

model. Material is provided to facilitate further interpretation of the results.

1. Introduction

The extensive searches at the CERN LHC have probed numerous fi-
nal states without direct evidence for physics beyond the standard model
(BSM). As many minimal BSM models have now been ruled out, more
unusual signatures that may have evaded previous searches are being
explored as possible explanations for questions unanswered by the stan-
dard model (SM). A well-motivated class of BSM models are hidden-
valley (HV) models [1-6], which can provide solutions to the dark mat-
ter puzzle [6] and the hierarchy problem [2]. The HV models extend the
SM with a non-Abelian gauge group, dark quantum chromodynamics
(QCD), and predict unconventional signatures including emerging [7]
or semivisible [8] jets. If the product of the running dark QCD cou-
pling and the number of dark QCD colors ('t Hooft coupling [9]) ex-
ceeds unity for a broad range of energies above the confinement scale,
collinear emission is no longer enhanced. This dark QCD showering pro-
duces low-momentum particles spherically distributed in the rest frame
of the initiating particle [3,10,11], a signature known as a soft unclus-
tered energy pattern (SUEP) [12,13]. In the considered phenomeno-
logical model [13], a heavy scalar mediator produces a SUEP shower
that is composed of multiple, identical dark mesons (¢p) that decay to
dark photons (A’), which in turn decay to visible SM particles, produc-
ing a signature of numerous low-momentum (soft) SM particles spread
broadly in the 5-¢ space.

The CMS Collaboration has previously searched for SUEPs from the
decays of heavy scalar mediators produced through gluon fusion [14].
A subsequent search by the ATLAS Collaboration targeted models with
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enhanced muon content in the final state [15]. The case in which the
mediator is the Higgs boson (H) is especially interesting, as it can be pro-
duced in multiple ways without increasing the complexity of the dark
sector. Production modes other than gluon fusion enable more efficient
triggering strategies [13]. This Letter investigates the hypothesis that
the scalar is the 125 GeV Higgs boson produced in association with a
massive vector boson, W or Z (V), which decays to leptons, as depicted
in Fig. 1. The analysis uses triggers based on these final-state electrons
and muons. This requirement significantly reduces the multijet back-
ground compared to the previous CMS search exploring gluon fusion
production [14], although it introduces the challenge of separating the
signal from the Drell-Yan (DY), W +jets, and top quark-antiquark pair
(tt) backgrounds.

2. The CMS detector

The CMS apparatus [16] is a multipurpose, nearly hermetic detector,
designed to trigger on [17-19] and identify electrons, muons, photons,
and (charged and neutral) hadrons [20-22]. A global “particle-flow”
(PF) algorithm [23] aims to reconstruct all individual particles in an
event, combining information provided by the all-silicon tracker and by
the crystal electromagnetic and brass-scintillator hadron calorimeters,
operating inside a 3.8 T superconducting solenoid, with data from the
gas-ionization muon detectors embedded in the flux-return yoke outside
the solenoid. The primary vertex (PV) is taken to be the vertex corre-
sponding to the hardest scattering in the event, evaluated using tracking
information alone (ref. [24], Section 9.4.1).
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Fig. 1. Schematic diagram of the 125GeV Higgs boson decaying to a SUEP
shower, produced in association with a leptonically decaying V boson.

