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Abstract

A search for light long-lived particles (LLPs) decaying to displaced jets is presented, using a
data sample of proton—proton collisions at a center-of-mass energy of 13.6 TeV, corresponding
to an integrated luminosity of 34.7 fb~!, collected with the CMS detector at the CERN LHC in
2022. Novel trigger, reconstruction, and machine-learning techniques were developed for and
employed in this search. After all selections, the observations are consistent with the background
predictions. Limits are presented on the branching fraction of the Higgs boson to LLPs that
subsequently decay to quark pairs or tau lepton pairs. An improvement by up to a factor of 10 is
achieved over previous limits for models with LLP masses smaller than 60 GeV and proper
decay lengths smaller than 1 m. The first constraints are placed on the fraternal twin Higgs
(FTH) and folded supersymmetry (FSUSY) models, where the lower bounds on the top quark
partner mass reach up to 350 GeV for the FTH model and 250 GeV for the FSUSY model.

Keywords: CMS, LLP, displaced jets, exotic Higgs decays

Glossary of acronyms

AVF Adaptive vertex fitter FTH Fraternal twin Higgs

AVR Adaptive vertex reconstruction FSUSY Folded supersymmetry

BSM Beyond the standard model GNN Graph neural network

CL Confidence level HCAL Hadron calorimeter

DJ Displaced jet HLT High-level trigger

DIJT Displaced-jet trigger LLP Long-lived particle

DS Dark sector LO Leading order

DV Displaced vertex LSTM Long short-term memory
ECAL Electromagnetic calorimeter PCA Point of the closest approach
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PV Primary vertex
QCD Quantum chromodynamics

SM Standard model
SR Signal region
SUSY Supersymmetry

1. Introduction

LLPs that have macroscopic decay lengths (0.1 mm) are ubi-
quitous in both the SM and BSM scenarios. Many models of
BSM physics naturally predict the production of hadronically
decaying LLPs at the CERN LHC, which leads to DJs whose
origins are far from the interaction point. Examples include,
but are not limited to, SUSY [1-17], DSs or other models with
dark matter candidates [18-32], models with heavy neutral
leptons [33-36], baryogenesis triggered by weakly interacting
massive particles [37-39], and models with a ‘high-quality’
axion [40, 41]. In such cases, a displaced-jet search is a power-
ful tool to address numerous long-standing puzzles in particle
physics.

In this paper, we present a search for at least one LLP pro-
duced in proton—proton (pp) collisions at the LHC and decay-
ing inside the inner tracking system of the CMS detector [42,
43]. Data used in this search were collected at a center-of-
mass energy of 13.6 TeV in 2022, corresponding to an integ-
rated luminosity of 34.7 fb~!. The target signature is a pair
of jets, referred to as a dijet, arising from the LLP decay.
DVs can be reconstructed using the displaced tracks associated
with the dijet. The properties of the tracks, DVs, and dijet are
used to discriminate between exotic LLP signatures and SM
background processes. We focus on light LLPs with masses
mpLp < 60 GeV that decay to quarks or tau leptons, as this
is an important and largely unconstrained phase space. Heavy
LLPs with hadronic decays were largely excluded by the pre-
vious displaced-jets search [44], which had significantly lower
sensitivity to light LLPs. This search introduces new trigger,
reconstruction, and machine learning techniques to increase
sensitivity to light LLPs, bringing up to a factor of 10 improve-
ment compared to previous searches [44—47].

The benchmark signature for this search is an exotic decay
of the 125 GeV Higgs boson to two long-lived neutral scal-
ars S (H— SS), each of which further decays to a pair of
SM fermions. The Feynman diagram for this process is shown
in figure 1. We focus on hadronic final states, including bot-
tom quarks (S — bb), down quarks (S — dd), and tau leptons
(S — tt1~, simply denoted as S — 77). The S — bb and
S — dd decays are chosen as representative of LLP decays
to heavy-flavor and light-flavor quarks, and the sensitivity
of this search is similar for different quark flavor assump-
tions. This benchmark signature is motivated by the Higgs
portal scenario, where the Higgs boson acts as a portal to
DSs containing new SM gauge singlet particles. The Higgs
boson, because of its unique status in the SM, often medi-
ates the leading interaction between DSs and the SM sector
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f

Figure 1. The Feynman diagram for the benchmark signal model, in
which the SM-like Higgs boson with a mass of 125 GeV decays to
two long-lived neutral scalars S, and each of them decays to a pair
of SM fermions.

at LHC energy scales and thus provides a natural portal to
DSs [48]. Furthermore, the central role of the Higgs boson
in addressing many remaining questions in fundamental phys-
ics also suggests that new physics may preferentially couple
to it.

