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The discovery of a Higgs boson at the Large Hadron Collider (LHC) validated the standard model (SM) as a 
low energy (~EW scale) description of nature. 

The SM is unable to address, however, several outstanding questions like neutrino mass, origin of baryon 
asymmetry in the universe or the dark matter problem among others. 

High-energy collider experiments are one of the best places to look for extensions of the SM and test its 
validity. This can be done in three ways: 

- Direct searches of new particles 
- Tails of kinematic distributions 
- Precise measurements of SM Higgs boson couplings

Historically the collider physics strategy consists of building high energy hadron colliders for discovery 
then construct lepton colliders for precision measurements (and/or new discovery) and so on… 



The Super Proton-Antiproton Synchrotron
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Operation: 1981-1990 
Collision energy: 546-630 GeV 
Integrated luminosity: up to  
Achievements: discovery of the W and Z-bosons.

1.6 × 1037 cm−2

Tunnel
Event display recorded in 1982 by UA1 collaboration



The Large Eectron-Positron (LEP) collider
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Operation: 1989-2000 
Collision energy: 91.2-209 GeV 
Integrated luminosity: up to  
Achievements: precision measurements; studies of QCD…

≈ 1032 cm−2



The Large Hadron Collider
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Operation: 2010—present (until ~2030) 
Collision energy: 7-13.6 TeV 
Integrated luminosity: up to  (so 
far) 
Achievements:  
• discovery of the SM Higgs boson 
• Many precision measurements 
• Strong bounds on various new physics 

candidates  
• Discovery of various new hadrons (i.e. 

pentaquark).

1034 cm−2



Future Colliders (FCC-ee, ILC, FCC-hh…) ?
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Operation: from 2045 (?) 
Location: Japan, Europe, China… 
Collision energy: 91.2 GeV—100 TeV 
Integrated luminosity: up to  
Expected achievements: discovery of new physics? more 
Higgs, top, and Z-boson precision measurements. More 
studies of QCD…  

1037 cm−2
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Lepton colliders are suitable for precise measurements due to their clean environment. 

Hadron colliders on the other hand can reach higher energies and are the best places to 
make discoveries.

Can we have a collider which has the best of these two?

In principle a future muon collider can both run at a very high energy and possess a clean 
environment. 

There is only one challenge: a muon is unstable and decays weakly into an electron and 
neutrinos. 

==> This problem may be solved by either the Muon Accelerator Program (R. B. Palmer; 2014) or 
LEMMA (M. Antonelli et al., 2015). 



9

2. Muon colliders



Acceleration possibilities
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MUON ACCELERATOR PROJECT (MAP)

LOW EMITTANCE MUON ACCELERATOR (LEMMA)

p → π+ → μ+

e+ (45 GeV) + e−(0 GeV) → μ+μ−

From J. P. Delahauge et al., arXiv: 1901.06150



Muons vs Protons
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What is the center-of-mass energy that is necessary to achieve the same beam-level cross 
section for protons?

Example:  annihilation2 → 1

σp(2 → 1) = ∑
i,j

∫
1

τ0

dτ
dℒij

dτ
[ ̂σij]pδ(τ −

M2

sp ) dℒij

dτ
=

1
1 + δij ∫

1

τ

dx
x

[ fi/p(x, μF)fj/p(x, μF) + (i ↔ j)]

Let us have the following assumptions:

μF = ̂s /2; sμ = ̂s = M2 and σμ = [ ̂σ]μ

Therefore

σp = σμ ⟹
[ ̂σ]p

[ ̂σ]μ
σij

dℒij

dτ ( sμ

sp
,

sμ

2 ) = 1

We can solve this numerically for different values of the ratio  β ≡ [ ̂σ]p /[ ̂σ]μ



Muons vs Protons
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2 → 1 2 → 2

Taken from the Muon’s Smasher Guide (arXiv: 2103.14043)



Vector-boson fusion
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Well above the production threshold of a state X, the production cross section gets important 
contribution from vector-boson fusion (VBF) channels or equivalently the virtual gauge boson 
contents of a muon become very relevant

σ(μμ → F) = ∑
i,j

∫
1

τ0

dx1 ∫
1

τ0/x1

dx2 fi/μ+(x1, μF)fj/μ−(x2, μF) ̂σ(ij → F)

Q ≡ μF is factorisation scale 



Vector-boson fusion
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There is a crossover between VBF contribution and annihilation channel at around a few TeVs 
(Constantini et al., 2005.10289)

σVBF

σann
∝

α2
W

s
M2

V
log3 s

M2
V

for SM

α2
W

s
M2

X
log2 s

M2
V

log s
M2

X
for BSM

where we assume M2
X ≪ s

The position of the crossover depends on the number of particles in the final state and their masses. 



Vector-boson fusion (SM)
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Vector-boson fusion (BSM)
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μ+μ− → t̃ t̃ μ+μ− → TT̄



Signal vs backgrounds
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One of the advantages of the muon colliders is that it has larger signal-to-background ratios 
than in proton colliders.

Even the cross section for the SM Higgs Boson at the LHC is about 50 times larger than at 
muon colliders!!! (at 14 TeV).

σ(μμ → h + X) = σ(μμ → hνν)

σ(μμ)total = ∑
i=h,γ,Z,W

σ(μμ → i + X)VBF

σ(pp → h + X) = σ(gg → h)N3LO

σ(pp)total = σ(pp → bb̄)NNLO



Challenges

18
Particle Dark Matter at Future Muon CollidersAdil Jueid

There are also disadvantages/difficulties that face this ambitious program.

Require sophisticated schemes for the production and captures of muons.

The muon decays in a few micro seconds  very hard to create high-quality muon beams. ⟹

Beam-induced backgrounds (BIBs) degrade the jet energy resolution.

Neutrinos produced in the decays of muons can cause environmental hazard?

NEVER GIVE UP



Many studies!!
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Higgs boson: D. Butazzo et al. (1807.04743), M. Chiesa et al. (2005.10289), P. Bandyopadhyay et al. 
(2010.02597), D. Butazzo et al. (2012.11555), T. Han et al. (2108.05362), T. Han et al. (2102.08386), 
T. Han et al. (2008.12204), M. Forslund et al. (2308.02633), Z. Liu et al. (2308.06323). 

Muon g-2 and flavor: R. Capdevilla et al. (2006.16277, 2101.10334), D. Butazzo et al. (2012.02769), 
W. Yin et al. (2012.03928), G. Huang et al. (2103.01617), P. Asadi et al. (2104.05720),  A. Azatov et 
al. (2205.13552). 

EWPT and Leptogenesis: W. Liu et al. (2101.10469), W. Liu et al. (2109.15087). 

Dark matter: T. Han et al. (2009.11287), R. Capdevilla et al. (2102.11292), A. Jueid et al. 
(2301.12524), M. Belfkir et al. (2309.11241). 

