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Abstract This Letter proposes a new signature for confin-
ing dark sectors at the LHC. Under the assumption of a QCD-
like hidden sector, hadronic jets containing stable dark bound
states originating from hidden strong dynamics, known as
semi-visible jets, could manifest in proton-proton collisions.
In the proposed simplified model, a heavy Z’ mediator cou-
pling to SM quarks allows the resonant production of dark
quarks, subsequently hadronizing in stable and unstable dark
bound states. The unstable dark bound states can then decay
back to SM quarks via the same Z’ portal or photons via a
lighter pseudo-scalar portal (such as an axion-like particle).
This mechanism creates a new signature where semi-visible
jets are enriched in non-isolated photons. We show that these
exotic jets evade the phase space probed by current LHC
searches exploiting jets or photons due to the expected high
jet neutral electromagnetic fraction and photons candidates
non-isolation, respectively. In the proposed analysis strat-
egy to tackle such signature, we exploit jets as final state
objects to represent the underlying QCD-like hidden sec-
tor. We show that, by removing any selection on the neu-
tral electromagnetic fraction from the jet identification crite-
ria, higher signal efficiency can be reached. To enhance the
signal-to-background discrimination, we train a deep neu-
ral network as a jet tagger that exploits differences in the
substructure of signal and background jets. We estimate that
with the available triggers for Run 2 and this new strategy,
a high mass search can claim a 5o discovery (exclusion) of
the Z’ boson with a mass up to 5TeV (5TeV) with the full
Run 2 data of the LHC when the fraction of unstable dark
hadrons decaying to photons pairs is around 30%, and with
a coupling of the Z’ to SM quarks of 0.25.
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1 Introduction

The presence of dark matter (DM) in the universe [1,2] is
clear evidence of limitations of the Standard Model (SM)
framework, invoking new physics to find a full explanation
of the phenomenon. The lack of experimental confirmation
of the most popular hypotheses investigated so far [3,4] con-
nects to the idea of new physics belonging to complex sectors
of matter barely accessible to SM particles, Hidden sectors.
Hidden sectors are introduced in the Hidden Valley models
[5] as extensions of the SM, and connected to the SM via a
heavy mediator or a weak coupling. These models can rather
easily accommodate DM candidates, identifying them with
stable particles within the dark sector [6-12]. Moreover, if
realised in nature, the Hidden Valley scenario may result in
unusual and little-studied phenomena at the LHC. A notable
example is semi-visible jets (SVJ) signatures appearing in
strongly coupled Hidden Valley scenarios, where dark QCD
exists and behaves in a QCD-like way. Previous works [10-
17], have introduced such class of experimental signatures,
composed of a mixture of stable and unstable dark bound
states originating from the hadronization of dark quarks at
colliders. SVIJs appear as partially visible jets of particles
in the detectors, with missing transverse momentum from
stable dark mesons (ET) aligned to the direction of one of
the jets. Fully hadronic SVJ signatures have been proposed
in [11,13-15] and searched for by the CMS and ATLAS
experiments in s- and t-channel production modes [18,19],
respectively. Novel signatures with SVJ enriched in leptons
from dark photon decays have been recently proposed in
[16], along with signatures enriched in 7 leptons [17] pro-
posed by models assuming non-democratic decays to lep-
tons). In this Letter we present a simplified model for SVJs
enriched in photons. The model has been developed follow-
ing [16,17,20,21]. In the proposed models, a Z’' mediator
acts as a messenger between the visible and dark sectors
via coupling to SM quarks, thus allowing the resonant pro-
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duction of dark quarks in proton-proton collisions and the
decays of the unstable dark pions to SM quarks. In such way
the SVJs can be resonantly produced at the LHC. The decay
of the dark pions to photons is guaranteed via a pseudo-
scalar (such as an axion-like particle, ALP) portal coupling
to dark quarks and SM photons. This mechanism allows the
production of non-isolated photon pairs inside semi-visible
jets (SVIJy signature). As an extreme case of this signature,
we also show that within our model, it is possible to obtain
jets comprised exclusively of photons (photon-jets [22]). We
find that present searches have limited sensitivity to these
novel signatures since SVJy objects do not pass standard
identification criteria both for jets and photons. We propose
a dedicated strategy to identify such objects with respect to
jets faking photons and prompt photon production.

