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Abstract

The first search for soft unclustered energy patterns (SUEPs) is performed using an

integrated luminosity of 138 fb−1 of proton-proton collision data at
√

s = 13 TeV, col-
lected in 2016–2018 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.

Submitted to Physical Review Letters

© 2024 CERN for the benefit of the CMS Collaboration. CC-BY-4.0 license

*See Appendix A for the list of collaboration members

ar
X

iv
:2

4
0
3
.0

5
3
1
1
v
1
  
[h

ep
-e

x
] 

 8
 M

ar
 2

0
2
4





1

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 that have the potential to address
unanswered questions in the standard model (SM). The HV models considered here include
a dark sector that extends the SM with a non-Abelian gauge group, similar to quantum chro-
modynamics (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. The
model that motivates this search [7, 8] includes a quasi-conformal dark sector where the dark
QCD force has a large ’t Hooft coupling λ ≫ 1 above its confinement scale. When dark par-
tons 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 characteristic final
state consisting of many low-momentum, isotropically distributed particles is described as a
soft unclustered energy pattern (SUEP). 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]. In this Letter, the first dedicated search for SUEP signatures is presented, using

data corresponding to a total integrated luminosity of 138 fb−1 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 numerical results from this Letter can be found in its HEPData record [14].

This search focuses on a benchmark model 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 mqD

are below the confinement scale ΛD, and

ΛD ≪ √
s, the dark quarks undergo a quasi-conformal showering and form an isotropic

spray of dark pseudoscalar mesons φ. In this strongly coupled model, the φ pT spectrum
can be described by a Boltzmann distribution determined by the mass of the dark meson,
mφ, and a temperature TD at the scale of the cutoff, ΛD. Each φ 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 [15, 16], or extremely long lifetimes,
which would result in missing transverse momentum or semivisible jets [17, 18]. To enforce
promptness, defined as a decay length less than 1 mm, and to avoid dark photon mass (mA′ )
ranges that would already be excluded by collider searches [8], we choose mA′ values at the
GeV scale. The decay branching fraction (B) is dictated by the mA′ value [19]. We consider

three cases with different branching fractions: mA′ = 0.5 GeV (A′ → e+e−, µ+µ−, π+π−

with B = 40, 40, 20%), mA′ = 0.7 GeV (A′ → e+e−, µ+µ−, π+π− with B = 15, 15, 70%), and

mA′ = 1.0 GeV (A′ → π+π− with B = 100%). A schematic diagram for this signal model is
shown in Fig. 1.

Signal samples are generated using a PYTHIA plugin based on Refs. [8, 20]. Multijet QCD sam-
ples used for closure tests are produced with MADGRAPH5 aMC@NLO 2.6.5 [21]. The PYTHIA

8.240 [22] package is used for parton showering, hadronization, and the underlying event sim-
ulation, with the event tune CP5 [23]. The NNPDF 3.1 [24] set of parton distribution functions
is used. The GEANT4 package [25] is employed to perform a detailed simulation of the CMS
detector response. Signal samples are generated with various model parameter values: mφ, TD,
mA′ , and the mediator mass mS, limited by what is feasibly produced at the LHC; mA′ is var-
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Figure 1: A schematic Feynman diagram of the benchmark signal model resulting in a SUEP
signature.

ied as described above. Low values of TD/mφ (≤ 0.25) are not expected to be realized by any
pseudo-conformal hidden sector, while high values constitute the “dark pion regime”, where
an approximate symmetry generates pseudo-Goldstone bosons [26].

The CMS apparatus [27] is a multipurpose, nearly hermetic detector, designed to trigger on [28,
29] and identify electrons, muons, photons, and hadrons [30–32]. A global “particle-flow” algo-
rithm [33] aims to reconstruct all individual particles in an event, combining information pro-
vided 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 Section 9.4.1 of Ref. [34].
The reconstructed particles (particle-flow candidates) are clustered into jets using the anti-kT

algorithm [35, 36] with a distance parameter of R = 0.4, after rejecting charged hadrons that
do not originate from the PV but rather from extraneous proton-proton interactions (pileup);
subsequently, neutral pileup contributions are subtracted [37].

This search uses events that pass a hadronic trigger with a threshold of HT > 900 (1050)GeV
for 2016 (2017 and 2018), where HT is defined as the scalar pT sum of jets with pT > 30 GeV
and |η| < 2.5. In addition, an offline selection of HT > 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 radia-
tion (ISR) jet with large pT and therefore will be highly boosted. In addition to this selection,
events are rejected if they contain an electron or muon satisfying pT > 25 GeV, |η| < 2.4, and
isolation requirements [30, 31], in order to avoid any overlap with associated production chan-
nels where a W or Z boson is produced and decays leptonically.

