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DM searches at the LHC – are you serious about this? 
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Definitely YES !!

1.Additional search tool to DD,
significant contributions in different models  in the 
moderate mass region, where there is a severe loss of DD 
sensitivity 

2. A unique opportunity 
to feel an extended dark 
sector as opposed to just 
one DM particle

The long-term LHC search program on DM/DS
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Figure 2: Map of the models probed in CMS searches for dark sectors.

noncollider experimental results. However, the higher energies at the LHC allow for exploring
more physical features that are not captured by EFT models because they are valid only for mo-
mentum transfers much smaller than the scale of the interaction. Therefore, they have largely
been superseded by two classes of DM models: simplified models and DS models, the latter
of which is also known as “feebly interacting particle” (FIP) models [23, 25, 34–49]. Results
interpreted with EFTs will not be discussed further in this Report.

The simplified models were developed explicitly to compare LHC results with those from DD
and ID searches, while the DS models were developed to facilitate comparisons with beam
dump experiments targeting light DSs. These two classes largely overlap and methods exist to
interpret results from one class for the other class.

For both the simplified models and the DS models, there is a framework that connects the DS
with the visible sector through a mediator. The existence of a mediator resolves the limitations
of EFTs, which can yield unphysical distributions because of the lack of a mediator. The me-
diator enables resonant production and a physical production mechanism but also adds com-
plexity because several other parameters need to be scanned to produce interpretable results.
Moreover, aspects such as renormalizability and ultraviolet completion are typically not taken
into account. Despite these shortcomings, established and reliable schemes exist to present the
results, and established models exist that aim to cover a variety of mediators and DM interac-
tions.

In this Section, we present both classes together, highlighting differences when needed [17, 50].
To ensure broad coverage, four separate categories of portals are commonly utilized. These
models are classified by the spin and the properties of the portal:

• Spin-1 portal: This category of models (Section 2.1.1) has a spin-1 mediator that

Map of the DM models probed in CMS searches
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CMS EXO-23-005

Portal approaches and simple DS vs “full” theories (or at least an extended DS)
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Figure 88: A qualitative depiction of how the results in this Report map onto the models probed
in CMS searches for dark sectors.

Abelian Higgs models, and two-Higgs-doublet plus a pseudoscalar models. Several scenarios
involving LLPs have been presented, including models with heavy LLPs, stealth supersymme-
try, and Higgs boson decays to LLPs.

In addition, future improvements will provide increased DS sensitivity. For Run 3 of the
LHC [324], new triggers are available [183], as well as improvements to unique data-collection
strategies, such as data scouting and data parking [176]. These strategies have already been
exploited by some of the searches presented in this Report, and more analyses in the future
will also benefit from them.

Finally, the High-Luminosity LHC will provide even further DS sensitivity, owing to both the
increased performance of the accelerator and the substantial upgrades of the CMS detector [160,
325–331]. The impressive extension in sensitivity that will be achieved for DS models has been
shown in several studies of the physics performance at the High-Luminosity LHC [332–334].
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CMS EXO-23-005Too many results, too little time to tell – only a few examples  !!
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Simplified dark sector, portal approaches

Spin-0 portals:
Ø Higgs à invisible                  CMS HIG-21-007

Ø Axion-like particles              CMS HIG-22-003 
CMS EXO-21-018

Spin-1 portals:

Ø Dark photon                          CMS EXO-21-005
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CMS HIG-21-007,
arXiv:2303.01214 [hep-ex]

1

1 Introduction
The Higgs boson (H) [1–6] of mass 125 GeV was discovered by the ATLAS and CMS Collabo-
rations in 2012 [7–9]. Since then its properties, including its coupling to other standard model
(SM) particles, have been extensively studied using proton-proton (pp) collision data from the
CERN LHC collected at

p
s = 7, 8, and 13 TeV with the ATLAS [10] and CMS [11] detectors.

Properties of the Higgs boson can be exploited to probe for signs of behaviour beyond the SM
(BSM). In the SM, the decay of the Higgs boson to an invisible final state (H ! inv) is only
possible via H ! ZZ⇤ ! 4n, with a branching fraction of 0.1% [12]. Several BSM theories pre-
dict a larger branching fraction to invisible final states, B(H ! inv) [13–16], namely in Ref. [17]
and references therein. For example, in a scenario where the Higgs boson connects the SM and
dark matter (DM) sectors [18–23], B(H ! inv) is enhanced as the Higgs boson can decay to a
pair of DM particles of mass mDM < mH/2.

Direct searches for H ! inv have been performed by the ATLAS [24–28] and CMS [29–34]
Collaborations using data collected during Run 1 (2011–2012) and Run 2 (2015–2018). These
target channels in which the Higgs boson is produced via vector boson fusion (VBF), gluon-
gluon fusion (ggH), and in association with either a vector boson (VH, where V stands for
either a W or Z boson) or with a tt quark pair (ttH). The current most stringent constraint on
B(H ! inv) set by the CMS experiment is via the VBF channel using Run 1 and Run 2 data,
which reports a 95% confidence level (CL) upper limit of 0.18 (0.10 expected) [34].

In this paper, a search for an invisibly decaying Higgs boson, produced in association with
a tt quark pair or a V boson, where the associated particles decay to a fully hadronic final
state, is reported. Representative leading order (LO) Feynman diagrams for ttH and VH are
presented in Fig. 1. The search in the VH channel looks only at topologies in which the presence
of the V boson is inferred from well separated decay products, complementing the previous
VH search with merged decay products arising from boosted V bosons [33]. The search uses
LHC pp collision data collected during the years 2016–2018, corresponding to a total integrated
luminosity of 138 fb�1 at

p
s = 13 TeV. This is the first search for hadronic final states of ttH in

a H ! inv analysis using CMS data, and the first for resolved VH topologies using this data.

g

g

H

t

t̄

t̄

t

q̄

q V

H

V*

Figure 1: Representative LO Feynman diagrams for the SM Higgs boson production channels
ttH and VH.

Missing transverse momentum, ~pmiss
T , is the transverse component of the negative vector sum

of all reconstructed particle momenta in an event, and its magnitude, p
miss
T , is used as the dis-

criminating variable to separate the H ! inv signal from backgrounds. There are two main
sources of background affecting the p

miss
T measurement. The first is events with invisible Z

boson decays and visible jets (Z ! inv). The second, referred to as the lost lepton back-
ground, `lost where ` stands for either an e or µ, includes events from tt + jets and W + jets
production processes where one or more leptons are misreconstructed, excluded by the phase

resolved/boosted ttbarH

M. Savina, JINR, Russia NuDM-2024                                                                14.12.2024 
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CMS HIG-21-007

Combination of h125 à invisible searches
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Axion-like particles, 1 – 10 GeV masses
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Strong CP problem, axion is a dynamic field which mass after spontaneous symmetry breaking 
(Peccei-Quinn, Weinberg, Wilczek, 1977)

double conversion, 𝑔!"#  



Axion-like particles
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Strong CP problem, axion is a dynamic field which mass after spontaneous symmetry breaking 
(Peccei-Quinn, Weinberg, Wilczek, 1977)

double conversion, 𝑔!"#  Low masses à moderate masses, axion à ALP

à possible to search at the LHC
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The first search of such type for axion-like particles (ALPs) at the LHC. 
Pseudoscalar portal, the light enough ALP,  Z0-ALPs interactions

Exotic higgs decays h à Za, Z àll, a à2 gamma

!𝜓 !𝑞
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A

!𝜓 !𝑞

𝜓 𝑞

EFT

Ci are Wilson coefficients in the EFT approach that describe the ALP/SM couplings 

propagator

CMS HIG-22-003
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CMS HIG-22-003
The first search of such type for axion-like particles (ALPs) at the LHC. 
Pseudoscalar portal, the light enough ALP,  Z0-ALPs interactions

Exotic higgs decays h à Za, Z àll, a à2 gamma

12. Summary 13

Figure 6: Expected and observed 95 % CL limits on the product of the production cross section
of the Higgs boson into di-photons and di-leptons via a Z boson and a pseudoscalar, s(pp !
H) ⇥ B(H ! Za ! ``gg). The green (yellow) band represents the 68% (95%) CL expected
limit intervals.

Figure 7: Exclusion limits at 95% CL on C
eff
ZH/L, assuming the ALP decays exclusively to a pho-

ton pair. The dashed black curve is the expected upper limit, with the one- and two-standard-
deviation bands are shown in green and yellow, respectively. The solid black curve is the
observed upper limit.
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CMS HIG-22-003

Exotic higgs decays h à Za, Z àll, a à2 gamma
12. Summary 13

Figure 6: Expected and observed 95 % CL limits on the product of the production cross section
of the Higgs boson into di-photons and di-leptons via a Z boson and a pseudoscalar, s(pp !
H) ⇥ B(H ! Za ! ``gg). The green (yellow) band represents the 68% (95%) CL expected
limit intervals.

Figure 7: Exclusion limits at 95% CL on C
eff
ZH/L, assuming the ALP decays exclusively to a pho-

ton pair. The dashed black curve is the expected upper limit, with the one- and two-standard-
deviation bands are shown in green and yellow, respectively. The solid black curve is the
observed upper limit.
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Figure 6: Expected and observed 95 % CL limits on the product of the production cross section
of the Higgs boson into di-photons and di-leptons via a Z boson and a pseudoscalar, s(pp !
H) ⇥ B(H ! Za ! ``gg). The green (yellow) band represents the 68% (95%) CL expected
limit intervals.

Figure 7: Exclusion limits at 95% CL on C
eff
ZH/L, assuming the ALP decays exclusively to a pho-

ton pair. The dashed black curve is the expected upper limit, with the one- and two-standard-
deviation bands are shown in green and yellow, respectively. The solid black curve is the
observed upper limit.

Limit on                  , when ALP decays

exclusively in a diphoton, Λ is large

12. Summary 13

Figure 6: Expected and observed 95 % CL limits on the product of the production cross section
of the Higgs boson into di-photons and di-leptons via a Z boson and a pseudoscalar, s(pp !
H) ⇥ B(H ! Za ! ``gg). The green (yellow) band represents the 68% (95%) CL expected
limit intervals.