3. Signal and background simulation

Simulated samples of the VH signal process are used to optimize
the analysis procedure, estimate the selection efficiency, and inter-
pret the results. The VH production process is simulated at leading
order (LO) with PYTHIA 8.240 [25] using the BSM Higgs boson li-
brary, with the Higgs boson mass set to 125GeV [25]. In simulation,
the Higgs boson decay produces a SUEP shower composed of multi-
ple dark mesons. The production of dark mesons in the SUEP shower
is simulated using a PYTHIA plugin based on ref. [13], which mod-
els the SUEP shower as an isotropic emission of dark mesons with
Boltzmann-distributed transverse momentum py. Each dark meson de-
cays to a pair of dark photons through an effective ¢pA"*"A’,, in-
teraction. The dark photons decay to visible SM particles through ki-
netic mixing with the SM photon [26,27]. Signal samples are normal-
ized to next-to-next-to-LO (NNLO) cross section predictions for Higgs
boson production [28]. The parameters probed in the model are the
mass of the dark meson My s the Boltzmann temperature Ty, and the
mass of the dark photon m,,. Two m,, values correspond to dominantly
leptonic (m, = 0.5GeV, A’ - ete™,utu~, and nt7n~, with branching
fractions B = 40,40, and 20%, respectively) or dominantly hadronic
(myr =0.7GeV, A’ > ete™,utu~, and whn~, with B = 15,15, and 70%,
respectively) decays. At m,, = 1.02GeV, the dark photon mixes with the
$(1020) meson and decays almost always to kaons. While this model is
fairly unique because of the narrow width of the ¢(1020) meson, we in-
clude a model with m,, = 1 GeV and 100% branching fraction to 7t~
as a generic proxy for a fully hadronic SUEP decay, as used in the pre-
vious CMS search [14]. The my values are varied between 1 and 8 GeV
with Ty, between mg /4 and 4m,, , following the constraints discussed
in ref. [29].

SM simulated samples are used in the validation of the background
estimation procedure. Multijet samples are produced at LO with PYTHIA.
The MADGRAPH5_aMC@NLO 2.6.5 [30] program is used for the simula-
tion of the DY, W, single top quark, and tt + V processes at next-to-LO
(NLO). The DY and W (tt + V) samples are produced with up to two
(one) additional partons at the matrix element level and the FxFx merg-
ing scheme is used [31]. The POWHEG BoOx v2 [32-36] is used for the
simulation of the tt and diboson processes at NLO.

All signal and background samples are produced using the NNPDF
3.1 parton distribution function (PDF) set [37] at next-to-NLO. The un-
derlying event, parton showering, and additional proton-proton (pp) in-
teractions in the same or adjacent bunch crossings (pileup) are simulated
with PYTHIA using the CP5 tune [38]. A realistic simulation of the re-
sponse of the CMS detector is performed with the GEANT4 package [39].

4. Object reconstruction and identification

Charged leptons are selected to target those produced from the de-
cay of a V boson rather than in the SUEP shower. Selected electrons
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must satisfy pp > 15GeV and pseudorapidity || < 2.5. A multivariate
analysis (MVA) discriminant that combines information from the recon-
structed electron and its isolation is used to reject poorly reconstructed
electrons and those coming from hadron decays [20]. Restrictions on
the transverse and longitudinal impact parameters of the electron tracks
are imposed to ensure consistency with the PV. Two different selections
based on the MVA discriminant are used, corresponding to selection
efficiencies of roughly 90% (loose) and 80% (tight). Selected muons
must have p; > 10GeV and |y| < 2.4. Additional identification criteria
are used to define loose (tight) muons [21], which are also required to
pass loose (very tight) relative PF isolation requirements, correspond-
ing to a selection efficiency of 98 (91)% [21]. Events with exactly one
(two) selected loose electrons or muons are assigned to the WH (ZH)
channel.

Hadronic jets are used to apply different event selection criteria. Af-
ter rejecting charged hadrons that do not originate from the PV, the
anti-k algorithm [40,41] with a distance parameter of R = 0.4 is used
to cluster the reconstructed particles into jets; subsequently, neutral
pileup contributions are subtracted [42]. Jets must have p; > 30GeV,
|n| < 2.5, and pass tight identification criteria designed to reduce noise
effects from the calorimeter systems with a 99% efficiency for genuine
jets [43]. The reconstructed jet energy is corrected to better match the
energy of the originating parton [42]. Jets produced by the hadroniza-
tion of b quarks (b jets) are identified, or “tagged”, using the loose and
tight working points of the DEEPJET algorithm [44-46], which, respec-
tively, have misidentification rates of 10 and 0.1% for jets originating
from light quarks or gluons, and efficiencies of 90 and 55% for genuine b
quark jets. Any jet (j) that overlaps with a selected electron or muon (¢),
namely that has AR(Z, ) = V/(A¢)? + (An)? < 0.4, is discarded. The miss-
ing transverse momentum vector ﬁ{“i“, with magnitude prT“iss, is com-
puted from the PF candidates weighted by their probability to originate
from the PV [47], as predicted by the pileup-per-particle identification
algorithm [48].