PDFs: T. Han et al. (2103.09844), T. Han et al. (2007.14300), F. Garosi et al. (2303.16964), S. Frixione 
et al. (2309.07516). 

Neutrino Physics: J. Liu et al. (2207.07382), A. Jueid et al. (2306.01255), S. Jana et al. (2308.07375).
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3. Minimal Lepton Portal DM
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The dark matter landscape

Credit: T. Tait
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Direct detection is more harsh for WIMP: Close to the neutrino floor

PROBLEM: dark-matter direct searches are strongly correlated with collider searches. 
 Strong bounds imply expected weak signals at colliders. 

• The strong bounds from direct-detection experiments tend to exclude the simplest dark-matter 
model; e.g. the singlet model.



What if the dark matter candidate is a singlet Majorana fermion?
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Usually, these simple dark-matter models lead to s-wave annihilation channels; Models 
with s-wave annihilations are almost excluded (Leane, Slatyer, Beacom and Ng; 2018). 
Collider searches at the Large Hadron Collider tend to exclude couplings of order  
and light masses (see e.g. the summary plots in ATL-PHYS-PUB-2020-021) 
An alternative solution is to consider (or reconsider) Majorana singlet fermions as dark-
matter candidates: 

i. The elastic scattering of dark-matter off the nucleus is induced at the one-
loop order  The corresponding cross-section is always suppressed 
even for couplings of order . 

ii. Hard to produce at hadron colliders for a wide class models                 
 Explain why it is not observed so far? 

iii. Annihilation cross section occurs through p-wave amplitudes; no signal, no 
problem. 

iv. Lepton colliders may play the role of discovery machines for these models.

𝒪(1)

𝒪(1)



A Minimal Lepton portal dark-matter model
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We suggest a new minimal model where extend the Standard Model with two gauge-
singlets; a charged scalar  and a right-handed singlet Majorana fermion .  
They transform under   as

S NR

SU(3)c × SU(2)L × U(1)Y

S : (1, 1)+2 and NR : (1, 1)0

These extra states are odd under an extra  symmetry (called matter parity) while all the SM 
particles are even, i.e.  
The most general interaction Lagrangian can be written as

Z2
{S, NR} → {−S, − NR} and {Vμ, f, Φ} → {Vμ, f, Φ}

ℒint ⊃ ∑
ℓ=e,μ,τ

Yℓℓ̄c
RSNR + λ2 |S†S |2 + λ3 |Φ†Φ | |S†S |

The scalar singlet ( ) is electrically-charged and plays the role of a mediator between dark 
matter and the SM sectors:

S

ℒgauge ⊃ − i(eAμ − e tan θWZμ)S†∂μS



UV realizations
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If you would like neutrinos to be massive, add two extra right handed neutrinos 
( ) and an inert scalar isodoublet . 

 decouple the two other right-neutrinos and make the other couplings small 
and you will get Leptogenesis as a bonus. 

We can embed this into e.g. a  theory: the matter fields in the  and  
representations and the charged singlet belongs to the  representation, while 

 belongs to the singlet representation 

N2, N3 Φ2

⟺

SU(5) 10F 5̄F
10H

NR 1N

ℒ = gαβ10Fα
⊗ 10H ⊗ 1Nβ

⊃ gαβℓT
RαCNβS+

You can also have it in a flipped-  grand-unified theory: The lepton 
field is a singlet of , and  is a member of the  representation

SU(5) ⊗ U(1)X
SU(5) NR 10F

ℒ =
hαβ

Λ
10Fα

⊗ 1̄Fβ
⊗ 10H ⊗ 1S ⊃

hαβ⟨10H⟩
Λ

NTCℓRS−



What about the various constraints?
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After electroweak symmetry breaking; one lefts with two extra states ( ) and 
seven extra parameters (three are interconnected via lepton-flavor violation and one is 
irrelevant in phenomenological studies). The parameters are 

NR and H±

{MH±, MNR
, λ2, λ3, YeN, YμN, YτN}

{MH±, MNR
, λ2, λ3, YℓN} YℓN = Y2

eN + Y2
μN + Y2

τN

Theoretical constraints 
(i) Vacuum s tab i l i t y : the sca la r 

potential should bounded from 
below (Branco et al.; 2012) 

(ii) Perturbativity & Perturbative 
unitarity 

(iii) False vacuum 

Experimental constraints 

(i)  
(ii) Higgs invisible decay ( ): relevant 

for  
(iii) Charged lepton flavor violating decays; 

 
(iv) Searches of charginos at LEP-II. 

H → γγ
H → NN

mH > 2mN

ℓα → ℓβγ and ℓα → ℓβℓγℓγ

General case:

Relevant for DM:



Summary of theoretical and experimental constraints

27
Particle Dark Matter at Future Muon CollidersAdil Jueid
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mH± (GeV)
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False vacuum

Perturbativity

Vacuum stabilityH ! ∞∞

Unitarity

• Perturbativity and unitarity constraints 
exclude large values of . 

• The bounds on the charged Higgs mass 
do not depend on  for . 

• If  is large, false vacuum constraints 
exclude light charged scalar masses; i.e. 
one has  for . 

• For , there is a region where the 
constraints from  completely 
vanish. 

λ3

λ3 λ3 ≈ 𝒪(1)
λ3

mH± ≥ 350 GeV λ3 = 5
λ3 > 0

H → γγ

λ2 = 2



Charged lepton flavor violation
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Bounds on from MEG and BABARBR(ℓα → ℓβγ)

{ |YeNYμN | , |YμNYτN | , |YτNYeN |} < {(2.85 × 10−5

GeV )2, (3.07 × 10−4

GeV )2, (2.87 × 10−4

GeV )2} ×
M2

H±

|F(ξ) |

The constraints on 
are very severe if  is light 
and become weak for 

.

|YiNYjN |
H±

mH± ≃ 𝒪(103) GeV

• : Interesting for  colliders. 
• : can be tested in hadronic collisions (very 

hard to achieve the correct relic density). 
• : Interesting for  colliders.

YeN ≃ 𝒪(1) ≫ YτN ≥ YμN e+e−

YeN ≃ YμN ≃ YτN ≃ 𝒪(10−2)

YμN ≃ 𝒪(1) ≫ ( ≥ )YτN ≫ YeN μ+μ−



Higgs invisible decay
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YℓN < ( 211π5ΓSM
H

β3
NmHλ2

3υ2m2
N |C0 + C2 |2 ℛexp

)1/4

• The future constraints on  are expected to be very 
important for light charged Higgs boson. 

• Still some room for future studies to be focused on 
light dark-matter masses. 

• Note that it’s very hard to produce the correct relic 
d e n s i t y f o r i f w e a s s u m e t h e 
perturbativity of the couplings.