Figure 7: Exclusion limits at 95% CL on C
eff
ZH/L, assuming the ALP decays exclusively to a pho-

ton pair. The dashed black curve is the expected upper limit, with the one- and two-standard-
deviation bands are shown in green and yellow, respectively. The solid black curve is the
observed upper limit.
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(Pseudo)scalar dilepton resonance in association with V/𝑡 ̅𝑡-pair
2

2

The three production modes, Wf, Zf, and ttf, are collectively referred to as Xf. For all pro-
duction modes, decays of f bosons only to electron, muon, or tau lepton pairs are consid-
ered, as described for the coupling to fermions by Eq. (3). The f decays are assumed to con-
serve lepton number and charge, f ! `+`�, where ` = e, µ, or t , and are taken to occur
at the production vertex. As this search targets multilepton signatures, the W and Z bosons
in Wf and Zf signal models are required to be leptonically decaying, whereas one of the
W bosons in the ttf signal model could be decaying hadronically. A complete decay chain
example is ttf ! (bW+)(b̄W�)(`+`�) ! (b`+n)(b̄qq̄)(`+`�) where b and q are the SM
bottom and light (up, down, strange, or charm) quarks, respectively, and ` (n) represents the
SM charged leptons (neutrinos). For Wf and Zf production modes only the leptonic decay
modes of W and Z bosons are considered. For the model-independent results, the branching
fractions B(f ! ``) into different flavors are considered as unconstrained parameters. In to-
tal, (3 + 3 + 2) ⇥ 3 = 24 modes are probed: three coupling structures (S, PS, and H) each for
the Wf and Zf production modes, two coupling structures (S and PS) for the ttf production
mode, and three decay modes for the f (ee, µµ, and tt). All production modes, coupling struc-
tures, and decay scenarios of the f boson are probed separately. This search targets f masses
between 15–350 GeV, excluding masses between 75–108 GeV for the f ! ee/µµ signal scenar-
ios because of high SM Z boson background contributions. The width of the f boson is taken
to be negligible compared to the experimental resolution in all signal models.

The Xf signal scenarios populate a large multilepton signature space in which at least one
lepton arises from the decay of the associated W or Z boson, or top quarks. Figure 1 illustrates
possible production and decay processes of Wf, Zf, and ttf that result in three- or four-lepton
final states. For f masses below the associated gauge boson (top quark) mass, the f boson
may also arise from a three-body decay of an on-shell gauge boson (top quark). The Wf signal
provides a signature with three leptons in the final state, primarily populating phase space
regions with low hadronic activity, significant ~pmiss

T , and no heavy-flavored jets. The Zf signal
produces a four-lepton signature, with similarly low hadronic activity and no heavy-flavored
jets, but with low ~pmiss

T . The ttf signal can yield three- or four-lepton signatures, depending
on the decay mode of the tt system, and populates the phase space with b jets, high hadronic
activity, and large ~pmiss

T arising from the decays of the top quarks.
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Figure 1: Example production and decay processes of Wf, Zf, and ttf signals producing
multilepton final states, where ` stands for electron, muon or tau lepton. Only leptonic decays
of W and Z bosons are considered for Wf and Zf signals, while for ttf signal W bosons from
top quark decay can also decay hadronically.

The search results are presented in terms of model-independent exclusions along with several
model-dependent interpretations. The model-independent results are presented for each of the
24 separate production and decay modes in terms of the product of the production cross section
and B(f ! ``). The model-dependent results are obtained from a subset of the experimental
channels. First, assuming a Higgs-like f production scenario, the Wf, Zf, or ttf events are
considered to be produced through mixing between the f and SM Higgs boson. Constraints

Figure 1: Example production and decay processes of Wf, Zf, and ttf signals with multilep-
ton final states, where ` stands for electron, muon or tau lepton. Only leptonic decays of W
and Z bosons are considered for Wf and Zf signals, while for the ttf signal, W bosons from
top quark decay can also decay hadronically.

in Eq. (3). The f decays are assumed to conserve lepton number and electric charge, f ! `+`�,
where ` = e, µ, or t , and are taken to occur at the production vertex. As this search targets
multilepton signatures, the W and Z bosons in Wf and Zf signal models are required to decay
leptonically, whereas one of the W bosons in the ttf signal model may decay hadronically.
The Wf signal provides a signature with three leptons in the final state, primarily populating
phase space regions with significant momentum imbalance due to the undetected neutrino
from the W decay, low hadronic activity, and no heavy-flavored jets. The ttf signal can yield
three- or four-lepton signatures, depending on the decay mode of the tt system, and populates
the phase space with similarly large momentum imbalance, but with b jets and high hadronic
activity. The Zf signal produces a four-lepton signature with low hadronic activity and no
heavy-flavored jets, as well as no neutrinos in the final state. A complete decay chain example
is ttf ! (bW+)(bW�)(`+`�) ! (b`+n)(bqq)(`+`�), where b is the SM bottom quark, q
represents quarks of the first and second generations, and ` (n) represents the SM charged
leptons (neutrinos).

Figure 1 illustrates possible production and decay processes of Wf, Zf, and ttf that result in
three- or four-lepton final states. This search targets f masses between 15–350 GeV, excluding
masses between 75–108 GeV for the f ! ee/µµ signal scenarios because of high SM Z boson
background contributions. Decays of f to gauge boson (top quark) pairs are no longer negligi-
ble when the f boson mass is above twice that of the associated gauge bosons (top quarks) in
each of the Xf signals. To facilitate comparisons of results across the signal phase space under
consideration, an upper f mass value of 350 GeV, slightly higher than twice the top quark mass,
is chosen uniformly for all three Xf signals. For f masses below the associated gauge boson
(top quark) mass, the f boson may also arise from a three-body decay of an on-shell gauge
boson (top quark). The width of the f boson is taken to be negligible in all signal models.

The search results are presented in terms of model-independent exclusions along with several
model-dependent interpretations. For the model-independent results, (3 + 3 + 2) 3 = 24 sepa-
rate production and decay modes are probed separately in terms of the product of the produc-
tion cross section and leptonic branching fraction B(f ! ``): three coupling structures (S, PS,
and H) each for the Wf and Zf production modes, two coupling structures (S and PS) for the
ttf production mode, and three decay modes for the f (ee, µµ, and tt). The model-dependent
results are obtained from a subset of the experimental channels. First, direct bounds are set
on models in which f is a fermiophilic dilaton-like [9–12] or a fermiophilic axion-like [13–16]
state, with couplings gyS and gyPS proportional to fermion masses. Only the ttf production
mode is considered in these cases, as fermiophilic particles do not couple to vector bosons.
Next, assuming an H-like f production scenario, the Wf, Zf, or ttf events are considered to
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The three production modes, Wf, Zf, and ttf, are collectively referred to as Xf. For all pro-
duction modes, decays of f bosons only to electron, muon, or tau lepton pairs are consid-
ered, as described for the coupling to fermions by Eq. (3). The f decays are assumed to con-
serve lepton number and charge, f ! `+`�, where ` = e, µ, or t , and are taken to occur
at the production vertex. As this search targets multilepton signatures, the W and Z bosons
in Wf and Zf signal models are required to be leptonically decaying, whereas one of the
W bosons in the ttf signal model could be decaying hadronically. A complete decay chain
example is ttf ! (bW+)(b̄W�)(`+`�) ! (b`+n)(b̄qq̄)(`+`�) where b and q are the SM
bottom and light (up, down, strange, or charm) quarks, respectively, and ` (n) represents the
SM charged leptons (neutrinos). For Wf and Zf production modes only the leptonic decay
modes of W and Z bosons are considered. For the model-independent results, the branching
fractions B(f ! ``) into different flavors are considered as unconstrained parameters. In to-
tal, (3 + 3 + 2) ⇥ 3 = 24 modes are probed: three coupling structures (S, PS, and H) each for
the Wf and Zf production modes, two coupling structures (S and PS) for the ttf production
mode, and three decay modes for the f (ee, µµ, and tt). All production modes, coupling struc-
tures, and decay scenarios of the f boson are probed separately. This search targets f masses
between 15–350 GeV, excluding masses between 75–108 GeV for the f ! ee/µµ signal scenar-
ios because of high SM Z boson background contributions. The width of the f boson is taken
to be negligible compared to the experimental resolution in all signal models.

The Xf signal scenarios populate a large multilepton signature space in which at least one
lepton arises from the decay of the associated W or Z boson, or top quarks. Figure 1 illustrates
possible production and decay processes of Wf, Zf, and ttf that result in three- or four-lepton
final states. For f masses below the associated gauge boson (top quark) mass, the f boson
may also arise from a three-body decay of an on-shell gauge boson (top quark). The Wf signal
provides a signature with three leptons in the final state, primarily populating phase space
regions with low hadronic activity, significant ~pmiss

T , and no heavy-flavored jets. The Zf signal
produces a four-lepton signature, with similarly low hadronic activity and no heavy-flavored
jets, but with low ~pmiss

T . The ttf signal can yield three- or four-lepton signatures, depending
on the decay mode of the tt system, and populates the phase space with b jets, high hadronic
activity, and large ~pmiss

T arising from the decays of the top quarks.
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channels. First, assuming a Higgs-like f production scenario, the Wf, Zf, or ttf events are
considered to be produced through mixing between the f and SM Higgs boson. Constraints
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and Z bosons are considered for Wf and Zf signals, while for the ttf signal, W bosons from
top quark decay can also decay hadronically.

in Eq. (3). The f decays are assumed to conserve lepton number and electric charge, f ! `+`�,
where ` = e, µ, or t , and are taken to occur at the production vertex. As this search targets
multilepton signatures, the W and Z bosons in Wf and Zf signal models are required to decay
leptonically, whereas one of the W bosons in the ttf signal model may decay hadronically.
The Wf signal provides a signature with three leptons in the final state, primarily populating
phase space regions with significant momentum imbalance due to the undetected neutrino
from the W decay, low hadronic activity, and no heavy-flavored jets. The ttf signal can yield
three- or four-lepton signatures, depending on the decay mode of the tt system, and populates
the phase space with similarly large momentum imbalance, but with b jets and high hadronic
activity. The Zf signal produces a four-lepton signature with low hadronic activity and no
heavy-flavored jets, as well as no neutrinos in the final state. A complete decay chain example
is ttf ! (bW+)(bW�)(`+`�) ! (b`+n)(bqq)(`+`�), where b is the SM bottom quark, q
represents quarks of the first and second generations, and ` (n) represents the SM charged
leptons (neutrinos).

