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The first search for soft unclustered energy patterns (SUEPs) is performed using an integrated luminosity
of 138 ftb~! of proton-proton collision data at /s = 13 TeV, collected in 20162018 by the CMS detector
at the LHC. Such SUEPs are predicted by hidden valley models with a new, confining force with a large
’t Hooft coupling. In events with boosted topologies, selected by high-threshold hadronic triggers, the
multiplicity and sphericity of clustered tracks are used to reject the background from standard model
quantum chromodynamics. With no observed excess of events over the standard model expectation, limits
are set on the cross section for production via gluon fusion of a scalar mediator with SUEP-like decays.
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Recent experimental searches have not found evidence
for beyond the standard model (BSM) physics. Therefore,
new models with unconventional experimental signatures
that may have evaded previous constraints are being
examined more closely. In particular, hidden valley (HV)
models [1-6] predict a wide array of possible signals and
have the potential to address unanswered questions in the
standard model (SM), including the nature of dark matter
[6] and the difference between the vacuum expectation
value of the Higgs field and the Planck scale, known as the
hierarchy problem [2]. The HV models considered here
include a dark sector that extends the SM with a non-
Abelian gauge group, similar to quantum chromodynamics
(QCD), with new matter and gauge fields analogous to the
SM quark and gluon fields. The SM particles are neutral
under the new, dark interaction—*“dark QCD”—and com-
municate with this sector only through a mediator particle
that couples to both sectors.

In this Letter, we present the first dedicated search
for a characteristic final state consisting of many low-
momentum, isotropically distributed particles, which can
be described as a soft unclustered energy pattern (SUEP).
This search uses data corresponding to a total integrated
luminosity of 138 fb~! from proton-proton collisions at a
center-of-mass energy of 13 TeV, collected with the CMS
detector at the CERN LHC in 2016-2018. The concept of
SUEPs was first introduced in Ref. [7] and later expanded
in Ref. [8] as a signature of HV models. They had been
expected to evade conventional collider data collection
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strategies and to be difficult to distinguish from energy
deposits from multiple proton-proton interactions (pileup).
Similar signatures can arise in other models, such as many-
step decays in a hidden sector [9], theories with extra spatial
dimensions [10-12], and instantons [13].

The model that motivates this search includes a quasi-
conformal dark sector where the dark QCD force has a
large ’t Hooft coupling 4 > 1 above its confinement scale.
When dark partons are produced, they shower and form
dark mesons, whose mass scale is much smaller than the
mediator mass scale. The showering process includes
efficient branching over a larger energy range than SM
QCD, and all information about the momenta of the initial
partons is lost. The result is a high multiplicity of light HV
bound states emitted with a spherical, rather than conical,
distribution in the center-of-mass frame of the shower.

This search focuses on a benchmark scenario in which a
dark QCD sector is accessed by a heavy scalar mediator S,
which is produced via gluon fusion and couples directly to
a dark quark-antiquark pair. If the dark quark masses mg
are below the confinement scale Ap, and Ap < /s, the
dark quarks undergo a quasiconformal showering and
form an isotropic spray of dark pseudoscalar mesons ¢.
In this strongly coupled model, the ¢ pt spectrum can be
described by a Boltzmann distribution determined by the
mass of the dark meson, m, and a temperature T at the
scale of the cutoff, Ap. Each ¢ subsequently decays to a
pair of dark photons A’. The dark photon kinetically mixes
with the SM hypercharge gauge field and decays promptly
to SM particles. A prompt decay is chosen rather than a
displaced decay, which would result in an emerging jet
signature [14,15], or extremely long lifetimes, which would
result in missing transverse momentum or semivisible jets
[16,17]. To enforce promptness, defined as a decay length
less than 1 mm, and to avoid dark photon mass (m,4/) ranges
that would already be excluded by collider searches [8], we
choose mys values at the GeV scale. The decay branching
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FIG. 1. A schematic Feynman diagram of the benchmark signal

model resulting in a SUEP signature.

fraction (B) is dictated by the my, value [18]. We
consider three cases with different branching fractions:
my =05 GeV (A - ete™, ytu~, ntx~ with B = 40%,
40%,20%), my = 0.7 GeV (A’ — eTe™, uu~, it n~ with
B = 15%,15%,70%), and my = 1.0 GeV (A’ - ztn~
with B = 100%). The parameters that describe this dark
sector model—mnyg, my, Tp, and my—can be varied to
access a wide spectrum of novel topologies that are
characterized by the number, momenta, and particle type
of the final-state charged tracks. A schematic diagram for
this signal model is shown in Fig. 1.

Signal samples are generated using a PYTHIA plugin
based on Refs. [8,19]. Multijet QCD samples used for
closure tests are produced with MadGraph5_aMC@NLO 2.6.5
[20]. The pPYTHIA 8240 [21] package is used for parton
showering, hadronization, and the underlying event simu-
lation, with the event tune CP5 [22]. The NNPDF 3.1 [23]
set of parton distribution functions is used. The Geant4
package [24] is employed to perform a detailed simulation
of the CMS detector response. Signal samples are gen-
erated with various model parameter values: my, T, my,
and the mediator mass mg, limited by what is feasibly
produced at the LHC; m, is varied as described above.
Low values of Tpp/m;(<0.25) are not expected to be
realized by any pseudoconformal hidden sector, while high
values constitute the “dark pion regime,” where an approxi-
mate symmetry generates pseudo-Goldstone bosons [25].