For events passing the trigger, all reconstructed charged-particle tracks fitting to the PV with
pT > 0.7 GeV and |η| < 2.5 are clustered into wide jets using the anti-kT algorithm with a
distance parameter of R = 1.5. These wide jets are required to have pT > 150 GeV. 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 candi-
date. The number of constituent tracks in the SUEP candidate jet is defined as nSUEP

constituent. 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 (λ2, λ3) of the infrared and
collinearly safe generalized sphericity tensor: SSUEP

boosted ≡ 3
2 (λ2 + λ3) [38]. The SSUEP

boosted can range
from 0, maximally non-spherical, to 1, perfectly spherical. Events where the SUEP candidates
have nSUEP

constituent < 30 or SSUEP
boosted < 0.3 are rejected, while the signal region (SR) is defined to





4

track reconstruction algorithms are applied. The effect of the track reconstruction efficiency
is estimated by comparing yields after artificially removing tracks based on measured recon-
struction inefficiencies [43]. For the model in which the mediator has the same mass as the
Higgs boson, additional pT reweighting corrections are included [44]. Finally, corrections for a
radiation-induced timing shift in the electromagnetic calorimeter readout, resulting in “prefir-
ing” of the trigger system, are applied to 2016 and 2017 simulations [28]. The uncertainties in
the parton shower modeling and the pT reweighting corrections for the mS = 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 spheric-
ity 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 separate
set of tracks from the SUEP candidate in each event. The same ABCD method and selections
are applied to the ISR candidate, and 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 Ni

FNF/NC; region F is subdivided, but region C is not, to reduce
the statistical uncertainty. The difference in the nSUEP

constituent 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 (Ni

F/NF)/(Ni
C/NC), measured by 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 nSUEP

constituent centroid for each SR bin and validated in
simulation. This ratio approximates Ni

SR/Ni
F; 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.

0 500 1000 1500 2000
mS (GeV)

10 6

10 5

10 4

10 3

10 2

10 1

100

101

102

103

104

105

106

107 (p
b)

TD = 3 GeV
m  = 3 GeV

138 fb 1 (13 TeV)CMS
theory

A' +  (100%) 
Observed
Median expected
Expected 95% CL
Expected 68% CL

A' e+e  (40%), +  (40%), +  (20%)
Observed
Median expected

A' e+e  (15%), +  (15%), +  (70%)
Observed
Median expected

Figure 3: The 95% CL exclusion limits on the production cross section σ are shown as a function
of mS for mφ = TD = 3 GeV, for all decay modes.

We perform a binned maximum likelihood fit to the nSUEP
constituent 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





6

Acknowledgments

We congratulate our colleagues in the CERN accelerator departments for the excellent perfor-
mance of the LHC and thank the technical and administrative staffs at CERN and at other
CMS institutes for their contributions to the success of the CMS effort. In addition, we grate-
fully acknowledge the computing centers and personnel of the Worldwide LHC Computing
Grid and other centers for delivering so effectively the computing infrastructure essential to
our analyses. Finally, we acknowledge the enduring support for the construction and oper-
ation of the LHC, the CMS detector, and the supporting computing infrastructure provided
by the following funding agencies: SC (Armenia), BMBWF and FWF (Austria); FNRS and
FWO (Belgium); CNPq, CAPES, FAPERJ, FAPERGS, and FAPESP (Brazil); MES and BNSF
(Bulgaria); CERN; CAS, MoST, and NSFC (China); MINCIENCIAS (Colombia); MSES and CSF
(Croatia); RIF (Cyprus); SENESCYT (Ecuador); ERC PRG, RVTT3 and MoER TK202 (Estonia);
Academy of Finland, MEC, and HIP (Finland); CEA and CNRS/IN2P3 (France); SRNSF (Geor-
gia); BMBF, DFG, and HGF (Germany); GSRI (Greece); NKFIH (Hungary); DAE and DST (In-
dia); IPM (Iran); SFI (Ireland); INFN (Italy); MSIP and NRF (Republic of Korea); MES (Latvia);
LMTLT (Lithuania); MOE and UM (Malaysia); BUAP, CINVESTAV, CONACYT, LNS, SEP, and
UASLP-FAI (Mexico); MOS (Montenegro); MBIE (New Zealand); PAEC (Pakistan); MES and
NSC (Poland); FCT (Portugal); MESTD (Serbia); MCIN/AEI and PCTI (Spain); MOSTR (Sri
Lanka); Swiss Funding Agencies (Switzerland); MST (Taipei); MHESI and NSTDA (Thailand);
TUBITAK and TENMAK (Turkey); NASU (Ukraine); STFC (United Kingdom); DOE and NSF
(USA).

References

[1] M. Cvetic, P. Langacker, and G. Shiu, “Phenomenology of a three family standard like
string model”, Phys. Rev. D 66 (2002) 066004, doi:10.1103/PhysRevD.66.066004,
arXiv:hep-ph/0205252.

[2] Z. Chacko, H.-S. Goh, and R. Harnik, “The twin Higgs: Natural electroweak breaking
from mirror symmetry”, Phys. Rev. Lett. 96 (2006) 231802,
doi:10.1103/PhysRevLett.96.231802, arXiv:hep-ph/0506256.

[3] M. J. Strassler and K. M. Zurek, “Echoes of a hidden valley at hadron colliders”, Phys.
Lett. B 651 (2007) 374, doi:10.1016/j.physletb.2007.06.055,
arXiv:hep-ph/0604261.