YℓN

MNR
< 10 GeV

ℛexp =
1

Bup.bound
H→invisible

− 1 C0,2 ≡ C0,2(m2
N, m2

H, m2
N, m2

ℓ, m2
H±, m2

H±)

Passarino-Veltman functions



Status at the Large Hadron Collider
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• The model can be constrained from re-
interpretation of the results of sleptons/
charginos (using MadAnalysis 5). 

• In our model, we can pair produce the 
charged Higgs boson through  annihilation 
and then decay them to charged leptons plus 
large MET. 

• ATLAS has searched for sleptons/charginos 
defining eight signal regions — depend on 
the jet multiplicity  and the bins for 
the stranverse mass  —. 

• Masses of the charged Higgs boson up to 
 can be excluded. 

• No sensitivity at all for small mass splitting 
( ). 

qq̄

njet = 0,1
MT2

400 GeV

mH± − mN

≤ 2 partons+

Destructive interference 
between  γ* and Z0

+ Merging



Dark matter relic abundance

31
Particle Dark Matter at Future Muon CollidersAdil Jueid

The relic abundance of  gets contributions that can be categorized into sets 
(assuming freeze-out mechanism): 

(i) Annihilation into SM particles: important for 

NR

YℓN = Y2
eN + Y2

μN + Y2
τN ≈ 𝒪(1)

NRNR → ℓ±
α ℓ∓

β

NRNR → H* → ττ, bb̄, tt̄, Z0Z0, W+W−, HH

(ii) Co-annihilation channels: dominates for tiny mass-splitting ( ) Δ < MNR
/10

NRH± → ℓ±H, W±νℓ, ℓ±Z, ℓ±γ

H±H∓ → ℓ±ℓ∓, qq̄, HH, ZZ, W±W∓, ZH, tt̄



Dark matter relic abundance
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Direct detection constraints
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The spin-independent nucleus-  elastic cross section occurs at the one(two)-loop orderNR

NR

YℓNYℓN ℓ
NR

H±H∓

HSM

λ3

Q Q

We get something like

σSI ∝ (Nuclear matrix elements)2 ×
ỹ(Q2 ≈ 0)

M2
H±

2

× phase space

Effective Higgs-  couplingNR

ỹ(Q2 ≈ 0) = −
λ3v |Y2

ℓN |
16πMH±

ϱN × [1 − (1 − ϱ−2
N )log(1 − ϱ2

N)] (ϱN = MNR
/MH±)



Direct detection constraints
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Correlations:  vs Ωh2 σSI
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• Strong ant i -correlat ion is 
observed between  the spin-
independent cross section ( ) 
and the relic abundance of . 

• Regions where the predicted  
 is enhanced are hard to 

exclude as they correspond to 

σSI
NR

σSI

ξ ≡ ΩNh2/ΩPlanckh2 ≪ 1
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4. Lepton Portal DM at muon colliders



Phenomenology at muon colliders: BPs

37
Particle Dark Matter at Future Muon CollidersAdil Jueid

For the case of muon colliders, we need to choose the following scenario

YμN ≥ ( ≈ )YτN ≫ YeN



DM production at muon colliders
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Optimistic scenario: Luminosity increases linearly with the center-of-mass energy

sμμ = 3,10, and 30 TeV

∫ ℒdt = 1,10, and 90 ab−1

⟹ Decent statistics for signal events!



DM production at muon colliders
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(i) DM production plus X ( )NRNR + X

High-energetic photon plus MET. 
2 leptons or two jets plus MET. 

.

NRNR + γ ⟹
NRNR + Z ⟹
NRNR + HSM ⟹ bb̄ + MET; gg + MET; ⋯

(ii) DM production plus XY ( )NRNR + XY

2 photons plus MET. 
one photon + 2 leptons or two jets plus 

MET. 
var iety of fina l - s tate 

particles depending on the decay products of the heavy 
resonances.

NRNR + γγ ⟹
NRNR + γZ ⟹

NRNR + ZZ /HZ /W+W−/HH/tt̄ ⟹

(iii) DM production plus three SM particles ( )NRNR + XYZ



DM production at muon colliders: results
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DM production at muon colliders: results
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DM production at muon colliders: signal vs backgrounds
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DM production at muon colliders: signal vs backgrounds
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5. Mono-Higgs advanced with ML 



Why mono-Higgs is important?
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Mono-Higgs production refers to the production of one or more DM particle in association 
with a SM Higgs boson.

PTEP 2023 , 123B03 Belfkir et al. 

Fig. 1. Example of a Feynman diagram for the signal process µµ → N R N R H SM . 

Fig. 2. Examples of Feynman diagrams for the background processes contributing to the b ̄b + E miss 
T final 

state. Here we show the muon-annihilation channels (upper panel) and VBF channels (lower panel). 
suppressed by the smallness of the Higgs–muon Yukawa coupling. The backgrounds can be 
split into two categories depending on their exact signature at the parton le v el: 
! Irreducible backgrounds: This category of background involves either the production of 

the SM Higgs boson in association with two SM neutrinos or the production of two gauge 
bosons ( ZZ / WZ / WW ) where one gauge boson decays hadronically while the other decays 
invisibly (in the case of the Z boson) or leptonically (in the case of the W boson) with one 
charged lepton escapes the detection. Note that the diboson production can be significantly 
reduced by requirements on the invariant of the hadronically decaying gauge boson to be 
off their on-shell mass window. ! Reducible backgrounds: This category contains the production of t ̄t and t ̄t + W /Z or the 
pr oduction thr ough neutral-current VBF (i.e., inv olving two char ged leptons). We note that 
this category can be significantly reduced by se v eral r equir ements on the number of hard 
charged leptons, or r equir ements on the invariant mass of the b ̄b system that will form a 
Higgs candidate . 

We present the cross-section results for the signal process in Table 3 corresponding to the four 
benchmark points defined in Table 2 and shown in Fig. 3 , as a function of the DM mass ( M N R ). 
The background cross sections are shown in Table 4 . 

Note that a possible significant source of backgrounds for QCD jets stems from beam- 
induced backgrounds (BIB). BIB originate from the in-flight decays of muons within the 
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Can be used to probe the Interaction of the mediator with  
the Higgs boson (a feature not available in other processes)

∝ Y4
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Problem: small rates and S/B!!
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Fig. 1. Example of a Feynman diagram for the signal process µµ → N R N R H SM . 

Fig. 2. Examples of Feynman diagrams for the background processes contributing to the b ̄b + E miss 
T final 

state. Here we show the muon-annihilation channels (upper panel) and VBF channels (lower panel). 
suppressed by the smallness of the Higgs–muon Yukawa coupling. The backgrounds can be 
split into two categories depending on their exact signature at the parton le v el: 
! Irreducible backgrounds: This category of background involves either the production of 

the SM Higgs boson in association with two SM neutrinos or the production of two gauge 
bosons ( ZZ / WZ / WW ) where one gauge boson decays hadronically while the other decays 
invisibly (in the case of the Z boson) or leptonically (in the case of the W boson) with one 
charged lepton escapes the detection. Note that the diboson production can be significantly 
reduced by requirements on the invariant of the hadronically decaying gauge boson to be 
off their on-shell mass window. ! Reducible backgrounds: This category contains the production of t ̄t and t ̄t + W /Z or the 
pr oduction thr ough neutral-current VBF (i.e., inv olving two char ged leptons). We note that 
this category can be significantly reduced by se v eral r equir ements on the number of hard 
charged leptons, or r equir ements on the invariant mass of the b ̄b system that will form a 
Higgs candidate . 