To build reconstructed SUEP objects, all charged PF candidates, in-
dependently of whether they are clustered within a hadronic jet, that
originate from the PV with p; > 1.0GeV, || < 2.5 are clustered using
the anti-k; algorithm with a distance parameter of R = 1.5, consistent
with the expected size in the #-¢ plane of a SUEP recoiling against a
V boson. The cluster with the highest p; in each event is defined to be
the reconstructed SUEP candidate and is required to have pr > 60 GeV.
The clustering omits PF candidates overlapping with a selected lepton
by AR(¢,PF candidate) < 0.4 to avoid contamination from emissions of
the W and Z boson decays.

The associated production of a H boson and a photon has a negligible
cross section. Thus, photons are used to define signal-free independent
validation regions where they act as a proxy for the W or Z boson. Pho-
tons must satisfy pr > 60GeV and |¢| < 2.5. Identification and isolation
criteria are applied to all photons, based on an MVA discriminant sim-
ilar to that used for electrons [20]. The selection efficiency for photons
is #90%.

5. Event selection

We analyze a data sample of pp collisions at \/_ = 13 TeV collected
by the CMS experiment between 2016 and 2018, corresponding to an in-
tegrated luminosity of 138 fb~!. Events are selected with several single
and double electron and muon triggers, chosen to maximize the trig-
ger acceptance. Minimum py trigger thresholds vary from 27 to 32 GeV
(24 to 27 GeV) for single-electron (single-muon) triggers. For double-
lepton paths they correspond to 23 (17) GeV and 12 (8) GeV for the lead-
ing and subleading electron (muon). Additional high-p; triggers with
relaxed criteria target electrons (muons) with a p; threshold of 115
(50) GeV. These triggers increase the signal acceptance inclusively by
roughly 1%, with the effects of up to 7% (2%) for electrons (muons)
with pp > 115GeV (pp > 50 GeV).
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To account for the different sources of SM background in each chan-
nel, different selection criteria and background estimation strategies are
employed to define signal regions (SRs) and control regions (CRs).

The WH channel selection requires events to pass single-lepton trig-
gers and to have exactly one selected tight lepton and a SUEP can-
didate. Muons (electrons) must have p; > 30 (35)GeV to account for
the more stringent criteria of the single-lepton triggers. Events are re-
quired to have pITniSS > 30GeV. The W boson is reconstructed by com-
bining the transverse momentum vector of the selected lepton and the
PSS, Events are required to have p¥ > 60 GeV and 30 < mY < 130GeV,

where m¥v = 2p‘; p?iss[l —cos Ag(Z, Z)’%mss)] is the transverse mass of the
lepton-p["** system. To select the desired final state of a SUEP candidate
recoiling against a W boson, the ratio of the two objects’ momenta is
constrained to be p¥ /pS"EP < 3, and the differences in azimuth between
the SUEP candidate and each of the W boson, the lepton, and the ﬁ{mss
must be greater than 1.5 radians. The sphericity of the SUEP candidate
in its rest frame is defined using the second and third largest eigen-
values (4,, 43) of the infrared- and collinear-safe generalized sphericity
tensor: SPUEP = %(/12 + A3). SUEP s expected to be lower in SM pro-
duction where isotropical patterns are suppressed [49]. A requirement
on SSUEP > 0.3 is applied. Events with two loose or one tight b-tagged
jets are rejected to reduce the tt background. This selection defines the
WH SR (SR-WH). Simulation predicts the SM yield in SR-WH to be 88%
from W+ jets production, with roughly equal subdominant contribu-
tions from tt (3%), DY (3%), and multijet production (4%), and residual
contributions from diboson and single top quark processes (2%).