2 Model setup

The model is primarily based on the frameworks introduced
in [16,17,20,21], allowing the dark sector to communicate
with the SM. As mentioned above, it employs a Z’ mediator
and a pseudo-scalar ALP a. A simple description and sum-
mary of the physical processes are shown in Fig. 1, and the
main interactions are governed by the following Lagrangians:

Lz D= Zwqiy" (g Pr + ¢l PL)q;

c o Y (1)
- ZMWiVM(yijPR + yijPL)llfj ,
for Z’, and
- 1
LyD (Dua)’(D“a) — —mia2
2 (2
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fora. Here, g; are the SM quarks of flavor i, while ¥ denotes
the dark quarks. In what follows, we will omit the dark sector
flavor indices to simplify the notation; however, this does
not imply that there is only one flavor. We also assume the
couplings of the Z’ to leptons to be negligible compared to
quarks as suggested by the constraints from the high mass
di-lepton searches [23,24]. Additionally, a vector-like lepton
(L) [21] mediates the decay of the dark bound state into two
photons, resulting in the following effective interaction:

AEM ALy Ay Fr, Ty
4 m2My,

Lot D Fu F™, A3)

where ag )y is the QED coupling, M is the vector-like lepton
mass, A, is the dark sector confinement scale, F, is the dark
(pseudo-scalar) meson decay constant, 7, is the lightest dark
bound state and F*V is the electromagnetic field tensor. In
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Fig. 1 Feynman diagram illustrating the main processes in a collider
experiment. The gray ellipses represent the hadronization part

addition, as discussed in [21], it is also possible to implement
a gluon portal for the ALP, similar to the one for Eq. (3), but
employing a vector-like quark Q (of mass M) instead of L.
This new portal will, however, be suppressed by a factor of
a/m Q)2 in the decay width. Vector-like quarks have been
extensively studied [25] and are more constrained on the full
range of masses with respect to vector-like leptons [26]. For
this reason, this portal is neglected in favour of the photon
channel. In a collider experiment, as shown in Fig. 1, the dark
sector is accessed through the Z’, which is initially produced
by a parton interaction. Then the dark quarks hadronize, pro-
ducing multiple hadrons. These states can decay into stable
DM or back into the SM using the portals described in Eqs.
(1) and (2).

In the context of our model, there are two isospin triplets
for the dark hadrons: p, and m,, the latter being the lightest.
Our simplified model does not include any isospin-singlet
mesons. Each of these states can have three different con-
figurations depending on the dark sector flavors: (,/0,) ",
(my/ ,ov)o, and (7, /py)~ . This should not be understood as
an electromagnetic charge, as it arises from an accidental
symmetry (isospin) which can be easily broken. For this rea-
son, we will omit this notation and simply refer to the bound
states as 7T, and p,. Depending on the model’s symmetry, the
latter will decay into its lighter counterpart (;r,), which can
then decay into either two SM quarks via the Z’ or two pho-
tons via the pseudo-scalar a. These are the “visible” decays.
However, it is also possible for the light mesons (or a frac-
tion of them) to remain stable, making them potential DM
candidates. The decay widths for the visible decays are as
follows:

. N 4m2i
Iy = Gig)) =T, = 32;’”31,-’"731” [1— mzq qu , 4
Ty

2
o
EM 7 2 (5)
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Fig. 2 The plot shows seven different regions in parameter space (&),
vs my, ) where different decay modes of the bound states are dominant.
In the shaded regions below the lines, 7, will predominantly decay into
two SM quarks: up quarks in the yellow region, down quarks in the
orange region, strange quarks in the red region, charm quarks in the
cardinal region, bottom quarks in the violet region, and top quarks in
the purple region. In the white region above the lines, the dominant
decay mode of 7, is into two photons. The lines themselves represent
the case where the branching ratio between 7, — yy and w, — gq is
exactly 50%. This analysis has been performed for different values of

o
=q

where N, is the number of SM colors, mg, is the SM quark
mass and m, is the dark pion mass. Here &, and Z, func-
tions are effective couplings for the theory, keeping within
themself some of the free degrees of freedom. They are
defined as:

AlAY AL
B, =——— and &), := g v (6)
M3, mgMr,

where A7 and AV are, respectively, gf — gk and y® — y£,
and the assumption F;) ~ A, ~ m, was made. Depending
on the values of &, and &, the bound states will decay back
into photons or quarks. By studying the branching fraction
in the latter case, one can observe that only one flavor of
quark becomes relevant for the same value of Z,; and given
my,. Specifically, if we order the quarks by their masses
(i <j = mg <mg;)andwehavethatmg, < my, <mg,,,
then the flavor i + 1 is forbidden, and the flavor i dominates
overi — 1 by a factor of (mg, /mg, ,)*.