A well-motivated version of the Higgs portal scenario is
‘neutral naturalness’ [28-30], realizations of which include
the twin Higgs [26], FSUSY [49], and quirky little Higgs [27]
models. In neutral naturalness, the Higgs boson mass is protec-
ted by a global symmetry between the DS and the SM sector,
which helps resolve the electroweak hierarchy problem. This
scenario also has important implications for the nature of dark
matter [S0-56], dark phase transitions and baryogenesis in the
early Universe [57-61], the origin of neutrino masses [62, 63],
and proposed resolutions for tensions in cosmological meas-
urements [55, 64]. The lightest hadronic state of the DS is usu-
ally a hidden glueball, which has a suppressed decay back to
SM particles through the Higgs portal [65, 66]. Therefore, the
hidden glueball is usually long-lived and decays to DJs, pre-
ferring displaced b jets because of mixing between the DS and
the SM Higgs boson. The hidden glueball can be produced in
decays of the Higgs boson and therefore equates to the generic
S in the benchmark signature. The hidden glueball is theoret-
ically preferred to have a mass between 10 and 60 GeV [29,
30, 67]. Because of hadronization in the DS, the Higgs boson
can decay to more than two hidden glueballs, especially when
the glueball mass is small [68]. Nevertheless, the two-body
H — SS decay is still the most common decay topology in the
glueball mass range considered here and is therefore taken as
the benchmark.

Although the H — SS decay is chosen as the benchmark,
we do not attempt to reconstruct the Higgs boson candidate or
to place specific requirements on the event topology. Instead,
we focus on the reconstruction and identification of each LLP.
As a result, the search is also sensitive to many other BSM
scenarios with hadronically decaying LLPs.
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The paper is organized as follows. A brief description
of the CMS detector is introduced in section 2. The simu-
lated samples are described in section 3. Section 4 details
the object reconstruction and DJTs. Section 5 describes
the DV reconstruction and LLP identification algorithms.
Section 6 describes the event selections and the back-
ground estimation method. The systematic uncertainties are
presented in section 7. The results and interpretations are
described in section 8. The paper is summarized in section 9.
Tabulated results are provided in the HEPData record for this
analysis [69].

2. The CMS detector

The central feature of the CMS apparatus is a superconducting
solenoid of 6 m internal diameter, providing a magnetic field
of 3.8 T. Within the solenoid volume are a silicon pixel and
strip tracker, a lead tungstate crystal ECAL, and a brass and
scintillator HCAL, each composed of a barrel and two end-
cap sections. Forward calorimeters extend the pseudorapidity
coverage provided by the barrel and endcap detectors. Muons
are measured in gas-ionization detectors embedded in the steel
flux-return yoke outside the solenoid.

The silicon tracker measures charged particles within the
pseudorapidity range |n| < 3.0. During the LHC running
period when the data used in this paper were recorded, the
silicon tracker consisted of 1856 silicon pixel and 15 148 sil-
icon strip detector modules. Details on the pixel detector can
be found in [70]. For nonisolated particles with 1 < pt <
10 GeV and || < 3.0, the track resolutions are typically 1.5%
in pr and 20-75 pym in the transverse impact parameter (d,,)
[71].

In the region |7| < 1.74, the HCAL cells have widths of
0.087 in pseudorapidity and 0.087 in azimuth (¢). In the n-
¢ plane, and for || < 1.48, the HCAL cells map on to 5x5
arrays of ECAL crystals to form calorimeter towers project-
ing radially outwards from close to the nominal interaction
point. For |n| > 1.74, the coverage of the towers increases
progressively to a maximum of 0.174 in An and A¢. Within
each tower, the energy deposits in ECAL and HCAL cells are
summed to define the calorimeter tower energies, which are
subsequently used to provide the energies and directions of
hadronic jets.

Events of interest are selected using a two-tiered trigger
system. The first level, composed of custom hardware pro-
cessors, 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 us [72]. The second level, known as
the HLT, consists of a farm of processors running a version of
the full event reconstruction software optimized for fast pro-
cessing, and reduces the event rate to around 1 kHz before data
storage [73].

A more detailed description of the CMS detector, together
with a definition of the coordinate system used and the relevant
kinematic variables, can be found in [42].

3. Event simulation

The backgrounds in this search include nuclear interactions,
long-lived SM hadrons, and misreconstructed DVs formed by
unrelated crossing tracks. Such phenomena mainly occur in
SM events containing jets produced through the strong interac-
tion, referred to as QCD multijet events. The simulated QCD
multijet sample is generated at LO with pyTHIA 8.306 [74].
Parton showering and hadronization are simulated with
PYTHIA, using the CP5 underlying-event tune [75]. The simu-
lated QCD multijet sample is mainly used to guide the analysis
strategy, train the LLP-identification taggers, and estimate sys-
tematic uncertainties, while the background estimation for this
search is purely determined from data.