The ZH channel selection requires events to pass single- or double-
lepton triggers and to have exactly two loose leptons of same flavor and
opposite charge, plus a SUEP candidate overlapping with at least one
jet. The pr of the leading overlapping jet (HT‘) is expected to be higher
for SM processes, where the entire jet fits into a cone with R = 0.4, than
for SUEPs, where only a subset of the SUEP constituents will be included
in the cluster. The leading lepton must have pr > 25GeV, based on the
double-lepton trigger criteria. The Z boson is reconstructed by adding
the four-momenta of the two leptons. The reconstructed Z boson must
satisfy p% > 25GeV and 60 < m,, < 120GeV. The ZH SR (SR-ZH) is de-
fined by applying these criteria and rejecting events with at least one
loose b-tagged jet to reduce the tt background. Two CRs are defined by
requiring m,, > 120 GeV: CR-DY, which maintains the b-tagged jet veto,
and CR-TT, which instead requires a single loose b-tagged jet. Simula-
tion predicts the SM yield in SR-ZH to be mostly from DY production
(95%), with subdominant contributions from diboson (4%) and tt (1%)
production. In CR-TT, simulation predicts a majority events from the tt
background (80%), with significant contributions from DY (16%), single
top quark (2%), and diboson (2%) processes. In CR-DY, the dominant
process is DY (79%), followed by diboson processes (11%), tt (9%), and
single top quark processes (1%).

Photon triggers with p; thresholds ranging from 50 to 200 GeV are
used to define signal-free regions to validate the background estimation
procedure. These triggers collect only part of the data, as described in
Section 6.1. For the WH (ZH) channel, a photon region PR-WH (PR-ZH)
is defined using the same selection criteria as SR-WH (SR-ZH), replacing
the requirements for the reconstructed W (Z) boson with those for the
photon, omitting the transverse (dilepton) mass requirement. The PR-
WH and PR-ZH regions are used for validation and are not included in
the final fit to the data.

6. Background estimation

Particle multiplicity distributions in simulation are especially sensi-
tive to the parton shower model and to the tracking efficiency uncertain-
ties, which can introduce sizeable variations. Thus, the yields and distri-
butions of the SM background processes are allowed to deviate from the
compositions stated in Section 5. They are estimated from data with the
extended “ABCD” method [50]. The extended ABCD method relies on
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dividing the plane of two variables into nine subregions instead of the
usual four of the traditional ABCD method. Compared to the four-region
ABCD method, the extended ABCD method incorporates corrections for
effects from residual dependence between the two variables at the ex-
pense of increased statistical uncertainty. All SM background processes
are estimated simultaneously in this method, with no direct use of sim-
ulation, which is possible because of the similar distribution across the
SR bins for all different SM processes, as shown in simulation.

The two variables chosen for the extended ABCD method are the
multiplicity (nSUEP. ) of the SUEP candidate and a channel-specific
variable that distinguishes the signal from the SM processes. In the WH
channel, the second variable is Sggf:t’e o which reflects the expected
spherical distribution of the SUEP shower. In the ZH channel, the re-
constructed SUEP is slightly less boosted because of a more inclusive
selection. As a consequence, for SM processes, the momentum of the jet
recoiling against the vector boson, p'T‘ , is softer and less correlated with

ngggimem in the ZH channel than in the WH channel. As HT‘ offers better
sensitivity than SSUEP | we chose to use it as the second variable for the
ZH channel. The bin boundaries of the extended ABCD method are cho-
sen for each SR to reduce nonclosure effects, defined as the difference
between the observed and predicted yields, based on simulation. Clo-
sure tests were performed to compare the performance of the extended
ABCD and the four-region ABCD methods in simulation in SR-WH and
SR-ZH. In the closure tests, the extended ABCD method was found to
reduce the nonclosure from 25% (20%) to 2% (5%) for SR-WH (SR-ZH).
In simulation, closure tests of the method using the SM processes con-
tributing to each SR, as discussed in Section 5, demonstrate that the
method accurately reproduces the simulated background yields. This is
further confirmed by the tests performed in data with PR-WH and PR-ZH
described in Section 6.1.