We present the cross-section results for the signal process in Table 3 corresponding to the four 
benchmark points defined in Table 2 and shown in Fig. 3 , as a function of the DM mass ( M N R ). 
The background cross sections are shown in Table 4 . 

Note that a possible significant source of backgrounds for QCD jets stems from beam- 
induced backgrounds (BIB). BIB originate from the in-flight decays of muons within the 
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We consider  which leads to signatures consisting of jets plus METμ+μ− → HSM ( → bb̄) + NRNR

Backgrounds
PTEP 2023 , 123B03 Belfkir et al. 
Table 4. Parton-le v el cr oss sections for the backgr ound pr ocesses tha t we take into account in this stud y. 

Center-of-mass energy 3 TeV 10 TeV 30 TeV 
Cross section (fb) 

µµ → H SM Z 1 .37 × 10 0 0 .12 × 10 0 1 .37 × 10 −2 
µµ → WW 4 .67 × 10 2 5 .89 × 10 1 8 .26 × 10 0 
µµ → ZZ 2 .61 × 10 1 3 .28 × 10 0 4 .60 × 10 −1 
µµ → t ̄t 1 .91 × 10 1 1 .72 × 10 0 1 .92 × 10 −1 
VV → HZ 9 .87 × 10 0 3 .53 × 10 1 7 .59 × 10 1 
VV → H SM 4 .98 × 10 2 8 .45 × 10 2 1 .17 × 10 3 
VV → WZ 3 .98 × 10 1 3 .19 × 10 1 1 .26 × 10 1 
VV → WW 1 .51 × 10 2 4 .30 × 10 2 8 .58 × 10 2 
VV → ZZ 5 .66 × 10 1 2 .03 × 10 2 4 .30 × 10 2 
V V → t ̄t 5 .22 × 10 0 1 .71 × 10 1 3 .14 × 10 1 
V V → t ̄t W 5 .67 × 10 −2 1 .05 × 10 −1 6 .97 × 10 −2 
V V → t ̄t Z 1 .10 × 10 −1 9 .01 × 10 −1 2 .77 × 10 0 

in e v ents corresponding to H → b ̄b . It was found that dedicated reconstruction of lo w-ener gy 
tracks and optimized jet algorithms can help in reducing the effects of BIB. The authors of 
Ref. [ 85 ] have performed a comprehensive study of a possible solution to the problem of BIB 
in muon colliders. They proposed a specific detector design based on the innermost layers of 
the tracker, where the density of BIB is the highest, achieving a remarkable rejection of about 
90% while retaining about 95% of the signal hits. 
3.2. Monte Carlo event g ener ation 
Samples for the signal and the backgrounds were generated using MADGRAPH_AMC@NLO 
version 3.4.1 [ 86 ] where we have used a dedicated model file in the UFO format [ 87 ] that we 
have produced using FEYNRULES version 2.3.0 [ 88 ]. The model file along with instructions on 
how to use it can be found in the FeynRules ModelDataBase link ( https://feynrules .irmp .ucl.ac. 
be/wiki/MinimalLeptonPortalDM ). For the generation of both the signal and the background 
e v ents, we have imposed some generator-level cuts: 

p ℓ T > 7 GeV and | ηℓ | < 7 
p j T > 10 GeV and | η j | < 6 . 

Backgr ound pr ocesses, on the other hand, recei v e sizeab le contributions from the VBF chan- 
nels, i.e., VV → X . The computation of the rates of these processes can be done by either consid- 
ering the VBF/VBS of two gauge bosons through the µ+ µ− process along the lines of Ref. [ 23 ] 
or considering that electroweak gauge bosons form partons within muons with some parton 
distribution functions (PDFs) within the muons [ 24 ]. Gi v en that there is no validated treatment 
of initial-state gauge-boson PDFs for parton show ers, w e use the first approach in our simual- 
tion of the VBF processes in the SM. For example, to simulate µ+ µ− → W ∗W ∗ → t ̄t + X , we 
use the following syntax in MADGRAPH5_AMC@NLO : 

> import model sm 
> generate mu + e- > t t ∼ vm ∼ ve 
> add process mu + e- > t t ∼ mu + e- 
> output MyOutput 
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The Higgs boson being produced with DM can be either resolved or boosted (depending on 
the amount of the missing energy). 

Resolved: Two well-separated jets can be identified and used to reconstruct the 
Higgs boson candidates. 
Boosted: The Higgs boson is identified as a single large-R jet.

At first step we follow closely three analysis strategies carried out by the ATLAS and the CMS 
collaboration: one for resolved regime and two for the boosted regime.

Resolved regime: 
• Lepton and photon veto. 
•  
•  
•  
• Other quality cuts.

Emiss
T > 100 GeV

Δϕmin > 20∘

pbb̄
T > 300 GeV

Boosted regime 
• Lepton and photon veto. 
•  
•  
•

Emiss
T > 300 GeV

NJ > 0
mJ ∈ ]70,180[ GeV
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Table 5. A cutflow table for the event selection used in the resolved region for the backgrounds and an 
example of the signal event (BP1). For each entry we show the number of e v ents after each selection 
step along with the statistical uncertainty. We also show the efficiency after each selection as defined in 
Eq. ( 12 ). 

VV + X t ̄t + X H + X BP1 
Events ε Events ε Events ε Events ε 

Initial 7.4 × 10 5 – 24 367.3 – 5.1 × 10 5 – 20 500.0 –
E miss 

T > 100 GeV 2 . 5 × 10 5 ± 90.6 0.332 17 285.9 ± 8.3 0.709 1 . 6 × 10 5 ± 73.7 0.315 15 153.9 ± 9.2 0.739 
Lepton veto 1 . 6 × 10 5 ± 67.0 0.670 13 647.4 ± 8.0 0.790 1 . 5 × 10 5 ± 72.5 0.961 15 108.2 ± 9.3 0.997 
τ veto 1 . 5 × 10 5 ± 60.1 0.898 12 061.3 ± 7.6 0.884 1 . 5 × 10 5 ± 72.1 0.966 14 880.0 ± 9.3 0.985 
Photon veto 1 . 4 × 10 5 ± 56.2 0.937 10 998.0 ± 7.2 0.912 1 . 5 × 10 5 ± 72.0 0.990 14 622.4 ± 9.4 0.983 
≥2 small- R jets 1 . 0 × 10 5 ± 41.6 0.727 8967.4 ± 6.1 0.815 82 718.7 ± 46.7 0.561 10 729.8 ± 8.9 0.734 
≥2 b -jets 1904.6 ± 0.6 0.019 1920.4 ± 1.6 0.214 19 203.6 ± 12.8 0.232 929.2 ± 1.1 0.087 
#φ > 0.35 1732.2 ± 0.6 0.909 1190.6 ± 0.9 0.620 19 155.7 ± 13.1 0.998 769.3 ± 0.9 0.828 
N b = 2 1617.7 ± 0.5 0.934 1133.2 ± 0.9 0.952 19 064.6 ± 13.4 0.995 764.8 ± 0.9 0.994 
E miss 