It is also possible to tune Z; and Z, to achieve a specific
valueof Ry, := I;/T,.By adjusting this ratio, the number of
photons or quarks coming from the bound states in the SVJy
can be controlled. Figure 2 shows the boundary between two
scenarios as a function of the bound state mass and =, . The
shaded region below the lines represents the case where the
bound states decay predominantly into quarks over photons
while, above the lines, the opposite case occurs. This analysis
is conducted for different values of & ; (or Mz by keeping the
As unitary). It is worth mentioning that in the specific case

where Aiq = 0, so for a pure Z’ vector portal, the decays of
the dark pions back to SM quarks via the Z’ are prohibited.
In this specific scenario, the pseudo-scalar can still decay to
photons via the ALP, leading to sprays of collimated photons
resembling the photon-jets signature [22], but with a poten-
tially much larger expected number of photons pairs per jet.
In this study, we only consider dark-bound states to be heavy
enough to decay promptly. However, longer lifetimes can be
obtained, allowing for signatures with additional displaced
tracks and vertices inside the signal jets and non-prompt,
non-isolated photons.

3 Monte Carlo simulations

Samples containing signal events, including initial- and
final-state radiation and underlying event, have been pro-
duced with Pythia8.307 [27]. The Hidden Valley mod-
ule [28,29] in Pythia8 simulated the dark sector’s show-
ering, hadronization, and decays. Detector effects are sim-
ulated using Delphes3 [30]. Following previous studies
[18], anti-k7 jets [31,32] with R = 0.8 (AKS jets) are clus-
tered requiring a minimum pt of 200GeV. All the sam-
ples have been normalised to the LO cross-section predic-
tion computed with the MadGraph5_aMCE@NLO [33] event
generator using the NN23LO1 parton distribution functions
[34] from the Lhapdf [35] repository. As a reference, we
have normalized the signals to the expected cross-section for
pp — Z' — quqy as in [18], thus assuming a coupling of
the Z' to SM quarks equal to 0.25, and its coupling to dark
quarks equal to 0.4, following the most recent recommenda-
tions from the LHC DM Working Group [36].

For the SVJy s-channel signal process, 20 - 10° events
have been generated scanning a mass range for Mz between
1.5 and 5TeV. The number of stable and unstable dark
hadrons produced in the dark hadronization process can vary
according to the details of the dark sector. In previous liter-
ature [13,14], an effective invisible fraction parameter has
been defined as riny = (Nstable/ (Nstable + Nunstable)), Where
Niable 1s the number of stable dark hadrons, and Nypstaple 1S
the number of those that are unstable, decaying back to SM
quarks and photons. This invisible fraction allows the capture
of variations in the details of the hidden sector and defines the
parameter space of a SVJ signature in terms of the amount
of missing transverse momentum E7. The quantity ET is
computed from the transverse component of the sum of the
momenta of all detected particles in an event [30], and can be
used to quantify the amount of transverse momentum miss-
ing due to invisible particles. The higher ri,y, the more the
final state topology will resemble a mono-jet signature, where
ET recoils against initial-state radiation jets. For our studies,
we choose a benchmark value i,y = 0.3, representing an
intermediate regime between di-jet and mono-jet topologies.
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Simulations scanning values setting ripy = 0.5, 0.7 have
been produced to assess the impact on the performance of
the jet tagger proposed in Sect. 5. The dark pseudo-scalar
(7ry) and vector (p,) meson masses can differ according to
the non-perturbative dynamics of the hidden sector, even for
mass-degenerate dark quarks. Following a similar approach
as in [16,17], we employed the lattice QCD fits in [37] to
predict the masses of dark vector mesons 1, from the input
ratiomy, /Ay, where A, (Hiddenvalley: Lambda)isthe
dark confinement scale, which fixes the overall mass scale
for the dark bound states. As a benchmark, A, has been
set to 20GeV and the ratio my, /A, = 1.0, therefore fix-
ing my, (4900111:m0, 4900211:m0) at 20GeV and
mp, (4900113:m0, 4900213:m0) at ~ 54GeV. With
these dark QCD parameter settings, the p, — m, 7, decay is
open, and we assume 100% branching ratio for this internal
decay in the dark sector. Additional simulations of the sig-
nal model scanning values of A, = 15, 30, 50, with fixed
my, /Ay, = 1.0, has been produced for additional studies
on the performance of the jet tagging technique proposed
in Sect. 5. Consequently, only unstable pseudo-scalar dark
mesons are allowed to decay back to the SM within the cho-
sen parameter space. As discussed in the previous section,
the unstable bound states can decay via the Z’ portal to SM
quarks and via the ALP to photons. The fraction of decays
of the dark pseudo-scalars to photons can be tuned via the
effective parameter BR,,. This parameter can assume values
between 0 and 1, and can be tuned by changing R, in the
simplified model introduced in the previous section.