The extended ABCD method is implemented as follows. For each SR
or CR, eight signal-depleted regions (SDRs), A through H, are defined
by placing different boundaries on the two variables. A signal-enriched
region (SER), I, is defined for each SR and the corresponding CRs:

SEUEP > 0.5 and nSUER > 30 in the WH channel, and p/! < 135GeV
oosted constituent T
and nSUEP > 20 in the ZH channel. The SERs are divided in bins of

constituent
ni"ggimem. For each channel, the SDRs and SER are included in a binned
Poisson likelihood fit, with the mean of the Poisson distribution in each
SDR bin represented as an independent free parameter and of each SER
bin obtained from the extended ABCD formula below, using the SDR pa-
rameters. In the WH channel, the shape of the background distribution
is obtained from region F. In the ZH channel, the shape of the distri-
bution is obtained from both regions F and C by applying the extended
ABCD method to each n3YEP  bin. The resulting number of SM events
constituent
predicted for bin i is:

2 A72 A2 iV2 A2 N2 N2
NPWH _ ,-NFNHNDNB i,ZH_(N{:) NHNDNB
I - F £l I - : 9

NGNCNy N} Ni NGNaN;

where NI"’WH is used for SR-WH and NIi “ZH for SR-ZH. For CR-TT and CR-
DY, a procedure analogous to that of SR-ZH is used, with each selection
having a different set of independent free parameters. In the ZH chan-
nel, including SR-ZH, CR-TT, and CR-DY, signal contributions are only
considered in the SER, to avoid instabilities in the fit from the nonlinear-
ity of the background estimation method. In the SDRs, the background
yield is always much larger than the signal yield neglected by this proce-
dure. It was confirmed in simulation that neglecting these contributions
changes the expected upper limit by up to 10%, predominantly for sig-
nal models with high Ty, or high m,  where larger signal contamination
appears in the SDRs.

6.1. Extended ABCD method validation
The WH and ZH channels use, respectively, PR-WH and PR-ZH with

events recorded by photon triggers. Final-state photons are produced
much more frequently than either W or Z bosons at the LHC. Together
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Fig. 2. Distributions of nSYEP.
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background predictions. The prefit (postfit) background distribution is shown for the PR-WH (PR-ZH) channel. The distribution is split into
bin includes the overflow events. The shaded bands indicate the uncertainties in the prediction, which are propagated to the

WH (ZH) channel. The last nSUEP.
constituent
ratios in the lower panels.

with the misidentification of QCD jets as final-state photons, this results
in the need for additional trigger-level requirements to select photon fi-
nal states. Thus, PR events are selected with a set of prescaled triggers
that collected integrated luminosities between 1 and 138 fb~' depend-
ing on the photon py. This introduces a bias towards higher photon mo-
menta, which would correspondingly bias the kinematic properties of
the recoiling SUEP candidate. To correct for this effect, each observed
event in both PR-WH and PR-ZH is weighted by the ratio of the full in-
tegrated luminosity to that collected by the specific trigger that selected
the event. Furthermore, the W boson carries nonzero electric charge and
therefore has a different initial state than the other production modes.
To correct for differences between the W and photon signatures, the PR-
WH events are weighted such that the observed p; distribution of the
SUEP candidate matches between PR-WH and SR-WH.