T ∈ ]300 , 1000] GeV 402.3 ± 0.1 0.249 432.4 ± 0.4 0.382 2195.4 ± 1.3 0.115 549.6 ± 0.6 0.719 
p b ̄b T > 300 GeV 230.7 ± 0.1 0.574 319.5 ± 0.3 0.739 1942.0 ± 1.3 0.885 446.3 ± 0.5 0.812 
#φ( ⃗  p miss , ⃗  p H ) > 2 π/ 3 224.2 ± 0.1 0.972 306.4 ± 0.3 0.959 1941.7 ± 1.3 1.000 317.7 ± 0.4 0.712 
m min 

T,b > 170 GeV 208.5 ± 0.1 0.930 129.5 ± 0.1 0.422 1928.3 ± 1.4 0.993 314.0 ± 0.4 0.988 
m max 

T,b > 200 GeV 208.0 ± 0.1 0.998 129.4 ± 0.1 1.000 1927.6 ± 1.4 1.000 313.6 ± 0.4 0.999 
N jets < 3 183.3 ± 0.1 0.882 81.7 ± 0.1 0.632 1921.4 ± 1.4 0.997 312.5 ± 0.4 0.996 
m b ̄b ∈ ]80 , 160[ GeV 7.5 ± 0.0 0.041 3.6 ± 0.0 0.045 1520.7 ± 1.2 0.791 216.2 ± 0.3 0.692 
the top quark mass from above. These two variables are defined as 

m min 
T ≡

√ 
2 p slead 

T E miss 
T (1 − cos #φ(b slead , p miss )) , 

m max 
T ≡

√ 
2 p lead 

T E miss 
T (1 − cos #φ(b lead , p miss )) , (11) 

where p lead 
T and p slead 

T refer to the p T of the leading and the subleading b -jets respecti v ely and 
#φ( x , y ) ≡ | φa − φb | . We r equir e that m min 

T > 170 GeV and m max 
T > 200 GeV. The total number 

of jets that includes both tagged and untagged jets is r equir ed to be less than 3. The effect of 
this cut is, howe v er, v ery minor on all the processes. Finally, we r equir e that the invariant of the 
Higgs candidate satisfies 

80 GeV < m b ̄b < 160 GeV . 
In Table 5 we show a cutflow table in the resolved analysis for both the backgrounds ( VV 

+ X , t ̄t + X , and H + X ) and the signal. For the signal we show only the example of BP1. In 
each selection we calculate the Monte Carlo (MC) uncertainty that arises from the statistical 
limitation and the acceptance times the efficiency, defined as 

ε ≡ N i 
N i−1 , (12) 

where N i and N i − 1 correspond to the number of e v ents that survi v e the selections i and i − 1 
respecti v ely. We can see that the r equir ement to have at least two b -tagged jets kills about 82% 
of the signal e v ents, which is not in agreement with the nai v e e xpectation of ε ∝ ϵ2 

b ≈ 49 % ( ϵb 
is the b -tagging efficiency). 3 After all the selections we get an accumula ted ef ficiency of about 

3 This is due to the fact that the Higgs boson produced in association with DM particles is highly boosted 
and that its decay products cannot be resolved. As an example, for a Higgs boson decaying into b ̄b , the 
#R b ̄b separation is roughly gi v en by [ 107 ] 

#R b ̄b ∝ M H SM 
p T,H × (z b z ̄b ) −1 / 2 

where z b and z ̄b are the momentum fractions for the bottom and the anti-bottom quarks. For the SM 
Higgs boson with transverse momentum in the range [500, 1000] GeV decaying democratically, i.e., z b = 
z ̄b = 1 / 2 , we have #R b ̄b ≈ 0 . 06 –0.1. 
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Table 6. Signal significance for the four benchmark points in the resolved 
regime. 
Benchmark point BP1 BP2 BP3 BP4 
S 5.40 1.61 0.14 2.62 × 10 −2 

Fig. 5. Differential cross section per bin for the four benchmark points defined in Table 2 and the back- 
gr ound pr ocesses sho wn as stacked histograms in the mer ged regime for the AK10 jet category. We sho w 
the invariant mass of the leading trimmed jet m J (left panel), the missing transverse energy E miss 

T (middle 
panel), and the transverse momentum of the leading trimmed jet p J T (right panel). 
0.9%–1.2% for the signal, which is slightly dependent on the DM mass assumption, while for 
the backgrounds we get an overall efficiency of 0.1%. We also calculate the significance using 
the Asimov formula [ 108 ]. The results of this calculation for the four benchmark points are 
shown in Table 6 . 
4.2. Mer g ed r egime 
As shown in the previous subsection, the SM Higgs boson produced in the mono-Higgs chan- 
nel leads to unresolved hadronic deca y products. Theref ore, one expects that the boosted (or 
merged) selection would have a higher sensitivity reach. In this subsection we perform a cut- 
based analysis of the mono-Higgs channel using jet substructure techniques. We perform two 
independent search strategies inspired by the ATLAS [ 79 ] and CMS [ 80 ] boosted analyses. 
Ther efor e, we employ two different jet clustering algorithms, although using the same selec- 
tion criteria (see Sect. 3.3 for more details): 
! First analysis category: We cluster jets using the anti- k t algorithm and a jet radius of R = 

1 (denoted by AK10). We use a trimming algorithm that is based on the k t algorithm and 
remove subjets of radius R = 0.2 that carry less than 5% of the total AK10 jet energy. ! Second analysis category: We cluster jets using the Cambridge–Aachen algorithm and a jet 
radius of R = 1.5 (denoted by CA15). We use a soft-drop algorithm to remove soft and 
wide-angle radiation. 

The differential distributions for the key observables are shown in Fig. 5 (for the selection 
based on AK10 jets) and in Fig. 6 (for the selection based on CA15 jets). We r equir e that 
e v ents do not contain any isolated lepton (electron or muon) with p T > 7 GeV and | η| < 6. 
Furthermore, we v eto e v ents that contain one hadronically decaying τ -lepton having p T > 15 
GeV and | η| < 2.5. We then r equir e that the missing transverse energy satisfies E miss 

T > 300 GeV. 
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Fig. 6. Differential cross section per bin for the four benchmark points defined in Table 2 and the back- 
gr ound pr ocesses sho wn as stacked histograms in the mer ged regime for the AK10 jet category. We sho w 
the invariant mass of the leading trimmed jet m J (left panel), the missing transverse energy E miss 

T (middle 
panel), and the transverse momentum of the leading trimmed jet p J T (right panel). 
Table 7. Same as Table 5 but for the boosted regime with AK10 jets. 