[4] T. Hur, D.-W. Jung, P. Ko, and J. Y. Lee, “Electroweak symmetry breaking and cold dark
matter from strongly interacting hidden sector”, Phys. Lett. B 696 (2011) 262,
doi:10.1016/j.physletb.2010.12.047, arXiv:0709.1218.

[5] S. A. Abel et al., “Kinetic mixing of the photon with hidden U(1)s in string
phenomenology”, JHEP 07 (2008) 124, doi:10.1088/1126-6708/2008/07/124,
arXiv:0803.1449.

[6] Y. Bai and P. Schwaller, “Scale of dark QCD”, Phys. Rev. D 89 (2014) 063522,
doi:10.1103/PhysRevD.89.063522, arXiv:1306.4676.

[7] M. J. Strassler, “Why unparticle models with mass gaps are examples of hidden valleys”,
2008. arXiv:0801.0629.

[8] S. Knapen, S. Pagan Griso, M. Papucci, and D. J. Robinson, “Triggering soft bombs at the
LHC”, JHEP 08 (2017) 076, doi:10.1007/JHEP08(2017)076, arXiv:1612.00850.



References 7

[9] G. Elor, N. L. Rodd, and T. R. Slatyer, “Multistep cascade annihilations of dark matter
and the galactic center excess”, Phys. Rev. D 91 (2015) 103531,
doi:10.1103/PhysRevD.91.103531, arXiv:1503.01773.

[10] CMS Collaboration, “Search for microscopic black hole signatures at the Large Hadron
Collider”, Phys. Lett. B 697 (2011) 434, doi:10.1016/j.physletb.2011.02.032,
arXiv:1012.3375.

[11] S. C. Park, “Black holes and the LHC: A review”, Prog. Part. Nucl. Phys. 67 (2012) 617,
doi:10.1016/j.ppnp.2012.03.004, arXiv:1203.4683.

[12] A. Costantino, S. Fichet, and P. Tanedo, “Effective field theory in AdS: Continuum
regime, soft bombs, and IR emergence”, Phys. Rev. D 102 (2020) 115038,
doi:10.1103/PhysRevD.102.115038, arXiv:2002.12335.

[13] S. Amoroso, D. Kar, and M. Schott, “How to discover QCD instantons at the LHC”, Eur.
Phys. J. C 81 (2021) 624, doi:10.1140/epjc/s10052-021-09412-1,
arXiv:2012.09120.

[14] HEPData record for this analysis, 2024. doi:10.17182/hepdata.149851.

[15] P. Schwaller, D. Stolarski, and A. Weiler, “Emerging jets”, JHEP 05 (2015) 059,
doi:10.1007/JHEP05(2015)059, arXiv:1502.05409.

[16] CMS Collaboration, “Search for new physics with emerging jets in proton-proton
collisions at

√
s = 13 TeV”, 2024. arXiv:2403.01556. Submitted to JHEP.

[17] T. Cohen, M. Lisanti, and H. K. Lou, “Semivisible jets: Dark matter undercover at the
LHC”, Phys. Rev. Lett. 115 (2015) 171804, doi:10.1103/PhysRevLett.115.171804,
arXiv:1503.00009.

[18] CMS Collaboration, “Search for resonant production of strongly coupled dark matter in
proton-proton collisions at 13 TeV”, JHEP 06 (2022) 156,
doi:10.1007/JHEP06(2022)156, arXiv:2112.11125.

[19] M. Graham, C. Hearty, and M. Williams, “Searches for dark photons at accelerators”,
Ann. Rev. Nucl. Part. Sci. 71 (2021) 37,
doi:10.1146/annurev-nucl-110320-051823, arXiv:2104.10280.

[20] S. Knapen, J. Shelton, and D. Xu, “Perturbative benchmark models for a dark shower
search program”, Phys. Rev. D 103 (2021) 115013,
doi:10.1103/PhysRevD.103.115013, arXiv:2103.01238.

[21] J. Alwall et al., “The automated computation of tree-level and next-to-leading order
differential cross sections, and their matching to parton shower simulations”, JHEP 07
(2014) 079, doi:10.1007/JHEP07(2014)079, arXiv:1405.0301.
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INFN Sezione di Pisaa, Università di Pisab, Scuola Normale Superiore di Pisac, Pisa, Italy;
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67Also at Marmara University, Istanbul, Turkey
68Also at Milli Savunma University, Istanbul, Turkey
69Also at Kafkas University, Kars, Turkey
70Now at stanbul Okan University, Istanbul, Turkey
71Also at Hacettepe University, Ankara, Turkey
72Also at Erzincan Binali Yildirim University, Erzincan, Turkey
73Also at Istanbul University - Cerrahpasa, Faculty of Engineering, Istanbul, Turkey
74Also at Yildiz Technical University, Istanbul, Turkey
75Also at Vrije Universiteit Brussel, Brussel, Belgium
76Also at School of Physics and Astronomy, University of Southampton, Southampton, United
Kingdom
77Also at IPPP Durham University, Durham, United Kingdom
78Also at Monash University, Faculty of Science, Clayton, Australia
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