The POWHEG 2.0 [76-79] program is used to generate
events containing a 125 GeV Higgs boson via gluon-gluon
fusion at next-to-LO, which is the dominant production mode
of the SM-like Higgs boson. The process H — SS and the
S — bb, S — dd, and S — 77 decays are then simulated using
PYTHIA. Signal samples are produced with LLP masses mg of
15, 23, 30, 40, and 55 GeV, and mean proper decay lengths
(c7p) from 1 mm to 1 m. The samples are normalized accord-
ing to the gluon-gluon production cross section of a 125 GeV
Higgs boson at a center-of-mass energy of 13.6 TeV [80].

Both generators use the NNPDF3.1 next-to-next-to-LO
parton distribution functions [81]. The detailed CMS detector
response is modeled with a GEANT4-based [82] simulation.
The effects of additional pp interactions within the same or
nearby bunch crossings (‘pileup’) are included.

4. Object reconstruction and displaced-jet triggers

Jets are reconstructed from the energy deposits in the calor-
imeter towers, clustered using the anti-kt algorithm [83, 84]
with a distance parameter of 0.4. Identification of the leading
PV is a prerequisite for the selection of DJs. The leading PV
is taken to be the vertex corresponding to the hardest scatter-
ing in the event, evaluated using tracking information alone, as
described in section 9.4.1 of [85]. We consider tracks and jets
reconstructed both at the HLT and using the full event recon-
struction software, with the former objects used in the DJTs
and the latter objects, described as ‘offline’, used for analyz-
ing the events collected with the DJTs.

The data were collected with dedicated triggers aimed at
selecting events with DJs from LLP decays. In addition to
the DJTs implemented in 2017-2018 [44], new DIJTs were
also been developed and implemented in 2022 [86] to signific-
antly improve the trigger efficiencies for light LLPs. DJs are
identified, or ‘tagged’, in the HLT using two different require-
ments. The first, referred to as the ‘inclusive’ tagging require-
ment, requires that the jet has at most one associated prompt
track. Prompt tracks are defined to have pr > 1 GeV, ad,, with
respect to the leading PV smaller than 0.5 mm, and a d,, sig-
nificance (d,, /0y, the ratio of d,, and its uncertainty) smaller
than 5.0. The second, referred to as the ‘displaced’ tagging
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requirement, encompasses the inclusive tagging requirement
and additionally requires that if there is exactly one associated
prompt track, there should also be at least one associated track
with pr > 1 GeV and d,, > 0.3 mm.

Two DJTs are implemented. The first trigger requires Ht >
430 GeV, where Hrt is the scalar pr sum of all jets with
pr > 40 GeV and || < 2.5. The trigger also requires the pres-
ence of at least two jets satisfying pr > 40 GeV, |n| < 2.0, and
the inclusive tagging requirement. The events selected by this
trigger are further required to have an offline Hr > 450 GeV
to make sure the online Ht requirement reaches full efficiency
and the difference between the observed and simulated effi-
ciencies is negligible. The second trigger is seeded by a first-
level trigger that requires Ht > 240 GeV and the presence of
a muon with pr > 6 GeV, in order to improve the trigger effi-
ciencies for LLPs with heavy-flavor decays. The trigger further
requires that there are at least two jets satisfying pr > 40 GeV,
|| < 2.0, and the displaced tagging requirement. The events
selected by this trigger are further required to have an offline
Hr > 240 GeV.

The overall trigger efficiencies are ~0.4%-1.0% for
S — bb and S — dd in most of the considered mass and life-
time range. These efficiencies degrade to ~0.2%-0.7% for
S — 77, because of the nonzero branching fraction for tau
leptons to decay leptonically. Compared to the DJTs imple-
mented in 2017-2018, the new trigger efficiencies are a factor
of 4-17 higher for the H — SS, S — bb signature in the para-
meter ranges explored here.

5. Displaced-vertex reconstruction and long-lived
particle identification

After the trigger selections, dijet candidates are formed from
all possible pairs of offline jets in the event using the jets with
pr > 40 GeV and || < 2.0. The track candidates used in this
search are required to satisfy pr > 1 GeV and pass the high-
purity selection [87]. For a given dijet candidate, the track can-
didates associated with each jet are selected by requiring that
AR < 0.5, where AR = V/(An)? + (Ag)? is the angular dis-
tance between the jet axis and the track direction. When a track
satisfies AR < 0.5 for both jets in the dijet candidate, it is asso-
ciated with the jet with the smaller AR.