VV + X t ̄t + X H + X BP1 
Events ε Events ε Events ε Events ε 

Initial 7.4 × 10 5 – 24 367.3 – 5.1 × 10 5 – 20 500.0 –
Lepton veto 4 . 8 × 10 5 ± 157.6 0.652 18 123.7 ± 7.9 0.744 4 . 7 × 10 5 ± 91.4 0.923 20 371.8 ± 1.9 0.994 
τ veto 4 . 6 × 10 5 ± 156.5 0.956 16 321.9 ± 8.0 0.901 4 . 5 × 10 5 ± 109.2 0.955 20 029.1 ± 3.6 0.983 
E miss 

T > 300 GeV 39 334.6 ± 18.6 0.085 7076.6 ± 6.1 0.434 12 253.7 ± 3.1 0.027 12 014.1 ± 9.2 0.600 
N AK10 jets > 0 37 221.1 ± 17.8 0.946 7052.4 ± 6.0 0.997 10 898.5 ± 2.6 0.889 10 923.8 ± 8.9 0.909 
M J ∈ ]70, 180[ GeV 31 233.4 ± 15.0 0.839 4975.3 ± 4.5 0.705 9202.1 ± 2.2 0.844 8377.4 ± 7.7 0.767 
Table 8. Same as Table 5 but for the boosted regime with CA15 jets. 

VV + X t ̄t + X H + X BP1 
Events ε Events ε Events ε Events ε 

Initial 7.4 × 10 5 – 24 367.3 – 5.1 × 10 5 – 20 500.0 –
Lepton veto 4 . 8 × 10 5 ± 157.6 0.652 18 123.7 ± 7.9 0.744 4 . 7 × 10 5 ± 91.4 0.923 20 371.8 ± 1.9 0.994 
τ veto 4 . 6 × 10 5 ± 156.5 0.956 16 321.9 ± 8.0 0.901 4 . 5 × 10 5 ± 109.2 0.955 20 029.1 ± 3.6 0.983 
E miss 

T > 300 GeV 39 334.6 ± 18.6 0.085 7076.6 ± 6.1 0.434 12 253.7 ± 3.1 0.027 12 014.1 ± 9.2 0.600 
N CA15 jets > 0 39 166.6 ± 18.6 0.996 7075.5 ± 6.1 1.000 12 182.3 ± 3.0 0.994 12 014.1 ± 9.2 1.000 
N SD jets > 0 37 419.0 ± 17.9 0.955 7060.5 ± 6.0 0.998 11 083.4 ± 2.7 0.910 11 118.7 ± 9.0 0.925 
M SD ∈ ]70, 180[ GeV 31 615.2 ± 15.3 0.845 4233.1 ± 3.9 0.600 9625.0 ± 2.3 0.868 6978.8 ± 6.8 0.628 
Signal-like e v ents ar e r equir ed a t have a t least one AK10 jet with p T > 150 GeV and | η| < 2.5 or 
at least one CA15 jet with p T > 150 GeV and | η| < 2.5. The fat jets that pass these r equir ements 
are either trimmed (for AK10 jets) or soft-dropped (for CA15 jets). Ther efor e, one r equir es that 
e v ents contain at least one trimmed jet for the ATLAS-like analysis or at least one soft-dropped 
jet for the CMS-like analysis. The leading trimmed or soft-dropped jet is r equir ed to have M > 
20 GeV. Finally we r equir e that the leading fat jet has an invariant mass satisfying 70 GeV < M 
< 180 GeV. The last cut defines our signal region. Cutflow tables are shown in Tables 7 and 8 . 
The acceptance times the efficiency for the signal varies in the range of 34%–41% for the AK10 
jets and in the range of 29%–39% for the CA15 jets. Finally, we calculate both the significance 
(defined in Eq. ( 14 )) and the purity 4 of the signal for the four benchmark points and display 

4 The signal purity is defined as 
p = n s 

n s + n b , 
with n s ( n b ) being the number of signal (background) e v ents after the full selection. 
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Table 9. Signal significance ( S) and purity ( p ) for the four benchmark points in the boosted regime for 
the AK10 jets (first rows) and CA15 jets (second rows). 
Benchmark point BP1 BP2 BP3 BP4 
S AK10 jets 38.18 10.91 0.84 0.17 

CA15 jets 31.93 9.02 0.74 0.15 
p AK10 jets 0.15 4.91 × 10 −2 3.95 × 10 −3 8.23 × 10 −4 

CA15 jets 0.13 4.08 × 10 −2 3.46 × 10 −3 7.06 × 10 −4 

the results in Table 9 . We find that the signal significance for the merged regime is a factor of 
6–10 larger than that in the case of the resolved regime. 
5. Optimization using boosted-decision trees 
5.1. General setup 
An improvement of the previous results can be achieved by using machine learning (ML) al- 
gorithms such as decision trees (BDTs). The BDT training is performed using the four bench- 
mark points described in Table 2 , which are merged into one signal sample; for the background 
sample we merge all the SM background processes. All the processes are weighted by their 
generator-le v el cross sections since each process, for both the signal and the background, has a 
differ ent cross section. Furthermor e, in the case wher e the MC samples for the signal contain 
more e v ents than the background samples, we re weight the signal and background samples 
using weight computed via the compute_sample_weight as implemented in SCIKIT-LEARN 
[ 109 ]. The BDT algorithm was implemented using the XGBOOST classifier [ 110 ]. The model has 
been trained using a feature set consisting of the following variables: ! Resolved regime: 

{
E miss 

T , φmiss , p i T,b , φi 
b , ηi 

b , E i b , p bb 
T , φbb , ηbb , E bb , m bb , #φ( ⃗  b 1 , ⃗  p miss ) , #φ( ⃗  b 2 , ⃗  p miss ) , m min 

T , m max 
T }

! Boosted regime with AK10 jets: 
{
E miss 

T , φmiss , p J T , ηJ , φJ , E J , m J , #φ( ⃗  J , ⃗  p miss ) , m T (J , E miss 
T )}

! Boosted regime with CA15 jets: 
{ 

E miss 
T , φmiss , p J T , ηJ , φJ , E J , m J , #φ( ⃗  J , ⃗  p miss ) , m T (J , E miss 

T )
, M (β ) 