Figure 1 illustrates possible production and decay processes of Wf, Zf, and ttf that result in
three- or four-lepton final states. This search targets f masses between 15–350 GeV, excluding
masses between 75–108 GeV for the f ! ee/µµ signal scenarios because of high SM Z boson
background contributions. Decays of f to gauge boson (top quark) pairs are no longer negligi-
ble when the f boson mass is above twice that of the associated gauge bosons (top quarks) in
each of the Xf signals. To facilitate comparisons of results across the signal phase space under
consideration, an upper f mass value of 350 GeV, slightly higher than twice the top quark mass,
is chosen uniformly for all three Xf signals. For f masses below the associated gauge boson
(top quark) mass, the f boson may also arise from a three-body decay of an on-shell gauge
boson (top quark). The width of the f boson is taken to be negligible in all signal models.

The search results are presented in terms of model-independent exclusions along with several
model-dependent interpretations. For the model-independent results, (3 + 3 + 2) 3 = 24 sepa-
rate production and decay modes are probed separately in terms of the product of the produc-
tion cross section and leptonic branching fraction B(f ! ``): three coupling structures (S, PS,
and H) each for the Wf and Zf production modes, two coupling structures (S and PS) for the
ttf production mode, and three decay modes for the f (ee, µµ, and tt). The model-dependent
results are obtained from a subset of the experimental channels. First, direct bounds are set
on models in which f is a fermiophilic dilaton-like [9–12] or a fermiophilic axion-like [13–16]
state, with couplings gyS and gyPS proportional to fermion masses. Only the ttf production
mode is considered in these cases, as fermiophilic particles do not couple to vector bosons.
Next, assuming an H-like f production scenario, the Wf, Zf, or ttf events are considered to
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The three production modes, Wf, Zf, and ttf, are collectively referred to as Xf. For all pro-
duction modes, decays of f bosons only to electron, muon, or tau lepton pairs are consid-
ered, as described for the coupling to fermions by Eq. (3). The f decays are assumed to con-
serve lepton number and charge, f ! `+`�, where ` = e, µ, or t , and are taken to occur
at the production vertex. As this search targets multilepton signatures, the W and Z bosons
in Wf and Zf signal models are required to be leptonically decaying, whereas one of the
W bosons in the ttf signal model could be decaying hadronically. A complete decay chain
example is ttf ! (bW+)(b̄W�)(`+`�) ! (b`+n)(b̄qq̄)(`+`�) where b and q are the SM
bottom and light (up, down, strange, or charm) quarks, respectively, and ` (n) represents the
SM charged leptons (neutrinos). For Wf and Zf production modes only the leptonic decay
modes of W and Z bosons are considered. For the model-independent results, the branching
fractions B(f ! ``) into different flavors are considered as unconstrained parameters. In to-
tal, (3 + 3 + 2) ⇥ 3 = 24 modes are probed: three coupling structures (S, PS, and H) each for
the Wf and Zf production modes, two coupling structures (S and PS) for the ttf production
mode, and three decay modes for the f (ee, µµ, and tt). All production modes, coupling struc-
tures, and decay scenarios of the f boson are probed separately. This search targets f masses
between 15–350 GeV, excluding masses between 75–108 GeV for the f ! ee/µµ signal scenar-
ios because of high SM Z boson background contributions. The width of the f boson is taken
to be negligible compared to the experimental resolution in all signal models.

The Xf signal scenarios populate a large multilepton signature space in which at least one
lepton arises from the decay of the associated W or Z boson, or top quarks. Figure 1 illustrates
possible production and decay processes of Wf, Zf, and ttf that result in three- or four-lepton
final states. For f masses below the associated gauge boson (top quark) mass, the f boson
may also arise from a three-body decay of an on-shell gauge boson (top quark). The Wf signal
provides a signature with three leptons in the final state, primarily populating phase space
regions with low hadronic activity, significant ~pmiss

T , and no heavy-flavored jets. The Zf signal
produces a four-lepton signature, with similarly low hadronic activity and no heavy-flavored
jets, but with low ~pmiss

T . The ttf signal can yield three- or four-lepton signatures, depending
on the decay mode of the tt system, and populates the phase space with b jets, high hadronic
activity, and large ~pmiss

T arising from the decays of the top quarks.
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channels. First, assuming a Higgs-like f production scenario, the Wf, Zf, or ttf events are
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ton final states, where ` stands for electron, muon or tau lepton. Only leptonic decays of W
and Z bosons are considered for Wf and Zf signals, while for the ttf signal, W bosons from
top quark decay can also decay hadronically.

in Eq. (3). The f decays are assumed to conserve lepton number and electric charge, f ! `+`�,
where ` = e, µ, or t , and are taken to occur at the production vertex. As this search targets
multilepton signatures, the W and Z bosons in Wf and Zf signal models are required to decay
leptonically, whereas one of the W bosons in the ttf signal model may decay hadronically.
The Wf signal provides a signature with three leptons in the final state, primarily populating
phase space regions with significant momentum imbalance due to the undetected neutrino
from the W decay, low hadronic activity, and no heavy-flavored jets. The ttf signal can yield
three- or four-lepton signatures, depending on the decay mode of the tt system, and populates
the phase space with similarly large momentum imbalance, but with b jets and high hadronic
activity. The Zf signal produces a four-lepton signature with low hadronic activity and no
heavy-flavored jets, as well as no neutrinos in the final state. A complete decay chain example
is ttf ! (bW+)(bW�)(`+`�) ! (b`+n)(bqq)(`+`�), where b is the SM bottom quark, q
represents quarks of the first and second generations, and ` (n) represents the SM charged
leptons (neutrinos).

Figure 1 illustrates possible production and decay processes of Wf, Zf, and ttf that result in
three- or four-lepton final states. This search targets f masses between 15–350 GeV, excluding
masses between 75–108 GeV for the f ! ee/µµ signal scenarios because of high SM Z boson
background contributions. Decays of f to gauge boson (top quark) pairs are no longer negligi-
ble when the f boson mass is above twice that of the associated gauge bosons (top quarks) in
each of the Xf signals. To facilitate comparisons of results across the signal phase space under
consideration, an upper f mass value of 350 GeV, slightly higher than twice the top quark mass,
is chosen uniformly for all three Xf signals. For f masses below the associated gauge boson
(top quark) mass, the f boson may also arise from a three-body decay of an on-shell gauge
boson (top quark). The width of the f boson is taken to be negligible in all signal models.

The search results are presented in terms of model-independent exclusions along with several
model-dependent interpretations. For the model-independent results, (3 + 3 + 2) 3 = 24 sepa-
rate production and decay modes are probed separately in terms of the product of the produc-
tion cross section and leptonic branching fraction B(f ! ``): three coupling structures (S, PS,
and H) each for the Wf and Zf production modes, two coupling structures (S and PS) for the
ttf production mode, and three decay modes for the f (ee, µµ, and tt). The model-dependent
results are obtained from a subset of the experimental channels. First, direct bounds are set
on models in which f is a fermiophilic dilaton-like [9–12] or a fermiophilic axion-like [13–16]
state, with couplings gyS and gyPS proportional to fermion masses. Only the ttf production
mode is considered in these cases, as fermiophilic particles do not couple to vector bosons.
Next, assuming an H-like f production scenario, the Wf, Zf, or ttf events are considered to
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Figure 11: The 95% confidence level upper limits on the product of the production cross section
and branching fraction of the Wf signal in the ee (upper), µµ (middle), and tt (lower) decay
scenarios. The results for the scalar coupling are shown on the left and pseudoscalar on the
right. The vertical gray band indicates the mass region not considered in the analysis. The red
line is the theoretical prediction for the product of the production cross section and branching
fraction of the Wf signal.
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Figure 12: The 95% confidence level upper limits on the product of the production cross section
and branching fraction of the Zf signal in the ee (upper), µµ (middle) and tt (lower) decay
scenarios. The results for the scalar coupling are shown on the left and pseudoscalar on the
right. The vertical gray band indicates the mass region not considered in the analysis. The red
line is the theoretical prediction for the product of the production cross section and branching
fraction of the Zf signal.
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The three production modes, Wf, Zf, and ttf, are collectively referred to as Xf. For all pro-
duction modes, decays of f bosons only to electron, muon, or tau lepton pairs are consid-
ered, as described for the coupling to fermions by Eq. (3). The f decays are assumed to con-
serve lepton number and charge, f ! `+`�, where ` = e, µ, or t , and are taken to occur
at the production vertex. As this search targets multilepton signatures, the W and Z bosons
in Wf and Zf signal models are required to be leptonically decaying, whereas one of the
W bosons in the ttf signal model could be decaying hadronically. A complete decay chain
example is ttf ! (bW+)(b̄W�)(`+`�) ! (b`+n)(b̄qq̄)(`+`�) where b and q are the SM
bottom and light (up, down, strange, or charm) quarks, respectively, and ` (n) represents the
SM charged leptons (neutrinos). For Wf and Zf production modes only the leptonic decay
modes of W and Z bosons are considered. For the model-independent results, the branching
fractions B(f ! ``) into different flavors are considered as unconstrained parameters. In to-
tal, (3 + 3 + 2) ⇥ 3 = 24 modes are probed: three coupling structures (S, PS, and H) each for
the Wf and Zf production modes, two coupling structures (S and PS) for the ttf production
mode, and three decay modes for the f (ee, µµ, and tt). All production modes, coupling struc-
tures, and decay scenarios of the f boson are probed separately. This search targets f masses
between 15–350 GeV, excluding masses between 75–108 GeV for the f ! ee/µµ signal scenar-
ios because of high SM Z boson background contributions. The width of the f boson is taken
to be negligible compared to the experimental resolution in all signal models.