For each dijet candidate, DVs are reconstructed using the
associated displaced tracks that satisfy dy, >0.5 mm and
dyy /0y >5.0. Two DV reconstruction approaches are taken.
The first approach is to directly apply AVR [88, 89], which
is an iterative application of the AVF [90], to all the associ-
ated displaced tracks. This approach efficiently reconstructs
the LLP decay vertex. The second approach is to cluster
the displaced tracks first, based on their distances of closest
approach and PCAs, which improves the efficiency to recon-
struct the additional DV arising from processes such as b had-
ron decays in S — bb. During the clustering, each displaced
track is treated as a seed track, and a cluster is then formed by
examining the compatibility between the seed track and other
displaced tracks based on the distances of closest approach,

PCAs, and the angles between the track directions and the PV-
to-PCA direction. The AVR is then applied to each cluster of
tracks, resulting in another set of DVs. The DVs from the two
approaches are then combined to form a single set of DVs.
During the initial reconstruction, some displaced tracks origin-
ating from a given DV may not be associated with it after the
vertex fitting. To mitigate this effect, all the displaced tracks
and DVs are reexamined, and each DV is refitted with the AVF
using all the displaced tracks that have a three-dimensional
impact parameter significance (d,,;/0yy;, the ratio of the three-
dimensional impact parameter d,,, and its uncertainty) smal-
ler than 5.0 with respect to the DV. After the refitting, only the
vertices with a x? per degree of freedom (2 /dof) smaller than
5.0 are kept. Since there can be overlaps in the results of the
two DV reconstruction approaches, there may be some duplic-
ated vertices after the refitting. To account for this, a given DV
is removed from the final DV list if it shares at least 20% of
its tracks with another DV and the significance of the distance
between the two DVs is smaller than 3.0.

With the dijet candidates and their associated tracks and
DVs as inputs, we employ GNNs [91, 92] as taggers to identify
the dijets arising from LLP decays. The tracks and DV asso-
ciated with a given dijet candidate can naturally form graphs,
where the tracks and DVs can be viewed as nodes of the
graphs, while the track-to-vertex, vertex-to-track, and track-
to-track relations can be viewed as the edges that connect two
nodes. For each type of relation, a relation function can be built
using the node and edge features. For example, for track-to-
vertex relations Ry, they can be described by a relation func-

tion lerack-venex :

ey

Rit = fRusekeseren (Xis Vi €ik) 5

where x; represents track features, y; represents DV features,
eir represents track-to-vertex edge features like the track-to-
DV association, and i (k) is the index of the tracks (DVs). The
DV features can then be updated based on the track-to-vertex
relations using the message passing formalism [92]:

Y=o <yk, zR,»k> |
i

where y/ represents the updated DV features, and fp,,.. is
referred to as the vertex objective function. The functions
JRurvere @0 fo.... are learned during the GNN training. The
track-to-track and vertex-to-track relations are similarly incor-
porated and applied to track features. The updated DV and
track features are further processed to provide the discrimina-
tion between the LLP signature and background processes.
Two GNN-based displaced-dijet taggers are implemented.
The first one, referred to as the ‘displaced’ tagger, only takes as
input the associated displaced tracks and DVs. The second one,
referred to as the ‘prompt-veto’ tagger, only takes as input the
associated tracks with d,, < 0.3 mm. The two taggers cover
complementary characteristics of exotic LLPs: the presence
of DVs from the LLP decays and the lack of prompt particles
accompanying the LLP production. Moreover, the two taggers

@
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have negligible correlations for SM background processes,
which is verified using simulated QCD multijet events, and
thus they enable the estimation of the background yield from
data.

For the displaced tagger, the input displaced tracks and
input DVs are sorted according to their d,/oy, values in
descending order. The input displaced track features include
dyy/ Oy dyyz/0xyz; the distance from the PV to the crossing
point of the track helix and the dijet direction in the transverse
plane; whether the track is associated with the jet with a lar-
ger pr; and the ratio between the track energy and the energy
sum of the tracks associated with the dijet. The input DV fea-
tures include the vertex invariant mass and pr; the vertex track
multiplicity; the transverse decay length significance; x?/dof
of the vertex fit; and the angles between the vertex momentum
vector, the direction from the PV to DV, and the dijet candid-
ate momentum direction. To characterize the track-to-vertex
relations, the track-to-vertex edge features of the input graph
for each track-DV pair are taken to be the track-to-DV associ-
ation; d,,, and d,, /oy, between the track and the DV; and the
angle between the track direction and the direction of the DV
displacement from the PV. The displaced tagger is built with
two successive GNN blocks that update the track and DV fea-
tures with track-to-track, track-to-vertex, and vertex-to-track
relations, using the message passing formalism [92]. The out-
puts of this step are further processed with two parallel LSTM
layers [93], which treat the processed track features and DV
features as sequential data, representing decay chains within
the LLP decay system. The LSTM outputs are further con-
catenated with two dijet global features: the total number of
the DVs and the sum of d,, /o,y for the tracks associated with
DVs. The concatenated dijet, displaced track, and DV features
are processed with a fully connected dense network to produce
the final prediction score ggisplaced-