In summary, there are four parameters sensitive to the
details of the dark sector: the confinement scale A,, the
pseudo-scalar mass ratio my, /Ay, the invisible fraction ripy,
and the branching ratio to photons BR,,. Moreover, there are
three portal parameters related to the production of SVJy
in proton-proton collisions: the Z’ pole mass M/, the cou-
pling of the Z’ to dark quarks g,, and the coupling to SM
quarks g,. The portal parameters related to the VLL and
ALP are entered in the BR,, definition and are only relevant
to control the bound states’ decays to photons. In order to
probe the impact of enhanced photon content, we scan over
the branching BR,, (0.3,0.5,0.7, 1) which is equivalent to
varying the parameters &, and &,. Similar to hadronic and
leptonic SVIJ signatures, SM QCD interactions, top pair pro-
ductions, and electroweak processes are background sources
for SVIy. Moreover, prompt photons production (y + jets)
can also emulate signal jets. We, therefore, include this addi-
tional process in our studies. All the background samples
have been generated at LO with the MadGraph5_aMC@NLO
event generator using the NN23LO1 parton distribution func-
tions from the Lhapdf repository. The evolution of the
parton-level events and hadronization are performed with
Pythia8. The QCD sample (4.5- 107 events) has been pro-
duced requiring a generator level cut on the leading parton
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jet transverse momentum pt > 500 GeV. The QCD back-
ground is particularly relevant due to the large cross-section
and the possibility of mis-reconstruction of the jet momen-
tum, leading to additional missing momentum aligned with
the jet axis. Moreover, QCD jets can contain photons from
neutral SM pions decays as well as final state QED radiation,
which might resemble the SVJy signal. The tt-+jets inclusive
sample (5-107 events) has been generated with up to two addi-
tional partons. This background mainly becomes relevant
when the top quarks are highly boosted, and therefore, the W
boson decay and the b-initiated jets are merged into a larger
jet. The electroweak inclusive backgrounds Z(vv) 4+ jets and
W) + jets (2.5 - 107 events each) have been produced
with a generator level cut H > 100 GeV and including up
to three additional partons in the matrix element. Finally, the
¥ +jets inclusive sample (2 - 107 events) has been generated
with up to two additional partons and requiring a genera-
tor level cut on the leading parton jet transverse momentum
pt > 500 GeV. This background is especially relevant when
the expected fraction of photons in the signal jets is particu-
larly high, and thus, the signal jet becomes particularly hard
to distinguish from a prompt photon.

4 Search strategies

In this section, we show how the analysis strategy proposed in
published experimental results from resonant hadronic SVJ
searches [18] is not sensitive to the signature proposed in this
Letter. Indeed, one would expect major constraints on SVIJy
signature from such results. In the following, we report the
object and event selections of [18], applied to SVJy events
to verify sensitivity of available searches:

AKS) > 2, pr(ifk®) >

200GeV, |n(j 1A§8)| < 2.4 and passing identification cri-
teria (JetID)

— Jet separation: An(leKS, j?KS) < 1.5

Transverse mass selection, !: Mr( ijS, j?KS) > 1.5TeV

Jet-ET separation: A¢min(ET, jfg(s) <0.8

— Number of good jets: N(j

The jet identification criteria (JetID) are usually applied to
select good jets that can be used for analysis [38]. It con-
sists of a set of cuts which aims to reject fake, badly recon-
structed and noise jets while retaining a large part of the real
jets (around 98 to 99%). The JetID employed by ATLAS and
CMS experiments generally makes use of jet energy fractions

! The di-jet transverse mass is computed from the 4-vector of the di-
jet system (Et;;, pr,j;) and (ET, E7) [13]: M% = (Et,jj +.E7)> —
(P, jj + E71)%. The requirement on the transverse mass allows to select
events for which the Run2 jet HT-based triggers employed in [18] are
fully efficient.
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Fig. 3 (Left) a Distribution of the neutral electromagnetic fraction
(NEMF) for the two highest pt AKS jets for different signal bench-
marks and QCD, y + jets backgrounds. (Right). b Distribution of pho-
tons isolation for Ris, = 0.5 for different signal benchmarks and QCD,

and the number of jet constituents to select high-quality jets.
Namely, to reject photons resembling jets, typically the frac-
tion of energy in a jet carried by photons (neutral electromag-
netic fraction, NEMF) is required to be less than 0.9 (0.99) for
In] <2.6(2.6 < |n| < 2.7)[38]. Very high values of NEMF
point to energy deposits from photons. Figure 3a shows the
expected NEMF distribution for different signals and back-
grounds. A clear limitation of analysis employing jets as final
state objects in terms of sensitivity to the SVJy signature
comes from such a requirement on the NEMF, which rejects
most of the signal. Considering a reference mass point at
Mz = 3TeV, the signal efficiency decreases from around
14 to 20% (see Table 2, Appendix A) down to 0.4% when
applying the NEMF selection (see Table 2, Appendix A).
Removing the requirement on the NEMF from the JetID
implies higher signal efficiencies while keeping the back-
ground efficiencies the same (see Tables 3 and 4). Thus a
signal significance improvement is expected (look at Sect. 6).