The Xf signal scenarios populate a large multilepton signature space in which at least one
lepton arises from the decay of the associated W or Z boson, or top quarks. Figure 1 illustrates
possible production and decay processes of Wf, Zf, and ttf that result in three- or four-lepton
final states. For f masses below the associated gauge boson (top quark) mass, the f boson
may also arise from a three-body decay of an on-shell gauge boson (top quark). The Wf signal
provides a signature with three leptons in the final state, primarily populating phase space
regions with low hadronic activity, significant ~pmiss

T , and no heavy-flavored jets. The Zf signal
produces a four-lepton signature, with similarly low hadronic activity and no heavy-flavored
jets, but with low ~pmiss

T . The ttf signal can yield three- or four-lepton signatures, depending
on the decay mode of the tt system, and populates the phase space with b jets, high hadronic
activity, and large ~pmiss

T arising from the decays of the top quarks.
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Figure 1: Example production and decay processes of Wf, Zf, and ttf signals producing
multilepton final states, where ` stands for electron, muon or tau lepton. Only leptonic decays
of W and Z bosons are considered for Wf and Zf signals, while for ttf signal W bosons from
top quark decay can also decay hadronically.

The search results are presented in terms of model-independent exclusions along with several
model-dependent interpretations. The model-independent results are presented for each of the
24 separate production and decay modes in terms of the product of the production cross section
and B(f ! ``). The model-dependent results are obtained from a subset of the experimental
channels. First, assuming a Higgs-like f production scenario, the Wf, Zf, or ttf events are
considered to be produced through mixing between the f and SM Higgs boson. Constraints
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multilepton signatures, the W and Z bosons in Wf and Zf signal models are required to decay
leptonically, whereas one of the W bosons in the ttf signal model may decay hadronically.
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three- or four-lepton signatures, depending on the decay mode of the tt system, and populates
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activity. The Zf signal produces a four-lepton signature with low hadronic activity and no
heavy-flavored jets, as well as no neutrinos in the final state. A complete decay chain example
is ttf ! (bW+)(bW�)(`+`�) ! (b`+n)(bqq)(`+`�), where b is the SM bottom quark, q
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boson (top quark). The width of the f boson is taken to be negligible in all signal models.

The search results are presented in terms of model-independent exclusions along with several
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ttf production mode, and three decay modes for the f (ee, µµ, and tt). The model-dependent
results are obtained from a subset of the experimental channels. First, direct bounds are set
on models in which f is a fermiophilic dilaton-like [9–12] or a fermiophilic axion-like [13–16]
state, with couplings gyS and gyPS proportional to fermion masses. Only the ttf production
mode is considered in these cases, as fermiophilic particles do not couple to vector bosons.
Next, assuming an H-like f production scenario, the Wf, Zf, or ttf events are considered to
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The three production modes, Wf, Zf, and ttf, are collectively referred to as Xf. For all pro-
duction modes, decays of f bosons only to electron, muon, or tau lepton pairs are consid-
ered, as described for the coupling to fermions by Eq. (3). The f decays are assumed to con-
serve lepton number and charge, f ! `+`�, where ` = e, µ, or t , and are taken to occur
at the production vertex. As this search targets multilepton signatures, the W and Z bosons
in Wf and Zf signal models are required to be leptonically decaying, whereas one of the
W bosons in the ttf signal model could be decaying hadronically. A complete decay chain
example is ttf ! (bW+)(b̄W�)(`+`�) ! (b`+n)(b̄qq̄)(`+`�) where b and q are the SM
bottom and light (up, down, strange, or charm) quarks, respectively, and ` (n) represents the
SM charged leptons (neutrinos). For Wf and Zf production modes only the leptonic decay
modes of W and Z bosons are considered. For the model-independent results, the branching
fractions B(f ! ``) into different flavors are considered as unconstrained parameters. In to-
tal, (3 + 3 + 2) ⇥ 3 = 24 modes are probed: three coupling structures (S, PS, and H) each for
the Wf and Zf production modes, two coupling structures (S and PS) for the ttf production
mode, and three decay modes for the f (ee, µµ, and tt). All production modes, coupling struc-
tures, and decay scenarios of the f boson are probed separately. This search targets f masses
between 15–350 GeV, excluding masses between 75–108 GeV for the f ! ee/µµ signal scenar-
ios because of high SM Z boson background contributions. The width of the f boson is taken
to be negligible compared to the experimental resolution in all signal models.

The Xf signal scenarios populate a large multilepton signature space in which at least one
lepton arises from the decay of the associated W or Z boson, or top quarks. Figure 1 illustrates
possible production and decay processes of Wf, Zf, and ttf that result in three- or four-lepton
final states. For f masses below the associated gauge boson (top quark) mass, the f boson
may also arise from a three-body decay of an on-shell gauge boson (top quark). The Wf signal
provides a signature with three leptons in the final state, primarily populating phase space
regions with low hadronic activity, significant ~pmiss

T , and no heavy-flavored jets. The Zf signal
produces a four-lepton signature, with similarly low hadronic activity and no heavy-flavored
jets, but with low ~pmiss

T . The ttf signal can yield three- or four-lepton signatures, depending
on the decay mode of the tt system, and populates the phase space with b jets, high hadronic
activity, and large ~pmiss

T arising from the decays of the top quarks.
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Figure 5: Evolution of the inverse of the three coupling constants in the Standard Model (left)
and in the supersymmetric extension of the SM (MSSM) (right). Only in the latter case unifica-
tion is obtained. The SUSY particles are assumed to contribute only above the effective SUSY
scale MSUSY of about 1 TeV, which causes a change in the slope in the evolution of couplings.
The thickness of the lines represents the error in the coupling constants [15].

where αGUT = g25/4π. The first error originates from the uncertainty in the coupling constant,
while the second one is due to the uncertainty in the mass splittings between the SUSY particles.
The χ2 distributions of MSUSY and MGUT are shown in Fig.6 [15], where

χ2 =
3
∑

i=1

(α−1
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GUT )
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. (2.10)
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correction obviously spoils the hierarchy if it is not cancelled. This very accurate cancellation
with a precision ∼ 10−14 needs a fine tuning of the coupling constants.

The only known way of achieving this kind of cancellation of quadratic terms (also known as
the cancellation of the quadratic divergencies) is supersymmetry. Moreover, SUSY automatically
cancels quadratic corrections in all orders of PT. This is due to the contributions of superpartners
of ordinary particles. The contribution from boson loops cancels those from the fermion ones
because of an additional factor (-1) coming from Fermi statistics, as shown in Fig.8. One can see

Figure 8: Cancellation of quadratic terms (divergencies)

here two types of contribution. The first line is the contribution of the heavy Higgs boson and
its superpartner. The strength of interaction is given by the Yukawa coupling λ. The second
line represents the gauge interaction proportional to the gauge coupling constant g with the
contribution from the heavy gauge boson and heavy gaugino.

In both the cases the cancellation of quadratic terms takes place. This cancellation is true
in the case of unbroken supersymmetry due to the following sum rule relating the masses of
superpartners

∑

bosons

m2 =
∑

fermions

m2 (2.13)

and is violated when SUSY is broken. Then, the cancellation is true up to the SUSY breaking
scale, MSUSY , since

∑

bosons

m2 −
∑

fermions

m2 = M2
SUSY , (2.14)

which should not be very large (≤ 1 TeV) to make the fine-tuning natural. Indeed, let us
take the Higgs boson mass. Requiring for consistency of perturbation theory that the radiative
corrections to the Higgs boson mass do not exceed the mass itself gives

δM2
h ∼ g2M2

SUSY ∼ M2
h . (2.15)

So, if Mh ∼ 102 GeV and g ∼ 10−1, one needs MSUSY ∼ 103 GeV in order that the relation
(2.15) is valid. Thus, we again get the same rough estimate of MSUSY ∼ 1 TeV as from the
gauge coupling unification above. Two requirements match together.

That is why it is usually said that supersymmetry solves the hierarchy problem. Moreover,
sometimes it is said that: ”There is no GUT without SUSY”. However, this is only the second
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(2.15) is valid. Thus, we again get the same rough estimate of MSUSY ∼ 1 TeV as from the
gauge coupling unification above. Two requirements match together.

That is why it is usually said that supersymmetry solves the hierarchy problem. Moreover,
sometimes it is said that: ”There is no GUT without SUSY”. However, this is only the second
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GMSB, low scale SSB: a basis

𝑋, 𝑋 = 𝑀 + 𝜃$𝐹messenger sector 
(Φ,, Φ,, …, 𝑖 = 1, . . 𝑁-)

chiral scalar superfield(s),  
fund. rep. 5+anti-5 (also 10+anti-10) 
of SU(5) or
16+anti-16 of SO(10) for the GUT 
group

SM+SP, SUSY

tree level interaction goldstino-MSone(two)loop suppressed
interactions with MS ,
soft SP masses, no flavor
violation enhancement 
from soft terms,
LSP – gravitino!  

Masses are depend on
F, M, N

(Φ ± 0Φ)
2

physical scalar states :                    

M – SUSY mass scale, F – SSB energy scale !!