For the prompt-veto tagger, the input tracks are sorted
according to d,, /oy, in ascending order. The input track fea-
tures include d,y; dyy/0yy; the track-to-PV associations for the
leading PV and pileup vertices; the track-to-jet associations;
and the ratio between the track energy and the total energy of
the dijet candidate. In addition, for each pair of tracks, whether
the two tracks are associated with the same PV is taken as the
track-to-track edge feature for the input graph. The input track
features are updated with a GNN message passing block that
acts on the track-to-track relations. The outputs of the GNN
block are processed with a single LSTM layer and then fur-
ther processed with a fully-connected dense network, produ-
cing the final prediction score gprompt-veto-

The architectures of the displaced and prompt-veto taggers
are illustrated in figure 2. Both taggers are implemented and
trained using the TENSORFLOW v2.6.0 package [94]. For the
training, the binary cross entropy [95] is used as the loss func-
tion, which is defined as:

N
BCE =1 3" [ylog (/) + (1 —y)log (1 — ()],
j=1

3

Rt Displaid tracks D*VS e Feanmes
GNN block
i 2 2
GNN block
v v
(LsT™| [LsT™|
v v v
[ Dense layers
+
gdisplaced

Track-to-track

Tracks (d,, < 0.3 mm) edge features

v

" GNN block

v

LSTM
v

Dense layers

+

8 prompt—veto

~

J

Figure 2. The architectures of the displaced (upper) and
prompt-veto (lower) taggers. The displaced tagger takes as input the
dijet global features, displaced tracks, and DVs. The prompt-veto
tagger takes as input the tracks with d,y, < 0.3 mm.

where x; represents an input, y; represents the class defined
as 0 if the input is from the background sample or 1 if the
input is from the signal sample, and f(x;) is the prediction
of the GNN tagger. The simulated QCD multijet sample is
used as the background sample. Simulated H — SS samples
with S — bb, mg = 30, 40, and 55 GeV, and c7y = 1, 10, 100,
and 1000 mm are combined to form the signal sample. In a
given signal event, the dijet candidate that is the most compat-
ible with the generated LLP decay is selected for the training,
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according to the distance between the reconstructed DVs and
the generated LLP decay vertex, as well as the angular distance
between the momenta of the dijet candidate and the generated
LLP. The GNNSs are trained for the S — bb signature because
this is the most important decay channel in the Higgs portal
scenarios, and the resulting GNNs are also directly applied to
the signatures with other decay channels. The DJT selections
are applied to the events used for the training, and both jets in
each dijet candidate are required to satisfy pr > 40 GeV and
|| < 2.0. Event weights are assigned during the training such
that the total sums of the weights are identical for the signal
and background samples. The output scores of the GNN tag-
gers range between 0 and 1, with larger values indicating that
the dijet is more likely to arise from an LLP decay.

In general, the displaced tagger achieves a background
rejection factor of 10* when the signal efficiency is ~55%,
while the prompt-veto tagger can achieve a background rejec-
tion factor of 10° when the signal efficiency is ~30%. The
agreement between data and simulation is verified for the
input variables and the GNN output scores, using the events
collected with a prescaled control trigger that requires Hy >
425 GeV.

6. Event selection and background estimation

In this search, after the trigger selections, we select the
dijet candidates that have at least one reconstructed DV with
x?/dof < 5.0. The displaced and prompt-veto tagger scores
are computed for each dijet candidate, and the one with
the largest gpromptveto i @ given event is selected. We then
require that the selected dijet candidate satisfies ggisplaced >
0.9985 and gprompt-veto > 0.985, determined by maximizing
the 5-standard-deviation discovery potential for the H — SS,
S — bb signature using the Punzi formula [96], according to
the expected signal efficiencies and background yields after
the selection.

We define four exclusive regions to employ the ‘ABCD’
background estimation method [97].

e Region A: events with 0.95 < ggisplaced < 0.9985, 0.95 <
&prompt-veto < 0.985;

e Region B: events with 0.95 < ggisplaced < 0.9985, 0.985 <
&prompt-veto < 1.0;

e Region C: events with 0.9985 < ggisplaced < 1.0, 0.95 <
&prompt-veto < 0.985; and

e Region D, the signal region (SR): events with 0.9985 <
&displaced < 1.0,0.985 < &prompt-veto < 1.0.