New physics searches looking for jets final states, like the
CMS resonant SVJ search, are not the only ones that might
be sensitive to SVJy. Analyses focusing on photons final
states, such as the high-mass di-photon searches [39], might
show some sensitivity. However, the efficiency of SM photon
selections to the SVIJy signature is expected to be very lim-
ited. Indeed, photons in SVJy are expected to be non-isolated
due to nearby hadrons coming from the unstable dark bound
states decays. Figure 3b shows how the majority of the sig-
nal photons lie at high values of the energy deposits around

> f
<102 — QcD
E Y+ets
10 ? SVJy (3000 GeV, . =0.3, BRy=0.3)
- SVJy (3000 GeV, r._=0.3, BRy=0.5)
1=
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Photon Isolation (R = 0.5)

y + jets backgrounds. The last bin represents the overflow. The signal
distributions are referred to a benchmark mass point Mz = 3TeV,
riny = 0.3 and BR,, = 0.3, 0.5, 0.7

the photon (isolation), while most of the background from
prompt photons remains at very low values. Typically, anal-
ysis exploiting photons requires isolation (or equivalently,
the ratio between the energy deposited in the hadronic and
electromagnetic calorimeters) to be small, thus removing the
majority of our signal.

From our studies is clear how SM jets and photon identifi-
cation criteria are suboptimal for identifying SVJy, pointing
to the need for a dedicated identification strategy.

5 SVJ]y identification

The selection requirements employed by the CMS SVIs
search [18] rely on event-level variables (including missing
transverse momentum) or basic kinematic properties of the
reconstructed jets and missing transverse momentum. Even
if this selection rejects the vast majority of the SM back-
ground events (Table 3, Appendix A), it does not capture
the peculiarities of the SVJy signature since the expected
enrichment in photons is not used anywhere to discriminate
against the background. Moreover, removing the NEMF cri-
teria from the JetID, even if keeping similar expected back-
ground rates, results in retaining more jets which are faked
by a photon, especially y + jets background, as can be seen
from the peak near 1 from Fig.3a. In order to reduce the
QCD and y + jets backgrounds further and enhance the sen-
sitivity of the search, we employ the tools developed in the
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Fig. 4 Performance of the DNN-based jet tagger scanning on My €
[2,3,5] TeV with fixed BR, = 0.3 (solid lines), and scanning over
BR, €[0.3,0.5,0.7] with fixed Mz = 3 TeV. For all signals we con-
sider a benchmark with ri,, = 0.3. The signal efficiency is reported on
the x axis, while the reciprocal of the background efficiency is reported
on they axis. The areas under the receiver operating characteristic curves
(curves in €p — €g plane) are reported in the legend. The dashed black
line represents random guessing, and all the performance curves are far
above this line, thus showing high signal-over-background discrimina-
tion

context of jet substructure physics [40—44] to design a novel
jet tagging algorithm leveraging the specific features of sig-
nal jets. In our jet tagger, we exploit 3 main categories of jet
substructure variables: generalized angularities [45] and jet
shape observables [46], N-subjettiness [47] and energy frac-
tions. The generalized angularities describe the spatial dis-
tribution of the constituents in a jet as well as their momen-
tum flow, and in a similar way, the jet shape observables
encode the information about the spatial distribution of the
constituents. The N-subjettiness provides a simple way to
effectively count the number of subjets inside a given jet. It
captures whether the energy flow inside a jet deviates from
the one-prong configuration expected to characterize a typi-
cal QCD-jet. Finally, the third class of variables includes the
energy fractions, which describe the energy carried by spe-
cific final states objects (such as electrons, photons, muons
and charged hadrons) inside the jet. The list of all 17 input
variables used with their definition can be found in Appendix
D.

These variables are used as input to a Deep Neural Net-
work (DNN). The DNN is trained using the Pytorch pack-
age [48]. The inputs are the two highest pr jets from sim-
ulated signal and background samples, with the variables
described above computed for each jet. The DNN is trained
on a mixture of signal models scanning a grid of parameters
with Mz = {1.5,2,3,4,5} TeV and BR, = {0.3,0.5,0.7}.
The other parameters have been fixed to A, = 20 GeV and
riny = 0.3. Each signal sample is weighted equally and con-
sidering the different backgrounds with the same proportions
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with respect to one another. More details on the training of the
network, the choice of the hyperparameters, and the archi-
tecture can be found in Appendix C.