In the WH channel, closure tests for the background estimation
method compare the observed data in the PR-WH SER with the predic-
tion obtained from the SDR data. While the resulting distributions are
found to be in good agreement, the photon trigger prescaling results in
arelatively large statistical uncertainty, higher than the expected uncer-
tainty in SR-WH. Therefore, systematic uncertainties are assigned such
that the quadrature sum of the systematic uncertainty and the statistical
uncertainty in SR-WH is equal to the PR-WH statistical uncertainty. For
each bin of the PR-WH SER, an uncertainty is similarly assigned such

35 1.2 T ‘ T ‘ ‘ T — T T T T T ——
o ]
D:_ T S NP 0 g I ,,,,,,,,, ...._._._1_-§._%--.-_l-_-_~
808:‘ TR | L T T SR N SR W 1 L PR IS ST NS T SR NN .S R PRI SRS S (N S ST N | \:
O 0 20 40 60 80 O 20 40 60 80 O 20 40 60 80
SUEP
constituent

in the extended ABCD subregions A-I in the PR-WH (upper) and PR-ZH (lower) regions, showing the observed data and the

SUEP
Sboosted

(p#) bins for the

that the quadrature sum of this systematic uncertainty, the statistical
uncertainty in SR-WH, and the predicted uncertainty in the total yield
across all bins of the SER is equal to the relative uncertainty in PR-WH.
A 4% uncertainty is estimated for the overall yield, along with an addi-
tional uncertainty uncorrelated across nSoLr.  bins ranging from 0.01
to 100% for low to high nSUFP. The PR-WH prefit distributions are
shown in Fig. 2 (upper).

In the ZH channel, the uncertainties in the background estimation
method are determined using simulation in SR-ZH, CR-TT, and CR-DY.
The last two are expected to contain additional contributions from the
diboson and tt processes, thus serving as a test of the process dependence
of the background estimation method. The level of agreement between
the background yields predicted directly from simulation and from the
extended ABCD method applied to simulated events results in a 20% un-
certainty per bin, uncorrelated across the iUEP. ‘bins. A validation fit
is performed using the data in PR-ZH, CR-TT, and CR-DY and otherwise
following the description of Section 7. To mimic the presence of signal,
signal templates from SR-ZH are used in PR-ZH, only for the purpose of
this validation fit. The fits are repeated for all signal hypotheses consid-
ered, and there are no significant deviations from the background-only
prediction. When simulated signals are injected into the PR-ZH data,
the injected signal yields are recovered within one standard deviation.
Fig. 2 (lower) shows the PR-ZH postfit distributions.
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in the extended ABCD subregions A-I in the SR for the WH (upper) and ZH (lower) channels, showing the observed data, the pre-

dictions from the background-only fit, and several signal hypotheses with fully hadronic decays (B(A" — 7t 7t™) = 100%): m,, = 4GeV, T, = 8 GeV; m; =3GeV, T}, =

SUEP
Sboosted

3GeV; and m, =4GeV, T}, = 1GeV. The distribution is split into

(pj%) bins for the WH (ZH) channel. The last nSUEP

bin includes the overflow events. The

constituent

shaded bands indicate the uncertainties in the prediction, which are propagated to the ratios in the lower panels. The error bars in the signal distributions correspond

to the total prefit uncertainty in the prefit signal distributions.

7. Systematic uncertainties and statistical model

Several uncertainty sources can introduce variations in the signal
SRR o distribution. Correction factors for electron and muon trig-
gering, identification, and isolation criteria are computed with the “tag-
and-probe” method [21], with uncertainties of up to 1.5%, depending
on the data-taking year and lepton flavor. Uncertainties in the jet en-
ergy corrections [42] are propagated through the event selection and
account for effects of up to 1 (2)% for the scale (resolution). The b tag-
ging efficiency is corrected separately for light- and heavy-flavor jets,
with uncertainties of up to 3% depending on the data-taking year [45].
The PF candidate selection efficiency is varied down by 3% [51] for
models with fully hadronic SUEP decays and 4.5% for signal models
with leptons from SUEP decays to account for the lower tracking ef-
ficiency for low-p; electrons, with a resulting effect of up to 30% in
some nSUEP.  bins. The uncertainty in the pileup modeling is assessed
by varying the total inelastic pp cross section by 5% [52], resulting in
an effect of up to 4.5%. Timing shifts in the hardware trigger [18,53]
can produce losses of data, for which corrections are applied with an
associated uncertainty of up to 1.4%. The modeling of initial- and final-
state radiation is studied by varying the renormalization scale up and