𝑀232~ 𝜆𝑀 4 ± 𝜆𝐹

(limits:
F ~ M or F << M )



GMSB SUSY, soft mass terms and universal spectrum

𝑡 = 𝑙𝑛 ⁄𝑀+ 𝑄+

1-loop for gauginos, 2-loops for squarks

F<<M

All soft masses are proportional to NF/M



GMSB, DM candidates 
S. Dimopoulos, G. F. Guidice, and A. Pomarol , arXiv:hep-ph/9607225

Three variants: 

§ HS neutral scalar  (global symmetry prevented hidden scalar interaction with MSSM sector, 
stable state – no DD of DM) 

§ MS neutral scalar

§ SSB MSSM gravitino (very light neutral fermion ) 

An attractive feature of the minimal supersymmetric theory is the existence of a stable
particle, usually a neutralino, which can be the dark matter of the universe. Recently there
has been a resurgence of interest in theories where the breaking of supersymmetry originates at
low energies and is communicated to the ordinary sparticles via the usual gauge forces [1]–[4].
In these gauge-mediated theories the lightest sparticle is the gravitino and all other sparticles,
including the neutralino, decay into it in a cosmologically short time. In theories where the
supersymmetry-breaking scale

√
F is low, less than 100 TeV, the gravitino mass m3/2 " 4 eV

×F/(100 TeV)2 is too small to give a significant contribution to the present energy density of
the universe 1. Such low values of F are favored in theories with only one mass scale; in addition,
the interpretation of the Fermilab e+e−γγ+ET/ event in the context of gauge-mediated theories
requires

√
F <∼ 103 TeV [3].

In gauge-mediated supersymmetric theories there are two new sectors with possibly stable
particles which can act as cold dark matter candidates.

1) The secluded sector. This is the strongly interacting sector in which supersymmetry is
dynamically broken.

2) The messenger sector. This contains fields charged under the SU3×SU2×U1 gauge inter-
actions which communicate supersymmetry breaking to the ordinary sparticles.

The secluded sector often has accidental global symmetries analogous to baryon number.
The lightest secluded “baryon” Bϕ is stable and a good candidate for cold dark matter, provided
that the scale of supersymmetry breaking is in the range of

√
F ∼ 100 TeV already favoured

by both theory and the Fermilab event. The relic abundance of Bϕ is determined from its
annihilation cross section into “mesons” (i.e. other strongly interacting particles not carrying
the conserved quantum number) lighter than Bϕ. The Bϕ annihilation occurs via the strong
interactions and we can estimate an upper bound on the cross section using unitarity. This
implies a bound on the Bϕ relic abundance [7]

ΩBϕh
2 >∼ (mBϕ/300 TeV)2 . (1)

Therefore a strongly-interacting particle with a mass in the 100 TeV range can be a good cold
dark matter candidate. Direct detection of the Bϕ is not possible. Particles in the secluded
sector do not carry ordinary gauge quantum numbers, and therefore Bϕ can only interact with
nuclear matter via loop diagrams mediated by messenger fields. The resulting cross section is
unobservable with present techniques.

The lightest messenger field is also a possible candidate for cold dark matter. Indeed, if the
supersymmetry-breaking sector contains only singlets under the SU3×SU2×U1 gauge interac-
tions and if there are no direct couplings between the ordinary and messenger sectors, then the
theory conserves a global quantum number carried only by messenger fields. These hypotheses
are fairly generic in models with natural flavour conservation. The messenger quantum number
is typically conserved also by the new interactions which generate the µ and Bµ parameters of

1 The gravitino can be a warm dark matter candidate if m3/2 ∼ keV [5], corresponding to
√
F ∼ 2 × 103

TeV. A cold dark matter component can be obtained from non-thermal gravitinos produced in decay processes,
but only at the price of unconventional choices of the relevant parameters [6].

1

cold unobservable DM

Gravitino mass

𝜅 =
𝐹
𝐹-
< 1 𝑚 ⁄# + ≥ 𝑘𝑒𝑉

“warm” DM - OK

no direct search – not OK

cold observable DM

〈σ(ϕϕ∗ → f̃ f̃ ∗)v〉 =
g4

256π cos4 θWm2
ϕ

Nc(Q sin2 θW − T3)
2 1

x
. (6)

For the annihilation channels into neutral Higgs bosons (H0), neutralinos (χ0), and charginos
(χ±), we have summed over all possible final states. Here f (f̃) denote a generic (s)quark (Nc =
3) or (s)lepton (Nc = 1) with electric charge Q and third isospin component T3. Finally mϕ is
the mass of the lightest scalar messenger, r = M2/m2

ϕ, x = mϕ/T , and T is the temperature
of the annihilating particle.

The freeze-out temperature Tf is defined as the temperature at which the annihilation rate
is equal to the expansion rate, and it is given by (xf = mϕ/Tf )

xf = ln

[

0.076
√
g∗

MP l

mϕ

(

A +
B

xf

) √
xf

xf − 3
2

]

, (7)

where the total annihilation cross section has been parametrized as

〈σ(ϕϕ∗ → anything)v〉 =
1

m2
ϕ

(

A+
B

x

)

. (8)

We find that xf varies between 24 and 20, as we vary mϕ between 1 and 100 TeV.

The messenger relic abundance in units of the critical density is

Ωϕh
2 =

8.5× 10−5

√
g∗

(

mϕ

TeV

)2 xf

A + B
2xf

, (9)

where h is the Hubble constant in units of 100 km s−1 Mpc−1. Here g∗ is the effective number
of degrees of freedom in thermal equilibrium at the decoupling temperature and it is equal to
228.75, if we sum over the complete spectrum of the minimal supersymmetric model.

If we require Ωϕh2 < 1, we obtain from eq. (9) an upper bound on mϕ of about 5 TeV. If
the messenger sector consists of n families of 5+ 5 that do not mix with each other, we have a
conserved quantum number for each family and then n stable particles. In this case, Ωϕh2 < 1
leads to the constraint

n
∑

i=1

m2
ϕi

<∼ (5 TeV)2 . (10)

However if there are mixing terms between the n families of messengers, the heavy families will
decay to the lightest one. The 5 TeV upper bound will only apply to the mass of the lightest
scalar.

The mass difference m2
ϕ+ − m2

ϕ0 between the charged and neutral components of the SU2

doublet is so small that the ϕ+ decay width is strongly suppressed by phase space:

Γ(ϕ+ → ϕ0e+ν) =
G2

F

15π3
(mϕ+ −mϕ0)5 . (11)

4

overestimated DM density !! 
(But – the LMSS can 

decay into gravitino)

superheavy DM



2 2 Signal models

and gluino masses are set to a high scale rendering them inaccessible and strong production
negligible. The bino and wino masses therefore fully determine the model point under study
and are varied in the interpretation. The ec0

1 is assumed to be purely bino-like, while the ec±
1

and ec0
2 are assumed to be purely wino-like. The dominant process for EWK GGM production

is shown in Fig. 1 (upper left). In the GGM framework, where the gauginos are not mass-
degenerate by construction, a larger ec±–ec0

1 mass difference increases the hadronic energy in
the final state if the Z, H, or W bosons decay hadronically.

The EWK simplified scenario TChiWg probes associated production of mass-degenerate
charginos and neutralinos (ec±

1 ec0
1), assuming the decay modes ec0

1 ! geG and ec±
1 ! W±eG,

as shown in Fig. 1 (upper right). The TChiNg scenario assumes nearly mass-degenerate ec±
1

and ec0
1, but considers ec±

1 ec⌥
1 and ec±

1 ec0
1 production as shown in Fig. 1 (lower left and right). In

this scenario, the ec±
1 is assumed to have a slightly higher mass than ec0

1, and it decays to ec0
1 and

low-momentum particles outside the acceptance of this analysis. The neutralinos are assumed
to decay as ec0

1 ! geG, ec0
1 ! ZeG, and ec0

1 ! HeG with 50, 25, and 25% probability, respectively.
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Figure 1: In the context of GGM, several production and decay channels are possible. The
diagram of the dominant process ec0

2–ec±
1 production is shown (upper left), where the gaugino

decays depend on the mass configuration under study. In the TChiWg model (upper right), the
gauginos are mass degenerate. The TChiNg model comprises ec±

1 pair production (lower left)
and ec±

1 ec0
1 production (lower right), where the ec±

1 is only slightly heavier than the ec0
1, so only

low-momentum (soft) particles appear in the decay of ec±
1 to ec0

1.

The strong production SMS models T5gg, T5Wg, T6gg, and T6Wg are shown in Fig. 2, where
T5gg and T5Wg represent gluino pair production, and T6gg and T6Wg squark pair production.
The neutralino decays as ec0

1 ! geG, while the chargino decays as ec±
1 ! W±eG. In the T5Wg

and T6Wg scenario, a branching fraction of 50% is assumed for the charged and neutral decays
of the gluino or squark. The T5gg (T6gg) scenario assumes a branching fraction of 100% for
g̃ ! qqec0

1 (eq ! qec0
1).

GMSB at the LHC, CMS RUN 2, prompt decays  
EWK production, neutralino as the NLSP, general GMSB

CMS-SUS-19-001; 
arXiv:2310.03154 [hep-ex]

CMS SUS-16-046; 
arXiv:1711.08008 [hep-ex]
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and gluino masses are set to a high scale rendering them inaccessible and strong production
negligible. The bino and wino masses therefore fully determine the model point under study
and are varied in the interpretation. The ec0

1 is assumed to be purely bino-like, while the ec±
1

and ec0
2 are assumed to be purely wino-like. The dominant process for EWK GGM production

is shown in Fig. 1 (upper left). In the GGM framework, where the gauginos are not mass-
degenerate by construction, a larger ec±–ec0

1 mass difference increases the hadronic energy in
the final state if the Z, H, or W bosons decay hadronically.

The EWK simplified scenario TChiWg probes associated production of mass-degenerate
charginos and neutralinos (ec±

1 ec0
1), assuming the decay modes ec0

1 ! geG and ec±
1 ! W±eG,

as shown in Fig. 1 (upper right). The TChiNg scenario assumes nearly mass-degenerate ec±
1

and ec0
1, but considers ec±

1 ec⌥
1 and ec±

1 ec0
1 production as shown in Fig. 1 (lower left and right). In

this scenario, the ec±
1 is assumed to have a slightly higher mass than ec0

1, and it decays to ec0
1 and

low-momentum particles outside the acceptance of this analysis. The neutralinos are assumed
to decay as ec0
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Figure 1: In the context of GGM, several production and decay channels are possible. The
diagram of the dominant process ec0

2–ec±
1 production is shown (upper left), where the gaugino

decays depend on the mass configuration under study. In the TChiWg model (upper right), the
gauginos are mass degenerate. The TChiNg model comprises ec±

1 pair production (lower left)
and ec±

1 ec0
1 production (lower right), where the ec±

1 is only slightly heavier than the ec0
1, so only

low-momentum (soft) particles appear in the decay of ec±
1 to ec0

1.