The DNN exhibits strong rejection of jets from the SM
background processes. The performance curves of the tag-
ger as a function of model parameters (Mz/, BR,) versus
all background jets are shown in Fig.4. As shown in Figs.7
and 8 in Appendix, the performance of the tagger has been
studied for values of rj,y and A, on which the network was
not trained. As expected the performance of the jet tagger
diminishes for points of the parameter space on which the
network was not trained on, even if the network still have
discrimination power also in those cases. Thus, in a real anal-
ysis performed at the LHC, exposing the network during the
training to a larger signal model parameters grid is advis-
able and it is expected to improve both the performance and
the resilience of the network with respect to multiple signal
model variations. Other possible improvements in the direc-
tion of being robust against the signal model variation can
be achieved by using parametric learning [49]. All this is
beyond the scope of this phenomenological study, and it is
not further investigated in this Letter.

The three most important variables exploited by the DNN
to discriminate the signal from the total background, evalu-
ated using SHapley Additive exPlanations (SHAP) [50,51]
with the shap python package [52-55], have been found to
be the transverse momentum dispersion (pr D), the photon
energy fraction (f;) and the 4-subjettiness (4). The distri-
butions of some of the most relevant DNN input features
are shown in Fig. 9 (Appendix E). In particular, we observe
that the signal usually reaches higher values for pr D com-
pared to QCD, 7 + jets and Z/ W + jets, meaning that most
of the momentum is carried by few of the signal jets con-
stituents. While, for the y + jets background, since some
jets are just made up of one photon, the pr D distribution
is expected to peak at 1 and can still be separated from the
signal which has a broader spectrum. Regarding the f, dis-
tribution, as mentioned in Sect. 4, the signal is expected to
be distributed at larger values compared to QCD, ¢ + jets
and Z/ W + jets because of the enriched content in photons,
while for y + jets the distribution is expected to peak at 1
for a fraction of the jets, however, the shape of the signal
is expected to be different as shown in Fig.3a. Finally, the
signal is expected to reach smaller values for 74 due to the
multi-prong substructure, which characterises it with respect
to all SM backgrounds.

We choose a working point (WP) corresponding to a
threshold of 0.8 on the discriminator output. Jets with a
discriminator value higher than 0.8 are labeled as semi-
visible. The distributions of the DNN score for signal and
background with the chosen selection are reported in Fig.6
(Appendix D). At this WP, the DNN rejects ~ 99.6% of the
simulated total background jets, while correctly classifying
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Fig. 5 Expected limits forRun2ono x BR(Z' — ¢,§y) for the signal
benchmark with rjpy = 0.3 and BR;, = 0.3. The expected exclusion
reach for the SVJy signature from the fully hadronic SVJ inclusive
analysis (applying the NEMF requirement in the JetID) (dashed blue
line) is compared with both the cut-based strategy removing the NEMF
selection (purple dashed line) and the SVJy tagger-based analysis (grey
dashed line), exploiting the jet tagger introduced in Sect. 5. The black
dashed line line corresponds to the expected 5o discovery. The red line
represents the theoretical prediction computed assuming the coupling
of Z’ to SM quarks to be 0.25 and the coupling to dark quarks to be 0.4

~ 95.2,96.6, 97.3% of jets from the benchmark signal mod-
els at Mz = 3TeV for BR, = 0.3,0.5, 0.7, respectively.
In particular, for the chosen WP, the DNN leaves 0.23% of
QCD jets, 0.5% of ¢t jets, 0.6% of jets from y + jets and
0.9% of jets from electroweak processes.

6 Results

We reportin this section the sensitivity and exclusion reach
for the SVJy signal. We have estimated the expected exclu-
sion limit at 95% confidence level (CL) for o x BR for dif-
ferent Mz and BR; hypotheses performing a binned likeli-
hood template fit of the Mt spectrum and using the modified
frequentist approach CLg in the asymptotic approximation
[56-58]. The sensitivity reach has been estimated for events
selected according to the strategy defined in Sect. 5. We have
combined three categories of events according to the jet-level
decision of the tagger at chosen optimal WP (as introduced
in Sect. 6): 0-tag category, where no jets are tagged as semi-
visible, 1-tag category where one jet is tagged as semi-visible
and 2-tag category where one jet is tagged as semi-visible.

We report the results for a benchmark point with ripy =
0.3 and BR, = 0.3. The LHC with full Run 2 collision
data (/s = 13TeV, L;,; = 138fb~!) and following the
tagger-based approach proposed here is expected to claim
the discovery (exclusion) of a hypothetical Z’ boson in the
full mass range considered for a benchmark coupling of Z’
to SM quarks equal to 0.25, and the coupling to dark quarks

equal to 0.4. More details are shown in Fig.5. We observe
that the sensitivity to the signal slightly increases with higher
values of BR,, due to the higher signal efficiency and tagger
discrimination power. Furthermore, Fig.5, shows how the
inclusive CMS SVIJ search [18] has no sensitivity to SV]y
signals, while the jet tagger proposed in this Letter allows
probing values of the coupling of the Z’ portal to SM quarks
even smaller than the benchmark 0.25, for the entire My
mass range tested.