The estimated background yield in the SR is thus:

NpP = NgNc/Na, 4)

where N is the event yield in region X. In equation (4), it
is assumed that there is no signal contribution to regions A—
C. When interpreting the results for a given signal point, sig-
nal contributions are taken into account by performing a sim-
ultaneous fit in all regions A-D, which will be discussed in
section 8.1.

The predicted background yields and the number of
observed events in the SR are shown in figure 3. The uncer-
tainties in the predicted background yields come from the
statistical uncertainties in regions A, B, and C. Predictions
and observations are also shown for regions with smaller
8displaced Tanges below 0.9985, achieved by corresponding
adjustments to the ggisplaces boundaries of regions A-D, in
order to validate the background estimation method. The pre-
dictions and observations are summarized in table 1. For
each observation, a p-value is computed based on the lower
tail of a Poisson distribution convolved with a normalized
Gaussian function for the statistical uncertainty of the back-
ground prediction. The p-value is then converted to a Z-
value according to the Gaussian error function, which rep-
resents the observed significance with an equivalent num-
ber of standard deviations [98]. The Z-values are also listed
in table 1, with absolute values all below 1.3 standard devi-
ations, indicating good agreement between the predictions and
observations.

The background estimation was additionally validated
using simulated QCD and signal events, both with and without
the effect of signal contamination, as well as using observed
data in signal-depleted regions with small gprompt-veto Values.
In all cases, the estimated background and the observed value
agree within statistical uncertainties. Therefore, no additional
systematic uncertainty is assigned to the predicted background
yields.

7. Systematic uncertainties

The systematic uncertainty in the integrated luminosity for
13.6 TeV pp collision data in 2022 is 1.4% [99], which is
taken as one of the systematic uncertainties in the signal yield.
The systematic uncertainty arising from the pileup model-
ing is estimated by varying the inelastic pp cross section by
4.6% [100]; the resulting variation in the signal yield is found
to be 1%—-8% and is taken as the corresponding systematic
uncertainty. The jet energy scale uncertainty is propagated to
the simulated signal samples by varying the jet energy and pr
by one standard deviation, and the resulting systematic uncer-
tainty in the signal yield is found to be 5%—10%.
Measurements of the efficiency of the online requirements
of the DJTs are compared between data and the simulated
QCD multijet sample. Events collected with an isolated single-
muon trigger are used for the online Ht requirement, and
events collected with a prescaled Hr trigger requiring Hy >
425 GeV are used for the online jet pr requirement. The dif-
ferences in the measured efficiencies between data and simu-
lation are found to be small, and their impacts on the predicted
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Figure 3. The predicted background yields and the number of observed events for the data with gprompt-veto > 0.985, shown for different

bins of the displaced-dijet GNN score gaisplaced- Expected signal yields for the H — SS, S — bb signature are also shown for models with
ms =40 GeV and ¢y = 1, 10, or 100 mm, assuming a branching fraction of 1% for the H — SS decay.

Table 1. The predicted background yields and observations in the region with gprompt-veto > 0.985 for different gaisplacea ranges. The
background predictions are shown with their statistical uncertainties. The significance of any deviation between the observation and

prediction for each guisplaced Tange is shown as a Z-value.

displaced Predicted background Observation Z-value
(0.96, 0.97) 68.39 + 12.60 52 —1.06
(0.97, 0.98) 67.55+9.46 77 0.80
(0.98, 0.99) 76.18 £8.95 72 —0.27
(0.99, 0.995) 38.82+5.08 45 0.84
(0.995, 0.998) 25.41 +£3.87 26 0.22
(0.998, 0.9985) 2.834+1.17 5 1.25
(0.9985, 1.0) 3.344+1.28 3 0.19

signal yields are negligible, so no corresponding uncertainty is
assigned.

To estimate the systematic uncertainty in the predicted
signal yields from the online tracking requirement of the
DJTs, the per-jet efficiencies of this requirement are meas-
ured as functions of the number of offline prompt tracks
and displaced tracks, using events collected with the pres-
caled Ht trigger. The difference between data and simu-
lated QCD multijet events is applied to the simulated sig-
nal events as a bias for the probability of a single jet
to pass the online tracking requirements. The variation of
the efficiency for signal events to have at least two jets
passing the online tracking requirements is found to be
0.1%-5% and is taken as the corresponding systematic
uncertainty.

The impact of the possible mismodeling of the GNN scores
in the simulation on the predicted signal yields is measured
similarly, using events collected with the prescaled Hr trig-
ger. The GNN scores in the simulated samples are varied by
the magnitude of the measured discrepancy between data and
QCD multijet simulation. The effect on the signal yields is

Table 2. Summary of the systematic uncertainties in the signal
yields.