The CMS apparatus [26] is a multipurpose, nearly
hermetic detector, designed to trigger on [27,28] and
identify electrons, muons, photons, and hadrons [29-31].
A global “particle-flow” algorithm [32] aims to reconstruct
all individual particles in an event, combining information
provided by the all-silicon inner 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 corresponding to the
hardest scattering in the event, evaluated using tracking
information alone, as described in Sec. 9.4.1 of Ref. [33].
The reconstructed particles (particle-flow candidates) are

clustered into jets using the anti-ky algorithm [34,35] with a
distance parameter of R = 0.4, after rejecting charged
hadrons that do not originate from the PV but rather from
pileup interactions; subsequently, neutral pileup contribu-
tions are subtracted [36].

This search uses events that pass a hadronic trigger with
a threshold of Hy > 900(1050) GeV for 2016 (2017 and
2018), where Hr is defined as the scalar pt sum of jets with
pr > 30 GeV and || < 2.5. In addition, an offline selec-
tion of Hy > 1200 GeV is applied to all data to ensure the
trigger is efficient. This implies that all potential SUEP
events will have large amounts of hadronic activity. As a
consequence, the SUEP system will recoil against an initial
state radiation (ISR) jet with large pt and therefore will be
highly boosted and central in the detector. In addition to this
selection, events are rejected if they contain an electron or
muon satisfying pp > 25 GeV, || < 2.4, and isolation
requirements [29,30], in order to avoid any overlap with
associated production channels where a W or Z boson is
produced and decays leptonically.

For events passing the trigger, reconstructed charged-
particle tracks fitting to the PV (and are therefore not
associated with pileup vertices) with pp > 0.7 GeV and
[n| < 2.5 are clustered into wide jets using the anti-kr
algorithm with a distance parameter of R = 1.5. These
wide jets have no additional requirements except to have
pt > 150 GeV, which removes some events associated
with soft QCD while retaining a signal efficiency of
~100%. The two wide jets with the highest pt are defined
as the SUEP-ISR system, where the jet with the larger
number of tracks is defined as the SUEP candidate, while
the other is defined as the ISR candidate. The number of
constituent tracks in the SUEP candidate jet is defined as
nSVER .- These tracks are then boosted into the rest frame
of the SUEP candidate, where the scalar mediator decay
pattern is expected to be spherically symmetric. The
sphericity of the boosted SUEP candidate is defined using
the second and third largest eigenvalues (4,, 43) of the
infrared and collinearly safe generalized sphericity tensor:
SSUEP 1 =3 (A + A3) [37]. The SSUEP | can range from 0,
maximally nonspherical, to 1, perfectly spherical. Events

where the SUEP candidates have nSYEP <30 or

constituent
SPUEP 1 < 0.3 are rejected, while the signal region (SR)

is defined to include events with nSYEP > 70 and

SUEP constituent
Sboosted > 0.5.

The primary background consists of events from the
QCD multijet process with a large number of tracks. The
background in this search is estimated from data, using
the extended “ABCD” method proposed in Ref. [38]. The
ABCD method makes use of two variables, chosen here to
be SPUEP . and nSUEP . The classical ABCD method
defines one signal region (SR) that includes events passing
selection requirements on the two variables and three
control regions (CRs) that include events failing one or
both selection requirements (“‘pass-fail,” “fail-pass,” and
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FIG. 2. The number of observed events as a function of the number of tracks in the SUEP candidate, for all CRs A—H and the SR, as

well as two signal samples. The three figures correspond to contiguous S

SUEP

boosted Tanges. The prefit predicted background distribution is

shown in the VR, the first bin of the SR. For all other regions and bins, the postfit values for a background-only fit are shown.

“fail-fail”’). In contrast, to correct for linear correlations
between the discriminating variables, the extended ABCD
method splits each of the pass-fail and fail-pass CRs into
two regions and the fail-fail CR into four regions, resulting
in a total of eight CRs, as shown in Fig. 2. In this analysis,
the SR is further split into bins of n3YEE  with edges: 70,
90, 100, 130, 170, oo. This binning is optimized for
sensitivity across the full range of mg values. The pre-
diction for each bin i in the SR is computed from the yield
N in each of the CRs,

i = Ni % (1)
SR TFENGNCNANE

Because of the large number of QCD background events,
the statistical uncertainty is small, < 0.3% in all CRs. The
contamination of SUEP signal events in the CRs is
negligible for the same reason. The accuracy of the back-
ground estimation method is verified with simulated QCD
multijet samples by testing the agreement between the
prediction from simulated CRs and the simulated yield in
the SR. Further, we define the first bin of the SR, which has
negligible contribution from signal, as a validation region
(VR) in which we perform a closure test.