down by a factor of 2, independently for the initial- and final-state
emissions, with an overall effect of up to 14%. Uncertainties in the
PDFs were found to have effects less than 1% on the signal distribu-
tions in the SR-WH and SR-ZH, so they were not included. The uncer-
tainty in the measured integrated luminosity ranges between 1.2 and
2.3% for different data-taking years [54-56] and is applied as an over-
all normalization effect of 1.6%. Statistical uncertainties from the lim-
ited number of events in the data CRs and the simulated event samples
are considered as additional sources of uncertainty, uncorrelated across
bins.

As detailed in Section 6, uncertainties in the background estimation
procedure are different for the WH and ZH channels. In the WH channel,
a 4% normalization uncertainty affects all the SER bins simultaneously,
with a set of decorrelated, independent uncertainties ranging from 0.01
to 100% affecting each bin of the shape separately. In the ZH channel,
a set of decorrelated uncertainties corresponds to a change in the back-
ground yield in each SER bin by 20%.

When combining the WH and ZH channels, most uncertainty sources
are correlated across channels, as they describe effects with common
sources in object reconstruction or detector calibration. The exceptions
are the uncertainties in the lepton trigger efficiencies, the limited size
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Fig. 4. Interpretation of the results for the decay of the 125 GeV Higgs boson
mediator to a SUEP, for signal models with dominantly hadronic decays. The
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as a function of the signal model parameters m, and log,(Tp/m,, ). The contours
for each channel are drawn for a benchmark scenario in which the observed or

expected upper limit for that channel on ¢P™43(H — SUEP)/ apmd equals 0.16.
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Fig. 5. Interpretation of the results for the decay of the 125 GeV Higgs boson
mediator to a SUEP, for signal models with dominantly leptonic decays. The
observed upper limit from the combination of the WH and ZH channels is shown
as a function of the signal model parameters my, and log,(Tp, /m,, ). The contours
for each channel are drawn for a benchmark scenario in which the observed or
expected upper limit for that channel on ¢P™43(H — SUEP)/ cpr‘)d equals 0.16.

of the simulated samples, and the background estimation, which are
obtained from different data sets.

The extended ABCD subregions from SR-WH, SR-ZH, CR-DY, and
CR-TT are included in a binned Poisson likelihood fit, performed using
the CMS COMBINE tool [57] and following the description in Section 6.
As mentioned in Section 6, the yields in each SDR are represented by
free parameters in the fit, meaning that a total of 12 free parameters
are included for SR-WH and 22 for each of SR-ZH, CR-DY, and CR-TT.
Systematic uncertainties in the SR-ZH background estimation are cor-
related with those of CR-DY and CR-TT, leading to stronger constraints
on the corresponding nuisance parameters. A common parameter repre-
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different minimum »%Y values in the WH and ZH channels.
consmuem

sents the product of the H boson production cross section (¢P™4) times
the branching fraction for its decay to a SUEP shower (3(H — SUEP))
divided by the SM WH + ZH production cross section of 2.38 pb (apmd),

denoted as ¢P™4B(H — SUEP)/zrprOd The uncertainty sources described
above are included as nuisance parameters. This parameter of interest is
chosen to be able to provide fair comparisons to previous searches in the
gluon fusion channel [14] in the case of a H boson mediator, by fixing
oProd — asp;/?d and comparing the branching fraction, while allowing for
higher than SM production rates from BSM effects with no restrictions
on gProd,
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8. Results

The results from the combined fit to both channels are shown
in Fig. 3. Upper limits at 95% confidence level (CL) on oP™4B(H —
SUEP)/UESI)d are computed using the CLg criterion [58,59]. The distri-
bution of the likelihood ratio test statistic is estimated using pseudo-
experiments and the LHC-style prescription [57]. The resulting upper
limits on P4 B(H — SUEP)/og 4 for several sets of signal models are
shown in Figs. 4-6.