7 Conclusions

This Letter proposes a novel experimental signature and rel-
evant search strategy for the discovery of confining hidden
sectors that give rise to SVJs with non-isolated prompt pho-
ton pairs. We have introduced a simplified model based on
two messenger bosons, namely a Z’ and an ALP, allowing
the resonant production of SVJs enriched in photons. The
phase space of the SVJy signal is expected to be loosely con-
strained by the existing searches due to the tight NEMF and
isolation requirements used in the standard jets and photons
identification criteria. We have shown that the fully hadronic
SVIJ s-channel search has poor sensitivity to the SVJy sig-
nature, and removing (or loosening) the NEMF requirement
might not be enough to get the necessary sensitivity to dis-
cover the signal. Thus, we developed a DNN-based jet tag-
ging algorithm based on jet substructure features to enhance
the signal-to-background separation and boost the sensitiv-
ity of the proposed analysis strategy. The proposed search
can claim a discovery (exclusion) of the Z’ mediator in the
full mass range considered with L;,; = 138 fb1, if the jet
tagging algorithm proposed here is applied.

Finally, the model proposed in this Letter also allows for
displaced signatures in cases of light—dark-bound states. This
would lead to signatures with additional displaced tracks
and vertices inside the signal jets (similar to emerging jets
[59]) and non-prompt, non-isolated photons. This signature
requires a dedicated strategy that is not addressed in this Let-
ter, but might be of interest for future works.
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Appendix A Event selection

The event selections used in this work are shown in the first
columns of Tables 1 and 3, respectively for a benchmark
signal and the backgrounds. This is based on a previous CMS
study [18], and it is updated removing the requirement on the
NEMF in the JetID. The last three columns show the signal
efficiencies for different values of BR, and a benchmark
mass point Mz = 3 TeV. In Table 2 for a benchmark signal
and Table 4 for the backgrounds, the event selection including
the NEMF requirement as JetID are shown.

Appendix B DNN jet tagger input features

Here we report the definition of the input features used for
the DNN training. All input features have been computed
using AKS8 jets and their constituents. The first category of
variables we used are the generalized angularities, and they
are defined from the constituents i € {1,..., N} carrying

momentum fraction z; inside a jet of cone size R as:

AR: -\ P
A — sz< Ru]et)
i

(B.1)

where the sum is over the jet constituents. From Eq. (B.1),
the input features we used for the training of the network are
the following:

girth (A%)
- LHA (A1)
2
thrust (A%)
transverse momentum dispersion (pr D = A%)
— multiplicity (AJ)

The first three features describe the spatial distribution of the
constituents in jets, while pr D encodes how the momentum
is distributed between the constituents of the jet.

We supplement such set of features with further jet shape
variables known as axes. The shape of the jet can be approx-
imated by an ellipse in the n — ¢ plane. The major and minor
axes are the two principal components of this ellipse and are
defined from the following symmetric matrix M:

Pt (A2 =X pF Ani A

M= 2 2 2
_ZiPT,,'A’?iAd)i Z,’PT,,'(ACbi)

(B.2)

where the sum runs over all constituents of the jet and An,
A¢ are the differences in 1 and ¢ with respect to the jet axis.
The major and minor axes are defined from the eigenvalues

Table 1 Event selections
(without the NEMF requirement
in the JetID for AKS jets) BR, :

applied to SVJy signal for a
benchmark mass point

Mz = 3TeV and varying the
branching into photons BR,,

Table 2 Event selections
(including the NEMF
requirement in the JetID for BR, :

AKS jets) applied to SVIy
signal for a benchmark mass
point Mz = 3 TeV and varying
the branching into photons BR,,.
The JetID applied here consists
only of a requirement on the

Selection Signal efficiency (%)

0.7 0.5 0.3
N (AKS jets with NEMF) > 2 78.00 69.34 52.71
An(jr, j2) < 1.5 52.70 47.74 37.59
Mt > 1500 GeV 42.66 35.62 23.84
Rt > 0.15 23.38 22.12 16.79
Apmin(ET, j) < 0.8 21.04 19.43 13.98
Selection Signal efficiency (%)

0.7 0.5 0.3

N (AKS jets without NEMF) > 2 1.60 1.51 1.54
An(jr, j2) < 1.5 1.00 1.05 1.08
Mt > 1500 GeV 0.74 0.74 0.73
Rt > 0.15 0.47 0.50 0.60
Admin(ET, j) < 0.8 0.39 0.38 0.38