Source Uncertainty (%)

Integrated luminosity 14
Pileup modeling 1-8
Jet energy scale 5-10
Online tracking requirements 0.1-5
GNN modeling 4-14

found to be 4%—14% and is taken as the corresponding sys-
tematic uncertainty.

The various systematic uncertainties in the signal yields are
summarized in table 2.

8. Results

The observed event yields in regions A, B, and C are
Na =722, Ng =344, and Nc =7, respectively. The pre-
dicted background yield in the SR with gaisplaced > 0.9985
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Table 3. Signal efficiencies scaled by a factor of 10* for the H — SS signature with S — bb, S — dd, and S — 77 decays in the signal
region D, shown for representative signal points with different ms and c7p values. Only statistical uncertainties are listed.

CT0
Decay channel mgs (GeV) 1 mm 10 mm 100 mm 1000 mm
55 2.82 +0.06 15.46+0.14 12.52+0.12 2.174+0.05
S —bb 40 2.254+0.05 11.96 +0.12 8.60+0.10 1.06 £0.04
23 0.48+0.02 4.42+0.07 2.714+0.06 0.204+0.01
55 2.80+0.06 12.48+0.13 10.30£0.11 1.89 £0.05
S —dd 40 2.47+0.05 11.76 +0.12 8.13+0.09 1.06 +0.04
23 0.594+0.03 5.144+0.07 2.89 4+ 0.06 0.194+0.02
55 0.28 +0.02 2.1740.05 1.40 £ 0.04 0.244+0.02
S—71T 40 0.23+0.02 1.77£0.05 1.08 +0.04 0.15+0.01
23 0.09 +£0.01 0.75+0.03 0.39+0.02 0.023 +0.005

and gprompt-veto > 0.985 is therefore 3.34 £ 1.28. We observe
3 events, which is consistent with the prediction. The signal
efficiencies for representative H — SS signal points in the SR
can be found in table 3.

8.1. Interpretations of the results

Upper limits at 95% CL are set on the branching fraction
B(H — SS) for different signal models, computed using the
CL; criterion [101, 102], with an LHC-style profile likeli-
hood ratio [103] as the test statistic. Systematic uncertain-
ties are incorporated through the use of nuisance paramet-
ers, which are profiled according to the frequentist paradigm.
The asymptotic approximation [104] is used for calculating
the CLg values and has been verified with full-frequentist
results for representative signal points. To account for pos-
sible signal contributions in regions A-C, a simultaneous
fit is performed for the signal strength and the background
yields in all regions A-D, enforcing the ABCD relation-
ship from equation (4) for the background yields, while
allowing for a signal component in all regions with relat-
ive proportions dictated by the signal simulation. The differ-
ences between the results of the simultaneous fit and those
obtained only using the yields in the SR are smaller than 10%.
These calculations are performed using the COMBINE package
[105].

The upper limits on B(H — SS) for the S — bb, S — dd,
and S — 77 decay scenarios are shown in figure 4 for differ-
ent mg and c7y values. The limits become weaker for smaller
¢y because only displaced tracks are used to reconstruct DVs,
and for larger c7y because the tracking efficiency decreases
with increasing displacement of the displaced tracks. The lim-
its also become less stringent at smaller mg because the boost
of the LLP decay system increases, so the two quarks or had-
ronically decaying tau leptons are more likely to be reconstruc-
ted as a single jet.

The upper limits for the S — bb decay scenario are within
20% of the S — dd limits when mg > 20 GeV, while in the

previous search [44] the S — bb limits were much weaker
than the S — dd limits. The difference in sensitivity between
the S — bb and S — dd final states is mitigated by the new
DV reconstruction algorithm and the GNN taggers, which
better capture information from the B hadron decay vertices.
The new DJTs accept more signal events, increasing the sig-
nal yield compared to previous searches even in this smaller
data set. The upper limits for the S — 77 decay scenario are
weaker than the S — bb and S — dd limits because there is
less displaced activity in S — 77 decays, as there is no had-
ronization when tau leptons are produced at the LLP decay
vertex.

This search provides the first exclusions of hadronic-
ally decaying displaced tau leptons arising from LLPs with
decay lengths smaller than ~1 m. The S — bb and S — dd
observed limits are compared to other results [44, 45] for
representative signal points in figure 5. Although the integ-
rated luminosity of the data analyzed in this search is only
~25% of that used in the other searches, the obtained limits
are much stronger, thanks to the new trigger, reconstruction,
and machine-learning techniques. The S — bb (S — dd) lim-
its are better than those obtained previously by a factor of up
to 10 (8).