The strong production SMS models T5gg, T5Wg, T6gg, and T6Wg are shown in Fig. 2, where
T5gg and T5Wg represent gluino pair production, and T6gg and T6Wg squark pair production.
The neutralino decays as ec0

1 ! geG, while the chargino decays as ec±
1 ! W±eG. In the T5Wg

and T6Wg scenario, a branching fraction of 50% is assumed for the charged and neutral decays
of the gluino or squark. The T5gg (T6gg) scenario assumes a branching fraction of 100% for
g̃ ! qqec0

1 (eq ! qec0
1).

GMSB at the LHC, CMS RUN 2, prompt decays  
EWK production, neutralino as the NLSP, general GMSB

CMS-SUS-19-001; 
arXiv:2310.03154 [hep-ex]
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Figure 10: The 95% CL limits for the T6gg (left) and T6Wg (right) SMS models in the squark-
neutralino/chargino mass plane. The color scale encodes the observed upper cross section
limit for each point. The thick lines represent the observed (black) and expected (red) exclusion
contours, where the phase space of lower masses is excluded by the analysis. The thin dotted
red curves indicate the region containing 68% of the distribution of limits expected under the
background-only hypothesis. The thin solid black curves show the change in the observed
limit due to variation of the signal cross sections within their theoretical uncertainties. For the
signal production cross section five accessible mass-degenerate squark flavors for eqL and eqR
were assumed.

270 GeV [26]. Two EWK simplified models are also used for the interpretation. The analysis
excludes masses of the next-to-lightest supersymmetric particle ec0

1 below 780 (950) GeV in the
TChiWg (TChiNg) scenario. Additionally, limits are set for strong production simplified mod-
els based on gluino (T5gg, T5Wg) and squark (T6gg, T6Wg) pair production, excluding gluino
(squark) masses up to 2100 (1750) GeV. This analysis complements searches in the photon+jets,
diphoton, and photon+leptons final states, and sets the most stringent limits to date in the EWK
production models, and in the strong production models when the gauginos are degenerate in
mass with the gluino or squarks.
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Split/GMSB SUSY in LLP decays with displaced vertices plus MET
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From prompt production to LLP:

1.  Stealth SUSY 

SUSY beyond MSSM: low(zero) 𝑝#$%&	signatures

JiJi Fan, Matthew Reece, Joshua T. Ruderman

arXiv:1105.5135 [hep-ph]

arXiv:1201.4875 [hep-ph]

arXiv:1512.05781 [hep-ph]

2.  RPV SUSY
Csaba Csaki, Yuval Grossman, and Ben Heidenreich 

arXiv:1111.1239 [hep-ph]

“natural” mass spectrum

typical experimental signature:  high 𝑝!"#$



SUSY is natural, low-scale SUSY breaking, hidden sector with (at least) one chiral 
singlet supefield (R-odd singlino, R-even singlet). LSP – gravitino (GMSB), 
NLSP decays to gravitino through a hidden sector. 
HS states of order the EW scale, states approximately supersymmetric (F << M ) –
closely degenerated by masses.  
Suppression of large missing ET at the end of decay chain (gravitino assosiated).

very soft!!!

Stealth SUSY basis

arXiv:1105.5135 [hep-ph]



NLSP gluino decay width 

Stealth SUSY simplified, prompt/LLP 

NLSP neutralino decay width 

Typically LLP signatures in a wide parameter space region!! (𝑐𝜏- > 8 𝑚𝑚 for F ~ 10 GeV) 

Field set: LOSP – gluino, stop, higgsino only
The lightest R-odd SUSY particle – gravitino/axino

JiJi Fan, Matthew Reece, Joshua T. Ruderman

arXiv:1105.5135 [hep-ph]

arXiv:1201.4875 [hep-ph]

arXiv:1512.05781 [hep-ph]



Stealth SUSY, gluino pair production, gluino/stop as NLSP 

3g à 6 jets FS
(mostly light 
flavors for small 
mS)

𝑆𝑌 #𝑌: GMSB-like: messengers  in 5, I5 of  SU(5),  mS ~ 100 GeV, mY ~ TeV – supersymmetric soft masses

-𝑔 → 0𝑆 → 2𝐺 -𝑔 → 𝑡̃ → 0𝑆𝑆 2𝐺

SS leptons or 3 leptons 
plus >4 jets (3 jets b-tagged)



Gluino/stop PP, neutralino as NLSP, prompt, 2gamma + jets + low 𝐸JK,L

CMS SUS-19-001; 
arXiv:2310.03154 [hepex];

See also:
CMS SUS-23-001
for stealth /RPV SUSY
with DNN

𝑆𝑌.𝑌

𝑚 !" ,𝑚 !#: 1250 < 𝑀 < 2350 𝐺𝑒𝑉, 1100 < 𝑀 < 2000 𝐺𝑒𝑉150 𝐺𝑒𝑉 < 𝑀 < 𝑚 !# 𝑚 !" − 100 𝐺𝑒𝑉;



Gluino/stop PP, neutralino as NLSP, prompt, 2gamma + jets + low 𝐸JK,L

CMS SUS-19-001; 
arXiv:2310.03154 [hepex];

See also:
CMS SUS-23-001
for stealth /RPV SUSY
with DNN

𝑆𝑌.𝑌

𝑚 !" ,𝑚 !#: 1250 < 𝑀 < 2350 𝐺𝑒𝑉, 1100 < 𝑀 < 2000 𝐺𝑒𝑉150 𝐺𝑒𝑉 < 𝑀 < 𝑚 !# 𝑚 !" − 100 𝐺𝑒𝑉;



RPV SUSY in three-lepton plus jets FS 

33/48M. Savina, JINR, Russia NuDM-2024                                                                14.12.2024 

See also: 

CMS-EXO-21-004; 
arXiv:2402.02992
RPV SUSY in 
pair-produced 
multijet resonances

July 2024

Search for RPV SUSY in trilepton + jets final states

● 95% CL U.L. for the RPVq and RPVb models
● RPVq exclusion of neutralino with masses up to 275 GeV
● RPVb exclusion of neutralino with masses up to 180 GeV

15

RPVq RPVb

July 2024

● Degenerate wino-like Neutralino/Chargino 
production with unstable light Neutralino

● Target final states consist of three-leptons and 
up to six jets

● One, two, and four lepton events to calibrate 
and probe for supersymmetric production of 
events with three leptons

Search for RPV SUSY in trilepton + jets final states

12

July 2024

● Degenerate wino-like Neutralino/Chargino 
production with unstable light Neutralino

● Target final states consist of three-leptons and 
up to six jets

● One, two, and four lepton events to calibrate 
and probe for supersymmetric production of 
events with three leptons

Search for RPV SUSY in trilepton + jets final states

12

CMS SUS-23-015

Degenerated by mass gaugino-like
neutralino/chargino production 
with LSP (neutralino) RPV decay.
FS with light/heavy quarks 
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Strongly coupled DS, dark showers, prompt/LLP 

ü One of the most striking DM-targeted signatures 
(Dark QCD à dark showers, emerging jets)

ü Tracks start near the edge of the tracker, in the 
ECAL and HCAL and even in the inner muon stations

Hidden valleys , dark QCD

M. Savina, JINR, Russia NuDM-2024                                                                14.12.2024 



LLP dark showers with emerging jets

37/48M. Savina, JINR, Russia NuDM-2024                                                                14.12.2024 

CMS EXO-22-015; 
arXiv:2403.01556 [hep-ex]

2

decay constant, md is the mass of the SM down quark, and mpdark
is the dark pion mass. The

numbers with units show the expected typical scale for each variable.

If instead multiple Yukawa couplings kai have nonnegligible values, the proper decay length
for dark mesons composed of dark quarks of flavor indices a and b is given by Eq. (2) from
Ref. [13]:

ct
ab
pdark

=
8pm

4
Xdark

ch̄

Ncmpdark
f 2
pdarkÂ
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|kaik

⇤
bj
|2
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m
2
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+ m

2
j

⌘
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1 �
(mi + mj)2

m2
pdark

! 
1 �

(mi � mj)2

m2
pdark

! , (2)

where mXdark
is the mediator particle mass, Nc is the SM color factor, and mi, mj are the masses of

the SM quarks with flavor indices i, j, respectively. Within this model, we focus on the “flavor-
aligned” scenario from Ref. [13], which has three dark quark flavors that couple to the SM
down-type quarks (d, s, b) via a diagonal matrix kai = k0dai. Because of spin considerations,
dark hadron decays to heavier SM particles are favored, typically resulting in a large number of
b quarks in the decays when kinematically allowed. We characterize the flavor-aligned model
in terms of the maximum proper lifetime for any dark pion, ctmax

pdark
. Following the benchmark

models from Refs. [11, 13], where the lightest dark baryon is stable, and given that dark baryon
production is suppressed by 1/N

dark
color [17], we consider only dark meson production and re-

quire all dark mesons to decay finally into SM particles. When the lifetimes are long enough to
give macroscopic decay distances, the resulting signature from either model is two SM jets and
two EJs containing multiple displaced vertices.

Previous experimental searches for strongly self-interacting DM have been made using proton-
proton (pp) collision data collected at the CERN LHC at

p
s = 13 TeV and corresponding to

about 140 fb�1. This includes a search for semivisible jets by the CMS Collaboration [18], a
search for semivisible jets by the ATLAS Collaboration [19], and a search for dark quarks in
a dijet final state by ATLAS [20]. In addition, a previous search for EJs interpreted with an
unflavored dark sector model was performed by the CMS Collaboration using a data sample
collected in 2016, corresponding to an integrated luminosity of 16.1 fb�1 [21].