2 , N (β ) 
2 } 

where m T is defined as 
m T (J , E miss 

T )
≡

√ 
2 p J T E miss 

T (1 − cos #φ( ⃗  J , ⃗  p miss )) (13) 
We briefly describe the e v ent preselection criteria applied in our analysis. For the resolved 
regime, we follow the same selection steps as in the cut-based analysis but halt the selection pro- 
cess once we achie v e the r equir ement of having exactly two b -tagged jets. No further cuts on the 
magnitude of the missing energy are applied, except the basic requirement of E miss 

T > 100 GeV. 
For the boosted regime, we do not impose r equir ements on the invariant mass of the trimmed 
leading AK10 jet or the soft-dropped CA15 jets. With these r equir ements, we ensur e enough 
statistics for the training. We found that some of the variables used in this study are highly 
correlated to m bb (in the resolved regime) and to m J (in the boosted regime). To reduce the 
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After a basic event selection, we train the BDT for the mixing of the samples from the four 
benchmark points using  the following variables: 
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Table 9. Signal significance ( S) and purity ( p ) for the four benchmark points in the boosted regime for 
the AK10 jets (first rows) and CA15 jets (second rows). 
Benchmark point BP1 BP2 BP3 BP4 
S AK10 jets 38.18 10.91 0.84 0.17 

CA15 jets 31.93 9.02 0.74 0.15 
p AK10 jets 0.15 4.91 × 10 −2 3.95 × 10 −3 8.23 × 10 −4 

CA15 jets 0.13 4.08 × 10 −2 3.46 × 10 −3 7.06 × 10 −4 

the results in Table 9 . We find that the signal significance for the merged regime is a factor of 
6–10 larger than that in the case of the resolved regime. 
5. Optimization using boosted-decision trees 
5.1. General setup 
An improvement of the previous results can be achieved by using machine learning (ML) al- 
gorithms such as decision trees (BDTs). The BDT training is performed using the four bench- 
mark points described in Table 2 , which are merged into one signal sample; for the background 
sample we merge all the SM background processes. All the processes are weighted by their 
generator-le v el cross sections since each process, for both the signal and the background, has a 
differ ent cross section. Furthermor e, in the case wher e the MC samples for the signal contain 
more e v ents than the background samples, we re weight the signal and background samples 
using weight computed via the compute_sample_weight as implemented in SCIKIT-LEARN 
[ 109 ]. The BDT algorithm was implemented using the XGBOOST classifier [ 110 ]. The model has 
been trained using a feature set consisting of the following variables: ! Resolved regime: 

{
E miss 

T , φmiss , p i T,b , φi 
b , ηi 

b , E i b , p bb 
T , φbb , ηbb , E bb , m bb , #φ( ⃗  b 1 , ⃗  p miss ) , #φ( ⃗  b 2 , ⃗  p miss ) , m min 

T , m max 
T }

! Boosted regime with AK10 jets: 
{
E miss 

T , φmiss , p J T , ηJ , φJ , E J , m J , #φ( ⃗  J , ⃗  p miss ) , m T (J , E miss 
T )}

! Boosted regime with CA15 jets: 
{ 

E miss 
T , φmiss , p J T , ηJ , φJ , E J , m J , #φ( ⃗  J , ⃗  p miss ) , m T (J , E miss 

T )
, M (β ) 

2 , N (β ) 
2 } 

where m T is defined as 
m T (J , E miss 

T )
≡

√ 
2 p J T E miss 

T (1 − cos #φ( ⃗  J , ⃗  p miss )) (13) 
We briefly describe the e v ent preselection criteria applied in our analysis. For the resolved 
regime, we follow the same selection steps as in the cut-based analysis but halt the selection pro- 
cess once we achie v e the r equir ement of having exactly two b -tagged jets. No further cuts on the 
magnitude of the missing energy are applied, except the basic requirement of E miss 

T > 100 GeV. 
For the boosted regime, we do not impose r equir ements on the invariant mass of the trimmed 
leading AK10 jet or the soft-dropped CA15 jets. With these r equir ements, we ensur e enough 
statistics for the training. We found that some of the variables used in this study are highly 
correlated to m bb (in the resolved regime) and to m J (in the boosted regime). To reduce the 
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Fig. 7. Feature importance for the resolved regime (left panel), boosted regime with AK10 jets (middle 
panel), and boosted regime with CA15 jets (right panel). 

correlations of these variables we scale p b T and p bb 
T by m bb and scale p J T by m J . Note that we do 

not a ppl y a StandardScaler() function, w hich removes the mean and reduces the variance 
to unity; instead, we a ppl y a customized scaling whose aim is only to reduce the correlations. A 
careful inspection of the input variables through calculation of the feature importance is crucial 
to assess which of the variables will be the best signal-to-background discriminators. This can 
be seen in Fig. 7 where we show the feature importance for each of the input variables in the 
r esolved r egime (left panel), merged r egime with AK10 jets (middle panel), and merged r egime 
with CA15 jets (right panel). As expected, we can see that the missing transverse energy is the 
most sensiti v e feature for the model training. The other variables depend on the regime. For 
the r esolved r egime, the transverse momentum of the Higgs boson candidate ( p T , bb ) and the 
azimuthal separation between the leading b -jet and the missing momentum are very important. 
For the merged regime, the transverse mass m T , the azimuthal separation between the leading 
fat jet and the missing momentum !φ( ⃗  J , ⃗  p miss ) , and the invariant mass of the leading fat jet 
( m J ) are very important features. 

To avoid overtraining effects, the standard procedure is to randomly split the data into two 
independent datasets: a training dataset and a testing dataset. Ensuring strong alignment be- 
tween the trained model and the predicted testing data serves as a good indicator of the ab- 
sence of overtraining effects. However, in this study, we adopt an alternati v e appr oach. A cr oss- 
valida tion stra tegy with fiv e f olds is employed f or the training: the data are split into fiv e equal 
parts, a BDT model is trained on each fold and applied to the remaining f our f olds, and the 
final BDT score is taken as the average of the fiv e BDT model outputs. The fiv e BDT models 
used the exact hyperparameters that were optimized using the grid-search technique. The opti- 
mized hyperparameters are gi v en in Tab le 10 . To define the final BDT score binning, the BDT 
score (the average of the five BDT model outputs) is scanned for maximum significance using 
the Asimov formula. Each BDT bin is r equir ed to have at least one background e v ent to ensure 
good statistics. As expected, the result of the scan shows that the BDT score bin [0.99, 1] gi v es 
the highest significance for the different benchmarks; thus this bin is used to define the signal 
region. 
5.2. Results 
In this section we discuss the results of the BDT analysis. We start by showing the signal purity 
( p ), background efficiency ( ϵB ), and the signal efficiency ( ϵS ) as a function of the BDT score 
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Fig. 8. The background efficiency (blue), signal efficiency (red), and signal purity (green) as a function 
of the cut on the BDT score. Results are shown for the resolved regime (left upper panel), the merged 
regime with AK10 jets (right upper panel), and the merged regime with CA15 jets (lower panels). The 
calculations are done for BP1 (solid), BP2 (dashed), BP3 (dotted), and BP4 (dash–dotted). 

results of Table 11 with those shown in Tables 6 and 9 . The results are improved by about 8–50 
depending on the benchmark point and the kinematic regime. For instance, BP4 recei v es the 
greatest improvement, especially for the resolved regime, where S increases from 2.62 × 10 −2 
to 1.42. 