Figure 6 shows the 95% CL limits on mg for different
cTp assuming a branching fraction of 1% for the H — SS
decay, with subsequent S —bb or S — dd decays. When
mg is larger than 40 GeV, B(H — SS) larger than 1% is
excluded for c¢ry between 1.5 and 370 mm with S — bb
decays, or for cmy between 1.3 and 380 mm with S — dd
decays.

We also interpret the search with the FTH [29] and
FSUSY [49] models, which are two benchmarks for the
neutral-naturalness scenario. For this interpretation, the scalar
S is interpreted as the lightest glueball Gy in the DS.
The branching fraction for the Higgs boson decay to Gy
(B(H — GoGy)) and the ¢y of Go both depend on the glue-
ball mass mg and the mass m of the top quark partner T in
the DS. These dependencies are taken from [67], assuming
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Figure 4. The 95% CL upper limits on the branching fraction B(H — SS) for S — bb (upper left), S — dd (upper right), and S — 77
(lower), for different LLP masses ms and proper decay lengths c7y. The solid (dashed) lines represent the observed (median expected) limits.

B(H — GoGy) is the same as the branching fraction for the
Higgs boson to decay to hidden gluons multiplied by a phase
space factor V'1 — 4my*/mé. For simplicity we also assume
the branching fraction for Gy — bb is 100%, since this is
the dominant decay channel of Gy in the considered mass
range because of the Higgs-portal interaction. In this way, the
S — bb limits are translated into 95% CL exclusions in the
mo-mr plane, as shown in figure 7. Top quark partner masses
up to 350 (250) GeV are excluded for the FTH (FSUSY)
model.

The data analyzed in this search was collected in the first
year of the ongoing LHC Run 3. The results in this paper

already achieve an order-of-magnitude improvement over
existing results, which represents a significant step forward in
probing the phase space of exotic LLPs. The full LHC Run-3
data set will correspond to a much larger integrated luminos-
ity, which is expected to increase the sensitivity of this search
significantly. The techniques introduced in this paper, together
with newer techniques such as additional DJTs in a separate
parking data stream dedicated to LLP searches [106], will help
realize the full potential of the complete Run-3 data set. Their
future application to more challenging exotic LLP signatures
will significantly enhance the discovery potential for BSM
physics.
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Figure 5. Comparisons of the observed limits from this search and other results, for S — bb, mg = 40 GeV (upper left); S — bb,

ms = 15 GeV (upper right); and S — dd, ms = 15 GeV (lower). The other results include the previous CMS displaced-jets search [44] (red
dashed lines) and the CMS Z + displaced-jets search [45] (green dotted lines), where the observed limits agree with the median expected
limits within 15% and are within the regions containing 68% of the distributions of the limits expected under the background-only

hypothesis.

9. Summary

A search for light LLPes decaying into jets has been per-
formed using proton—proton collision data corresponding to
an integrated luminosity of 34.7 fb~!, collected with the
CMS experiment at a center-of-mass energy of 13.6 TeV
in 2022. Novel techniques in trigger, reconstruction, and
machine learning were developed for and employed in this
search, leading to significant improvements over existing
results.

The observed yields are consistent with the background
predictions. The best limits to date are set for LLPs with
masses between 15 and 55 GeV and with proper decay lengths
smaller than ~1 m. The search provides the first exclusions
of hadronically decaying displaced tau leptons arising from
LLPs with decay lengths smaller than ~1 m. For the sig-
nature where the Higgs boson decays to two LLPs that fur-
ther decay to bottom (down) quark pairs, branching fractions
greater than 1% for the exotic Higgs boson decay are excluded
for a LLP mass larger than 40 GeV and mean proper decay
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Figure 6. The 95% CL limits on the LLP mass mg for different
proper decay lengths c¢7y assuming a branching fraction of 1% for
the H — SS decay, and with subsequent S — bb (upper) or S — dd
(lower) decays. The solid (dashed) lines represent the observed
(median expected) limits. The hashed areas indicate the direction of
the excluded area from the observed limits.

lengths between 1.5 (1.3) and 370 (380) mm. For these sig-
natures, the branching fraction limits are better than those
obtained previously by a factor of up to 10 (8). Exclusions
are also placed on the parameter space of the FTS and FSUSY
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Figure 7. The 95% CL limits on the dark-sector top quark partner
mass mr for different hidden glueball masses my, in the fraternal
twin Higgs model [29] (upper) and the folded SUSY model [49]
(lower). The solid (dashed) lines represent the observed (median
expected) limits. The hashed areas indicate the direction of the
excluded area from the observed limits.

models in the neutral naturalness scenario, giving lower limits
on top quark partner masses of up to 350 and 250 GeV, respect-
ively. The results are the first constraints placed on these
models.
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