In this paper, we present a search for the EJ signatures of the unflavored and the flavor-aligned
dark sector models, focusing on the displacement information of the tracks in the EJ, using
the data set collected by the CMS Collaboration in 2016–2018 using pp collisions at a center-
of-mass energy of 13 TeV and corresponding to 138 fb�1. The search strategy first identifies
EJs by exploiting their topological differences relative to SM jets using selection criteria opti-
mized separately for each model. Then, the probability for an SM jet to be misidentified as
an EJ is measured, and the background is estimated using control samples in data. The main
background comes from SM multijet production where SM jets are misidentified as EJs.

Compared to the previous analysis [21], we have extended the unflavored EJ model search to a
wider parameter space. This study also includes the first dedicated search for a flavored dark
QCD sector. We have implemented a number of important changes that considerably increase
the sensitivity of the search, including the incorporation of a machine learning (ML) technique
aimed at enhancing the EJ identification (tagging) performance. The tabulated results are pro-
vided as a HEPData record [22].

This paper is organized as follows. In Section 2 we give an introduction of the CMS detector,
followed in Section 3 by a detailed description of the simulated data used in this search. The
event reconstruction and triggering algorithms are discussed in Section 4. In Section 5 we

HV dark QCD, scalar mediator, 
dark meson LLP decays, b-quark FS

unflavored:

flavor-aligned:

unflavored:

flavor-aligned:
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CMS EXO-23-002; 
arXiv:2403.05311 [hep-ex]

- HV concept, quasi-conformal DS, dark mesons masses much smaller 
than S mediator mass. S charged under both SU(3) and SU(3)D

- Spherically symmetric FS distributions, high multiplicity of soft PS
- Boltzmann distr. for pseudoscalar pT, depending on TD (ΛD) and mφ
- Decay φà γDγD, à SM FS trough γ - γD mixing, prompt decays

𝑚M" < ΛN , ΛN ≪ 𝑠light γD
M< 1 GeV



Light LLP decays in displaced jets
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2

Section 2. The simulated samples are described in Section 3. Section 4 details the object re-
construction and displaced-jet triggers (DJTs). Section 5 describes the DV reconstruction and
LLP identification algorithms. Section 6 describes the event selections and the background
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 [68]. A glossary of the acronyms
used in the paper is provided in Appendix A.

p

p

H
S

S

f

f

f

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.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap 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 |h| < 3.0. Dur-
ing the LHC running period when the data used in this paper were recorded, the silicon tracker
consisted of 1856 silicon pixel and 15 148 silicon strip detector modules. Details on the pixel de-
tector can be found in Ref. [69]. For nonisolated particles with 1 < pT < 10 GeV and |h| < 3.0,
the track resolutions are typically 1.5% in pT and 20–75 µm in the transverse impact parameter
(dxy) [70].

In the region |h| < 1.74, the HCAL cells have widths of 0.087 in pseudorapidity and 0.087
in azimuth (f). In the h-f plane, and for |h| < 1.48, the HCAL cells map on to 5⇥5 arrays
of ECAL crystals to form calorimeter towers projecting radially outwards from close to the
nominal interaction point. For |h| > 1.74, the coverage of the towers increases progressively to
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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 signature where
the Higgs boson decays to two long-lived particles that further decay to bottom (down) quark
pairs, branching fractions greater than 1% for the exotic Higgs boson decay are excluded for a
long-lived particle mass larger than 40 GeV and mean proper decay lengths between 1.5 (1.3)
and 370 (380) mm. For these signatures, the branching fraction limits are better than those ob-
tained previously by a factor of up to 10 (8). Exclusions are also placed on the parameter space
of the fraternal twin Higgs and folded supersymmetry models in the neutral naturalness sce-
nario, giving lower limits on top quark partner masses of up to 350 and 250 GeV, respectively.
The results are the first constraints placed on these models.

16 18 20 22 24 26 28 30
 [GeV]0m

200

250

300

350

400

450

 [G
eV

]
T

m

 (13.6 TeV)-134.7 fb

CMS 
95% CL exclusion

Fraternal Twin Higgs

 = 100 mm0τc

 = 10 mm0τc

 = 1 mm0τc

Observed

Median expected

16 18 20 22 24 26 28 30 32
 [GeV]0m

180

200

220

240

260

280

300

320

340

360

 [G
eV

]
T

m

 (13.6 TeV)-134.7 fb

CMS 
95% CL exclusion

Folded SUSY
 = 100 mm0τc

 = 10 mm0τc

 = 1 mm0τc

Observed

Median expected

Figure 7: The 95% CL limits on the dark-sector top quark partner mass mT for different hidden
glueball masses m0, in the fraternal twin Higgs model [29] (left) and the folded SUSY model [48]
(right). The solid (dashed) lines represent the observed (median expected) limits. The hashed
areas indicate the direction of the excluded area from the observed limits.
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Figure 6: The 95% CL limits on the LLP mass mS for different proper decay lengths ct0 assuming
a branching fraction of 1% for the H ! SS decay, and with subsequent S ! bb (left) or S ! dd
(right) 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.

fraction for the Higgs boson decay to G0 (B(H ! G0G0)) and the ct0 of G0 both depend on the
glueball mass m0 and the mass mT of the top quark partner T in the DS. These dependencies
are taken from Ref. [66], assuming B(H ! G0G0) is the same as the branching fraction for
the Higgs boson to decay to hidden gluons multiplied by a phase space factor

p
1 � 4m2

0/m2
H.

For simplicity we also assume the branching fraction for G0 ! bb is 100%, since this is the
dominant decay channel of G0 in the considered mass range because of the Higgs-portal inter-
action. In this way, the S ! bb limits are translated into 95% CL exclusions in the m0-mT plane,
as shown in Fig. 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 luminosity, 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 [105], will help realize the full potential of the complete
Run-3 data set and expand the coverage of exotic LLP signatures.

9 Summary

A search for light long-lived particles decaying into jets has been performed using proton-
proton collision data corresponding to an integrated luminosity of 34.7 fb�1, 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 long-lived particles with masses between 15 and 55 GeV and with proper decay lengths

CMS EXO-23-013; 
arXiv:2409.10806 [hep-ex]  

Neutral naturalness – a global 
SM-DS symmetry, protecting mH

Fraternal twin higgs model and
folded SUSY interpretations 

- the lightest DS state – dark glueball
with strongly suppressed  decays to SM
à LLP
- light LLP with masses < 60 GeV
- LLP decays to b-/d- quarks and τ-leptons

8.1 Interpretations of the results 11
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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 ! tt (lower), for different LLP masses mS and proper decay
lengths ct0. The solid (dashed) lines represent the observed (median expected) limits.



LLP decays to muon pairs
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CMS-EXO-23-014; 
arXiv:2402.14491 [hep-ex]Dark higgs-photon  double portal (HAHM) and SUSY interpretations

- Dark U(1)D with ZD charged under  SM  
group  hypercharge

- Mass of ZD comes from HD 
- Mixing in gauge and higgs sectors 

(“double portal”)
- Dark photon decays dominantly to

SM leptons ß no light DS states with 
masses lower then 𝑚/$
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Figure 15: The 95% CL upper limits on B(H ! ZDZD) as a function of ct(ZD) in the HAHM
model, for m(ZD) ranging from (upper left) 10 GeV to (lower right) 60 GeV, obtained in this
analysis, the Run 2 analysis [5], and their combination. The observed limits in this analysis and
in the Run 2 analysis [5] are shown as blue and red curves, respectively; the median combined
expected limits are shown as dashed black curves; and the combined observed limits are shown
as solid black curves. The green and yellow bands correspond, respectively, to the 68 and 95%
quantiles for the combined expected limits.
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Figure 15: The 95% CL upper limits on B(H ! ZDZD) as a function of ct(ZD) in the HAHM
model, for m(ZD) ranging from (upper left) 10 GeV to (lower right) 60 GeV, obtained in this
analysis, the Run 2 analysis [5], and their combination. The observed limits in this analysis and
in the Run 2 analysis [5] are shown as blue and red curves, respectively; the median combined
expected limits are shown as dashed black curves; and the combined observed limits are shown
as solid black curves. The green and yellow bands correspond, respectively, to the 68 and 95%
quantiles for the combined expected limits.



Summary and outlook on DM searches

ü Wide variety and an extensive list of analyses on DM and hidden sector at  CMS

ü Still no signals of new DM particles/mediator 

ü Further development of an analysis (scouting triggers , new signatures like semivisible jets, 

novel prompt/LLP reconstruction algorithms) and related theory/simplified model approaches,
new interaction channels, new frameworks

CMS analyses summary on DM search and much more: 

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
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Thank you for your attention!
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GMSB, gravitino as DM 

1/F suppressed !

Gravitino mass

𝜅 =
𝐹
𝐹-
< 1 𝑚 ⁄# + ≥ 𝑘𝑒𝑉

“warm” DM - OK

no direct search – not OK

July 2024

Search for stealth SUSY with diphotons, jets and low MET

● Strong production of      ,to   to        with subsequent decay through stealth sector

Final state consists of: Jets +    pair + low 

4

Benchmark Model Parameters

 

Gravitino  effective action



GMSB, the lightest neutral partner from messenger sector as DM 

〈σ(ϕϕ∗ → f̃ f̃ ∗)v〉 =
g4

256π cos4 θWm2
ϕ

Nc(Q sin2 θW − T3)
2 1

x
. (6)

For the annihilation channels into neutral Higgs bosons (H0), neutralinos (χ0), and charginos
(χ±), we have summed over all possible final states. Here f (f̃) denote a generic (s)quark (Nc =
3) or (s)lepton (Nc = 1) with electric charge Q and third isospin component T3. Finally mϕ is
the mass of the lightest scalar messenger, r = M2/m2

ϕ, x = mϕ/T , and T is the temperature
of the annihilating particle.