To compare the WH + ZH channel and the gluon fusion channel from
the previous CMS result [14], we also show exclusion curves for a bench-

mark scenario. In the benchmark scenario, P4 3(H — SUEP) /aglf/? d is

set to 0.16, which corresponds to the case of P4 = oggd and BH —
SUEP) = 0.16, the current best limit on the undetected H boson branch-
ing fraction from CMS [60]. For the comparison with ref. [14], a SM
production cross section (oglf/? ) of 45.2 pb for the gluon fusion produc-
tion mode is assigned.

No significant deviation from the background prediction is observed.
The HEPData entry for this search provides numerical information to
facilitate further comparisons [61]. This analysis is found to be most
sensitive to models with lower m, and Tp, as those tend to produce final
states with higher multiplicities of lower-momentum particles. These
limits on the production rate of a SUEP shower via an H boson improve
upon those of ref. [14] by up to two orders of magnitude.

9. Additional material for interpretation of the results

Additional material is provided for the reinterpretation of this anal-
ysis in the associated HEPData entry [61] and the full statistical model
repository [62]. An implementation of the analysis in the MADANALY-
s1s framework [63-66] is provided, along with the full statistical model
described in Section 7, for all signal models considered in the analy-
sis. Additional step-by-step instructions for the processing of alterna-
tive signal samples using the DELPHES [67] fast simulation and re-
construction software, event selection using the MADANALYSIS frame-
work, and statistical inference using the full statistical model are also
provided.

Signal samples using the same generator-level parameters and pro-
cessed with the DELPHES plus MADANALYSIS implementation of this
search are used to validate this reinterpretation workflow. Relevant dis-
tributions in SR-WH and SR-ZH are found to be consistent within 20%
between these samples and those obtained with the full CMS simula-
tion and reconstruction chain detailed in Section 3. The upper limits on
oPdB(H — SUEP)/og 4 obtained with this alternative setup are con-
sistent within two standard deviations with those obtained with signals
processed with the full CMS simulation. Tabulated results of these val-
idation checks can be found in the HEPData record for this analysis
[61].

Finally, an alternative model-agnostic fit is performed to facilitate
reinterpretation of the results without any assumptions about the signal

ggﬂ;wem distribution and to provide simplified, single-bin estimations
of the analysis performance. This fit provides upper limits on the signal
yields in the extended ABCD SER for different nSU%F  lower bounds.
SUEP values are aggre-

For each lower bound, all events with higher 7 *.
gated into a single bin where the background is estimated using the ex-
tended ABCD method. Numerical results are provided separately for the
WH and ZH channels in the analysis HEPData entry [61]. Instructions
can be found in ref. [62] to obtain the corresponding predicted yields for
other signal samples produced using the DELPHES plus MADANALYSIS
implementation. By comparing the numbers obtained for these samples
with the yield limits above, conclusions can be derived for alternative
new physics models without the need to use the full statistical model,
but at the cost of reduced sensitivity. The WH channel provides a weaker
limit because of the larger background, but also usually has larger ex-
pected signal yield than the ZH channel (see Fig. 7).

Physics Letters B 879 (2026) 140671
10. Summary

In summary, this Letter presents the first search for final states
with a large-radius cluster of low-momentum, spherically distributed
particles—a soft unclustered energy pattern or SUEP—and a massive
vector boson. Events are selected at trigger level based on the presence
of one or two charged leptons arising from the leptonic decays of the
W or Z boson. This strategy improves significantly the sensitivity of the
search to SUEP production via a Higgs boson mediator compared to pre-
vious results [14], with more significant improvements for signal models
with higher multiplicities of low-momentum particles. Additional mate-
rial is provided for full reinterpretation of the results using DELPHES and
MADANALYSIS [62].
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