NEMF [NEMF is required to be

less then 0.9 (0.99) for |n| < 2.6
2.6 < |n| <2.7)]

@ Springer
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Table 3 Event selections
(without the NEMF requirement
in the JetID for AKS jets)

applied to the backgrounds

Table 4 Event selections
(including the NEMF
requirement in the JetID for

AKS jets) applied to the
backgrounds. The JetID applied
here consists only of a
requirement on the NEMF
[NEMEF is required to be less
then 0.9 (0.99) forn < 2.6

Selection Backgorund efficiency (%)

QCD tt + jets Z(vD) + jets W(Llv) + jets y +jets
N (AKS jets with NEMF) > 2 98.17 7.19 1.04 1.59 98.55
An(jr, j2) < 1.5 66.53 5.33 0.67 1.11 68.40
Mt > 1500 GeV 14.98 0.15 0.04 0.03 17.37
Rt > 0.15 0.69 0.03 0.02 0.01 0.81
Apmin(ET, j) < 0.8 0.68 0.03 0.01 0.01 0.79
Selection Backgorund efficiency (%)

QCD tt + jets Z(vv) + jets W(lv) + jets y + jets
N (AKS jets with NEMF) > 2 98.03 7.19 1.04 1.57 89.16
An(jr, j2) < 1.5 66.44 5.33 0.67 1.10 60.86
Mt > 1500 GeV 14.96 0.15 0.03 0.03 15.68
Rt > 0.15 0.69 0.03 0.02 0.01 0.76
Admin(ET, j) < 0.8 0.68 0.03 0.01 0.01 0.75

2.6 <n<27)]

A1 and Ay of M as:

A1
Ominor,major = | = 5 (B.3)
2P T,i
The average axis can be defined from ominor,major as:
— 2 2
Oavg = 4/ Pminor + Omajor (B.4)

The second set of features we feed into the DNN are the N-
subjettiness [47]. The N-subjettiness 15 are designed to count
the number of subjets inside a jet. In specific, N-subjettiness
is defined as:

(B.5)

rf, = ZpT,imin(R'ﬁi, Rg’i, cel, Rf,‘i)

1

where the sum is over the jet constituents, and Rf, ; is the
distance between the Nth subjet and the ith constituent of
the jet. ‘C;g measures departure from N-parton energy flow:

if ajet has N subjets, rﬁ should be much larger than tf,. For
our DNN training we use N-subjettiness with N € {1, ..., 5}

and f = 1.

Finally, the third set of variables we used are energy frac-
tions. These quantities can be defined for different jet con-
stituents, such as electrons (e), muons (u), photons (y) and
charged hadrons (k). Fixed a specific final state object ¢
among those listed above, the energy fraction relative to that
object is defined as:

f5=2i§;

i

5 € {es /’Lv yv hCh} (B6)

For the training of the DNN tagger, we use as input features
the following energy fractions: f,, fu, fy, fha-

Appendix C DNN architecture and training

The Deep Neural Network has been implemented using
the Pytorch package [48]. The DNN takes 17 input fea-
tures, and consists of 2 hidden linear layers with
34 nodes each. Each linear layer is followed by a batch
normalization layer and an activation function. The
relu activation function has been chosen for the two hid-
den layers, and the sigmoid for the ouput layer of the net-
work. For the output layer, between the batch normalization
layer and the sigmoid activation function, a droput layer
has been added in order to prevent overfitting. The value of
the dropout has been chosen to be 0.2. The DNN has been
trained to reach converge for 300 epochs with a batch size
of 256 and a learning rate of 0.001. The Adam optimizer has
been employed for the gradient descent.

Appendix D DNN performance
The distributions of the DNN scores for signal and back-

ground on the test dataset together with the working point
chosen is shown in Fig. 6 (Figs. 7, 8).
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Fig. 6 DNN score distribution for signal (red) and background (blue)
test datasets. The vertical black dashed line represents the cut value
chosen to define a background jet (DNN score < 0.8) against a signal
jet (DNN score > 0.8)
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Fig. 7 Performance of the jet tagger for different signal hypotheses
changing the parameters Mz and riny. The value of BR,, has been fixed
to 0.5. The colour gradient and numbers represent the AUC of the ROC
curve for the given signal hypotheses
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Fig. 8 Performance of the jet tagger for different signal hypotheses
changing the parameters Mz and A,. The value of BR,, has been fixed
to 0.5. The colour gradient and numbers represent the AUC of the ROC
curve for the given signal hypothesis

Appendix E DNN input features

The distributions of the two most discriminating input fea-
tures based on SHAP used to train the DNN for each of the
three classes are shown in Fig. 9.
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