The freeze-out temperature Tf is defined as the temperature at which the annihilation rate
is equal to the expansion rate, and it is given by (xf = mϕ/Tf )

xf = ln

[

0.076
√
g∗

MP l

mϕ

(

A +
B

xf

) √
xf

xf − 3
2

]

, (7)

where the total annihilation cross section has been parametrized as

〈σ(ϕϕ∗ → anything)v〉 =
1

m2
ϕ

(

A+
B

x

)

. (8)

We find that xf varies between 24 and 20, as we vary mϕ between 1 and 100 TeV.

The messenger relic abundance in units of the critical density is

Ωϕh
2 =

8.5× 10−5

√
g∗

(

mϕ

TeV

)2 xf

A + B
2xf

, (9)

where h is the Hubble constant in units of 100 km s−1 Mpc−1. Here g∗ is the effective number
of degrees of freedom in thermal equilibrium at the decoupling temperature and it is equal to
228.75, if we sum over the complete spectrum of the minimal supersymmetric model.

If we require Ωϕh2 < 1, we obtain from eq. (9) an upper bound on mϕ of about 5 TeV. If
the messenger sector consists of n families of 5+ 5 that do not mix with each other, we have a
conserved quantum number for each family and then n stable particles. In this case, Ωϕh2 < 1
leads to the constraint

n
∑

i=1

m2
ϕi

<∼ (5 TeV)2 . (10)

However if there are mixing terms between the n families of messengers, the heavy families will
decay to the lightest one. The 5 TeV upper bound will only apply to the mass of the lightest
scalar.

The mass difference m2
ϕ+ − m2

ϕ0 between the charged and neutral components of the SU2

doublet is so small that the ϕ+ decay width is strongly suppressed by phase space:

Γ(ϕ+ → ϕ0e+ν) =
G2

F

15π3
(mϕ+ −mϕ0)5 . (11)
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(χ±), we have summed over all possible final states. Here f (f̃) denote a generic (s)quark (Nc =
3) or (s)lepton (Nc = 1) with electric charge Q and third isospin component T3. Finally mϕ is
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We find that xf varies between 24 and 20, as we vary mϕ between 1 and 100 TeV.
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where h is the Hubble constant in units of 100 km s−1 Mpc−1. Here g∗ is the effective number
of degrees of freedom in thermal equilibrium at the decoupling temperature and it is equal to
228.75, if we sum over the complete spectrum of the minimal supersymmetric model.
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However if there are mixing terms between the n families of messengers, the heavy families will
decay to the lightest one. The 5 TeV upper bound will only apply to the mass of the lightest
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– total  annihilation cross section

F << M :
M – F ~1 :

F < (350 GeV)2    general GMSB setup 

A late ϕ+ decay will inject energetic particles in the primordial thermal bath, potentially
destroying the successful predictions from nucleosynthesis. We therefore require that the ϕ+

lifetime is shorter than about a second; eq. (11) then implies

mϕ+ −mϕ0 >∼ 5 MeV . (12)

This constraint singles out only two small regions of F where the lightest neutral messenger can
be the dark matter. The first one corresponds to

√
F <∼ 350 GeV, where the tree-level splitting

in eq. (3) is large enough to satisfy eq. (12). The second one corresponds to F/M2 >∼ 0.95,
where the one-loop correction in eq. (4) is enhanced by a large logarithm. We recall that the
stability of the messenger vacuum requires F/M2 < 1. In the whole intermediate range of
F/M2, either ϕ+ is lighter than ϕ0, or its lifetime is too long.

A lower bound on the messenger mass scale can be derived from the negative experimental
searches on supersymmetric particles. It is therefore necessary to check whether this bound is
consistent with the cosmological constraint. For our purpose, the most relevant limits come
from sneutrino and right-handed selectron searches at LEP13. Their masses can be expressed
as a function of M and F , assuming that all n messengers carry the same value of F and M :

m̃2
eR =

10

3

(

α

4π cos2 θW

)2

n
F 2

M2
f(F/M2)−M2

Z sin2 θW cos 2β , (13)

m̃2
νL =

1

6

(

α

4π

)2 ( 9

sin4 θW
+

5

cos4 θW

)

n
F 2

M2
f(F/M2) +

M2
Z

2
cos 2β . (14)

Here f(F/M2) describes the exact result of the two-loop integration

f(x) =

{

(1 + x)

x2

[

ln(1 + x)− 2Li
(

x

1 + x

)

+
1

2
Li
(

2x

1 + x

)]

+ (x → −x)

}

, (15)

and it is normalized such that f(0) = 1. The requirement that eqs. (13) and (14) simultaneously
satisfy m̃eR, m̃νL > MZ/2 implies

F

M

√

nf(F/M2) > 20 TeV . (16)

For n ≤ 4 (which is the maximum allowed by perturbativity of αGUT ), this bound is in-
consistent with the cosmological condition Ωϕh2 < 1, unless F/M2 >∼ 0.87. It is interesting
to notice that the experimental limit in eq. (16) selects the same region of parameters allowed
by the constraint on the ϕ+ lifetime. Indeed for M >∼ 10 TeV (with n = 4) or M >∼ 20 TeV
(with n = 1) and F/M2 >∼ 0.95, all constraints can be simultaneously satisfied and the lightest
messenger is an acceptable dark matter candidate.

The constraint in eq. (16) can be relaxed if the messengers have different masses Mi (i =
1, ..., n), splittings Fi and small mixings to each other. The dark matter candidate can be

3The limit on the right-handed selectron mass from LEP1.5 critically depends on the nature of the neutralino
and therefore it is not of general validity.
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DM density !!

(But – the LMS can
decay to gravitino)
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a proper lifetime cτ0
is greater than or 
comparable to the 
characteristic size of 
the (sub)detectors

ü small cτ0 that 
comparable to the
inner tracker size, no
displaced tracks à
“standard” prompt 
decay

ü intermediate cτ0 
à LLP
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large cτ0 à stable 
particles, “standard” 
MET signatures

displaced jets 
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Inelastic dark matter at the LHC/LLP                                        

ü Dark photon

ü Heavy neutral leptons (quarks)

ü Dark GB and/or Higgs(es)…

ü Higgs/GB/gluon/SUSY portals

ü (Asymmetric DM/
Baryogenesis)
§      Dark SUSY
§      Dark QCD

ü Twin Higgs

ü ALPs (CP-violation)…DS: small couplings, compressed spectra, large hierarchy à large cτ
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Resonant production of strongly coupled DM for semivisible jets
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interactions, “semivisible” jet substructure

semi-
visible jets

DM part 
(visible) +

SM part 
(invisible)

6

signal jets are expected to have a broader radiation pattern than the SM background jets. We de-
note these reconstructed objects with a capital J, and we refer to them simply as “jets” in the rest
of the paper. The pileup-per-particle identification (PUPPI) algorithm [71] is used to mitigate
the effect of pileup on the jets. The PUPPI algorithm makes use of a local shape variable that
reflects the collinear versus soft diffuse structure in the neighborhood of the particle. With this
variable, as well as with event pileup properties and tracking information at the reconstructed
particle level, the algorithm computes the probability that a given neutral PF candidate results
from pileup. The candidate momentum is multiplied by this probability [72]. The jets are fur-
ther corrected to account for nonlinearities in the detector energy response [73]. In simulated
samples, the jet pT is smeared using measured resolutions to match the observed data. A set of
quality criteria is applied to reject spurious jets arising from instrumental sources [74].

The jet clustering algorithm is also employed with a distance parameter of R = 0.4 to produce
a second collection of jets, which are then required to have pT > 30 GeV. We denote these re-
constructed objects with a lowercase j, and we refer to them as “narrow jets” in the rest of the
paper. The narrow jets are employed in the trigger and are also used to mitigate instrumental
backgrounds, which are unrelated to the expected size and scale of the signal jets. Energy cor-
rections are also applied to the narrow jets, with an area-based pileup subtraction [72, 75] used
in place of the PUPPI algorithm. The effect of the narrow-jet energy corrections is propagated
to the missing transverse momentum.

The data set considered in this paper is collected using triggers that place requirements on the
narrow-jet pT or on the HT, which is the scalar pT sum of all narrow jets with pT > 30 GeV and
|h| < 3.0. The triggers used in 2016 (2017–2018) require a jet with pT > 450 (500)GeV or HT >
900 (1050)GeV. The thresholds were raised in 2017 to compensate for higher instantaneous
luminosity. The efficiency for an event to pass any of these trigger conditions is measured in
data using a data set collected with an independent trigger that requires a muon with pT >
50 GeV. The selection requirements that ensure a high trigger efficiency are described in the
next section.

6 Event selection
We select events with at least two jets. Any event in which the two highest pT jets are not both
within |h| < 2.4 is rejected. Events with missing transverse momentum that have substan-
tial energy in the endcap region are significantly more likely to originate from beam halo or
noise induced by the radiation damage, rather than from signal events, which tend to popu-
late the barrel region. Therefore, this requirement eliminates several sources of instrumental
background, while having a negligible impact on the signal efficiency.

The dijet transverse mass mT is used as the search variable. In signal processes, it forms a peak
with a kinematic endpoint at mZ 0 and therefore approximately reconstructs the mass of the Z0

mediator, while in background processes, it is expected to have a smoothly falling spectrum.
This can be observed in Figs. 5–6 in Section 8. The dijet transverse mass is computed from the
four-vector of the dijet system and the ~pmiss

T [35]:

m2
T =

⇥
ET,JJ + Emiss

T
⇤2 �

⇥
~pT,JJ + ~pmiss

T
⇤2

= m2
JJ + 2pmiss

T

hq
m2

JJ + p2
T,JJ � pT,JJ cos(fJJ,miss)

i
.

(1)

Here, mJJ is the invariant mass of the system composed of the two highest pT jets, and ~pT,JJ is
the vector sum of their ~pT. The quantity E2

T,JJ is defined as m2
JJ + |~pT,JJ|2, while we assume that

xsec., mZ’, 
𝑚0123 , 𝑔0123 , 
rinv
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