Systematic uncertainties in the SUEP signal simulation
originate from possible mismodeling in the event gener-
ation or detector response, and from correction factors that
are included when determining the SR selection efficiency.
These include uncertainties in the integrated luminosity
measurement for each year of data taking [39-41] and the
reweighting to match the observed pileup distribution. The
variables used in the ABCD method are found not to have
substantial dependence on the number of pileup vertices, so
an additional uncertainty is not assigned. There is an
uncertainty in the trigger efficiency as a function of Hr;
additionally, the uncertainties in the jet energy corrections
and jet energy resolution affect the total Ht used to select

events. Uncertainties in the parton showering simulation
and the track reconstruction algorithms are applied. The
effect of the track reconstruction efficiency is estimated by
comparing yields after artificially removing tracks based on
measured reconstruction inefficiencies [42]. For the model
in which the mediator has the same mass as the Higgs
boson, additional pr reweighting corrections are included
[43]. Finally, corrections for a radiation-induced timing
shift in the electromagnetic calorimeter readout, resulting in
“prefiring” of the trigger system, are applied to 2016 and
2017 simulations [27]. The uncertainties in the parton
shower modeling and the pt reweighting corrections for
the mg = 125 GeV case are the largest, corresponding to
~10% of the signal yield. The other aforementioned
systematic uncertainties correspond to 0%—4% of the signal
yield.

Further systematic uncertainties in the prediction of the
extended ABCD method are estimated from data. A first
systematic uncertainty covers higher-order correlations
between the sphericity and number of constituent tracks
in the SUEP candidate that are not taken into account by the
extended ABCD method. This is estimated using the ISR
candidate, which is a set of tracks distinct from the SUEP
candidate in each event. The ISR candidate is obtained by
the same wide-jet clustering as the SUEP candidate in order
to test the background estimation method by applying the
same selections and ABCD method. The discrepancy
between the total predicted yield and the measured yield
in the SR of 8% is taken as a systematic uncertainty in the
normalization value of the predicted background yield. As
shown in Eq. (1), the computed prediction in each SR bin i
is proportional to N:Ng/N; region F is subdivided, but
region C is not, to reduce the statistical uncertainty. The
difference in the nSUEP  distribution between CRs F and
C is used as a proxy for the difference between CR F and
the SR, which impacts the final prediction. The uncertainty
is assessed as the ratio (NL/Ng)/(NL/N¢), measured by
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FIG. 3. The 95% CL exclusion limits on the production cross

section ¢ are shown as a function of mg for m, = T, = 3 GeV,
for all decay modes.

binning the C region and using the first two bins, which are
the most populated. The ratio is linearly extrapolated to the
less-populated bins as a function of the n3YEE  centroid
for each SR bin and validated in simulation. This ratio
approximates N, /NL; it is treated as correlated among all
bins because of the extrapolation procedure and set to

100% for the last bin, which has no centroid.

We perform a binned maximum likelihood fit to the
nSUEP  distribution in the SR, excluding the VR. For each
individual SR bin, a Poisson likelihood term is used to
describe the statistical fluctuations of the data around the
expected central value. The expected values are calculated
by the prediction from the extended ABCD method where
the yields in all CRs are allowed to float. The signal-to-
background ratios are different among the three data-taking
periods, so they are kept separate in the fit. The observed
and postfit yields are shown as a function of nSUEP
in Fig. 2.

We observe no significant excess of events over the SM
prediction. The postfit predictions for the F' and SR bins
with the highest nSUEE  range are 3.5 x 107 + 8.4 x
107*and 1.2 x 1073 4 2.9 x 1073, respectively. The modi-
fied frequentist construction CL [44,45] is used to com-
pute 95% confidence level (CL) upper limits on the signal
cross section. By comparing these limits to the theoretical
cross section for the production of a BSM Higgs boson via
gluon fusion through a pointlike effective interaction [46],
ranges of the mg—my—m,~T, parameter space can be
excluded. Figure 3 shows the 95% CL exclusion limits as a
function of mg for benchmark values of T, and m,. There
is similar sensitivity to all A" decay cases considered.
Figure 4 shows the exclusion limits for various scalar
masses in the plane of my versus Tp, for the case
A" > n7 . We set stringent limits on the production cross
section for the most SUEP-like region of the parameter
space with mg/Tp ~ 100 and a final state characterized by
a large multiplicity of tracks, which tends to populate the
two rightmost bins of the SR, shown in Fig. 2.
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In summary, this Letter presents the first search for
SUEPs. Data corresponding to an integrated luminosity of
138 fb~! are used, collected with a trigger requiring a high
scalar sum of jet transverse momenta and reconstructed
with the full offline processing. This strategy preferentially
selects events with initial-state radiation; the characteristic
isotropic event shape of the SUEPs is recovered by
boosting into the scalar mediator rest frame and removing
the initial-state radiation particles. The number of tracks
and the associated sphericity in the SUEP candidate are
used to discriminate between the signal and the background
from standard model quantum chromodynamics, which is
estimated from data in suitable control regions. Stringent
limits are placed on the most SUEP-like hidden valley
scenarios with highly isotropic dark showers producing a
large multiplicity of tracks.
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