Finally, we use the trained algorithm to optimize the signal-over-background ratio for DM 
mass in the interval defined in Eq. ( 8 ). In other words, no further training has been performed at 
this stage. To quantify the sensitivity reach of this analysis we calculate both the significance and 
the CL 95% 

s . The significance is calculated by assuming some uncertainties on the background 
yields and is defined as 

S = √ 
2 

[ 
( n s + n b ) log 

( 
( n s + n b )( n b + δ2 

b ) 
n 2 b + ( n s + n b ) δ2 

b 
) 

−
n 2 b 
δ2 

b log 
( 

1 + δ2 
b n s 

n b ( n b + δ2 
b ) 

) ] 1 / 2 
, (15) 
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Table 10. Hyperparameters of the training models used in this analysis. 
Parameter Purpose Default value This work 
subsample Subsample ratio of the training instances 0.5 0.8 
scale_pos_weight Control the balance between positi v e and negati v e weights 1 6 
reg_lambda L2 regularization term on the weights 0 10 
reg_alpha L1 regularization term on the weights 0 5 
n_estimators The number of runs to learn from data – 750 
min_child_weight Minimum sum of instance weight (Hessian) needed in a 

child 1 2 
max_depth Maximum depth of a tree 6 8 
learning_rate Step size shrinkage used in update to pre v ent ov ertraining 0.3 0.1 
colsample_bytree The subsample ratio of columns when constructing each 

tree 0.5 0.7 
tree_method The tree construction algorithm used in XGBoost “auto” “hist”

Table 11. Signal significance ( S) of the four benchmark points using the BDT signal region. For each 
entry, we show the significance for L = 100 fb −1 and after the full run at L = 1000 fb −1 . The results are 
shown for the resolved regime with AK4 jets and for the two cases of the merged regime for AK10 jets 
and CA15 jets. 

Benchmark point BP1 BP2 BP3 BP4 
Resolved (AK4) S 100 fb −1 33 .85 9 .59 1 .77 0 .63 

S 1000 fb −1 75 .69 21 .45 3 .97 1 .42 
Merged (AK10) S 100 fb −1 143 .44 45 .41 6 .86 1 .99 

S 1000 fb −1 320 .76 101 .55 15 .34 4 .45 
Merged (CA15) S 100 fb −1 149 .20 47 .83 7 .66 2 .60 

S 1000 fb −1 333 .62 106 .95 17 .13 5 .81 

f or the f our benchmark points in Fig. 8 . We can see that the bin with the highest BDT score 
( > 0.99) maximizes not only the significance but also the signal purity. The number of e v ents 
for the signal is found to be quite large for most of the benchmark points, with the results being 
more important for the merged regime than the resolved regime. The signal purity varies in the 
range of 40%–99% where higher numbers are reached for the benchmark points BP1 and BP2. 
High values of the signal purity imply unprecedented opportunities to perform post-discovery 
analyses to assess the nature of DM at muon colliders. We must stress that our analysis has a 
very high accuracy since the area under the recei v er-oper ating char acteristic (ROC) curve varies 
in the range of 0.95–0.97. 

We also calculate the signal significance for the signal using the Asimov formula [ 108 ], 
S ≡

√ 
2 ((n s + n b ) log (1 + n s 

n b 
)

− n s 
)
, (14) 

for both L = 100 fb −1 and L = 1 ab −1 for the BDT bin > 0.99. The results are shown in Ta- 
ble 11 . We can see that e v en for a luminosity of 100 fb −1 the BDT search strategy leads to 
quite large signal significance for BP1, BP2, and BP3 where high values are reached for the 
boosted regime as expected. To reach a high signal significance for BP4 (corresponding to 
heavy DM), the full luminosity of 1 ab −1 is r equir ed. We notice that very important improve- 
ments with respect to the results of the cut-based analysis are reached when comparing the 
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Fig. 9. Signal significance (left) and CL 95% 
s (right) as a function of the DM mass ( M N R ). The results are 

shown for the r esolved r egime (r ed), boosted r egime with AK10 jets (green), and the boosted regime with 
CA15 jets (blue). The black solid and dashed lines in the left panel correspond to S = 2 and S = 5 . In 
the right panel, the solid black line corresponds to CL s = 0.95 above which the mass value is excluded 
at the 95% CL. 
where δb = x × n b is the uncertainty on the background yields, which is assumed to be x = 
5%. Moreover, we assess the sensitivity reach by computing the expected CL s [ 111 ] using Pyhf 
[ 112 ]. The CL s estimator is gi v en by 

CL s ≡ max (0 , 1 − p b+ s 
p b 

)
, (16) 

where p b + s and p b are the signal-plus-background and the backgr ound pr obabilities respec- 
ti v ely. In the calculation of CL s we assume that the expected number of observed events is 
equal to the background expectations. Furthermore, we assume that the uncertainty on the 
background yield is 5%. The results are shown in Fig. 9 , where we show the signal significance 
(left) and CL s (right) as a function of the DM mass for the resolved and boosted regimes. We 
can see that the BDT analysis can probe DM masses up to 1 TeV where both of the statis- 
tical prescriptions lead to similar results. We finally find that the boosted regime has higher 
sensitivity than the resolved regime, as expected. 
6. Conclusions 
In this work we have studied the potential discovery of DM at muon colliders in the mono- 
Higgs channel. This production channel is unique in the sense that it would allow studies of the 
characteristics of the interactions between the mediator and the SM Higgs sector. As a proof- 
of-principle we have analyzed this channel for the minimal lepton portal DM model, which 
extends the SM with two SU (2) L singlets: a charged scalar that plays the role of the mediator 
and a right-handed fermion that assumed to be the DM candidate of the model. After studying 
the characteristics of the benchmark points allowed by the various constraints, we have studied 
the production of DM in this channel as well as all the possible backgrounds for center-of-mass 
energies of 3, 10, and 30 TeV. We have found that the initial signal-to-background ratio for this 
channel, bef ore an y cuts, degrades very quickly with the center-of-mass energy. Ther efor e, we 
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• We have studied the potential of future muon colliders in testing dark matter 
candidate interacting primarily with muons. 

• We have analysed all the possible theoretical and experimental constraints. 
• The model can be tested in a variety of production modes (totaling up to 54 

channels). 
• We then studied the sensitivity for a subleading channel, i.e. mono-Higgs. 
• We also found that even basic ML algorithms can dramatically enhance the 

sensitivity at future muon colliders. 
• More work is needed to study further channels, dark-matter characterization, …

etc.


