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Constraining BSM theories with DM

Dark matter is not part of the Standard Model

There exist a set of theories BSM that adds a DM 
candidate that can interact with SM particles through a 
mediator: simplified models

Some of them are particularly motivated as they 
gauge accidental global symmetries of the SM:

e.g., U(1)Lμ−Lτ
, U(1)Le−Lτ

, U(1)Lμ−Le
, U(1)B−L

(dark photon)
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• Gauging  is anomaly free without adding other fermions. New boson 


• Minimal extension of the SM, with the possibility of adding DM with  being its 
portal to the SM

Li − Lj Xμ

Xμ

 modelsU(1)Li−Lj
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Introduction

−
ϵ
2

B̂μνX̂μν −m2
χ χχ − gXqX χγμχXμ

DM & portal

+
1
2

m2
XXμXμℒ = ℒSM −

1
4

X̂μνX̂μν

Kinetic mixing

−gX (ℓiγμℓi + νiγμνi − ℓjγμℓj − νjγμνj) Xμ
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• After the rotation of the fields (normalisation and EWSB):


• We expect , colliders set strong constraintsϵ ≪ 1

 modelsU(1)Li−Lj
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Introduction

ℒint ≈ − eAμJμ
EM − Zμ [gZJμ

Z + gX sin ξJμ
X]

ξ ≃
ϵ sin θW

1 − δ
δ =

m2
X

m2
Z0

Dark photon is coupled to  and q ℓk

Cirelli, Strumia & Zupan (2024) [2406.01705]
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−A′￼μ [gXJμ
X − eϵ cos θWJμ

EM + gZ(ϵ sin θW − sin ξ)Jμ
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Probed by DD

qXgX

σχN ∝ q2
Xg2

Xϵ2 Probed by ID and 
relic abundance

gXqXgX

⟨σv⟩ ∝ q2
Xg4

X

⟨σv⟩ ∝
m2

χ

(m2
A′￼

− 4m2
χ)2 + m2

A′￼
Γ2

A′￼

 modelsU(1)Li−Lj
Introduction
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A target of DM ID: The Galactic Centre
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γ 0.5 − 5

10∘ − 20∘

Two compelling possibilities:


• DM DM  hadronic for  GeV with  
compatible for DM as thermal relic and cusped 
profile


• Old population of unresolved millisecond pulsars

→ mχ ≈ 50 ⟨σv⟩
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Setup

1) We fix  and  by fitting the flux of DM-produced -rays to the GCEmχ ⟨σv⟩ γ
Allowed region in the  parameter spacegX /mA′￼

2) We cross-check if  and  are not excluded by positron data from AMS-02mχ ⟨σv⟩

3) For the fixed  we figure the  parameter space that satisfies:


• Thermal relic (Allowance line)

• Anomalous magnetic moments (Upper limit)

• Direct detection constraints (Upper limit)

• Collider contraints (Upper limit)

mχ gX /mA′￼

For each  model:U(1)
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Galactic Centre excess

J. Koechler (INFN Turin) The GCE via leptophilic DM in  modelsU(1)Li−Lj

Relevant observables
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Cholis et al., Phys.Rev.D 105 (2022) 103023


Di Mauro, Phys.Rev.D 103 (2021) 063029


Most up-to-date characterisation of the GCE from 
interstellar emission template fitting:


• Cholis+22 ( ,  and resolved point 
sources masked)


• Di Mauro+21 ( )


Astrophysical uncertainties up to 60% in the 
normalisation

40∘ × 40∘ |b | < 2∘

40∘ × 40∘

Using both of the datasets  systematic uncertainty on  and → mχ ⟨σv⟩
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Relevant observables
Galactic Centre excess

DM

DM
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SM

SM
…

e±

Injection of DM-
produced  and -rayse± γ

Interactions with the ISM 
(ICS, Brems, Synch)

γ

ISM

Secondary γ

Fermi-LAT
γ

The GCE via leptophilic DM in  modelsU(1)Li−Lj

Prompt γ

Propagation of DM-produced e±
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Galactic Centre excess
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Relevant observables
Einasto: ρEin(r) = ρs exp −

2
α ( r

rs )
α

− 1

gNFW: ρNFW(r) = ρs ( rs

r )
γ

(1 +
r
rs )

γ−3

Prompt emissions: 
dΦprompt

γ

dEγ
=

1
4

r⊙

4π (
ρ⊙

mχ )
2

𝒥⟨σv⟩∑
f

BRf
dNf

γ

dEγ

J-factor: 𝒥 =
1

ΔΩ ∫ΔΩ
dΩ∫l.o.s.

ds
r⊙ ( ρDM(r(s, Ω))

ρ⊙ )
2

Other systematic uncertainty 
source for ⟨σv⟩
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Galactic Centre excess
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Relevant observables

For a given  and 


• Evaluates   for each 
channel   and 


• Evaluates  using 
MadGraph5_aMC@NLO

mχ gX

⟨σv⟩f
→ BRf ⟨σv⟩

dNf
γ /dEγ

χ

ℓi,j, νi,j

ℓi,j, νi,j

A′￼

χ

χ

A′￼

χ

A′￼

ℓi,j, νi,j

ℓi,j, νi,j

ℓ′￼i,j, ν′￼i,j

ℓ′￼i,j, ν′￼i,j

Open for  but mχ > mA′￼
⟨σv⟩ ∝ q2

Xg8
X

MadDM

⟨σv⟩ ∝ q2
Xg4

X

Relevant diagrams for DM annihilation

⟨σv⟩ ≃ ∑
f

q2
Xg4

Xkf

2π
m2

χ

(mA′￼− 4m2
χ)2 + m2

A′￼
Γ2

A′￼

×

× 1 −
m2

f

m2
χ (1 +

m2
f

2m2
χ ) + 𝒪(v2)

2-body
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Galactic Centre excess
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Relevant observables

Secondary emissions: 
dΦICS

γ

dEγ
=

r⊙

4π (
ρ⊙

mχ )
2

∫ΔΩ
dΩ∫l.o.s.

ds
r⊙

×

× ∫
mχ

me

dEe fe±(Ee, ⃗x(s, Ω))𝒫ICS(Eγ, Ee, ⃗x(s, Ω))
Diffusion-loss equation:

⃗∇ (D ⃗∇ fe± − ⃗vc fe±) +
∂

∂Ke (bloss fe± + β2Dpp
∂fe±

∂Ke ) + QDM
e± = 0

spatial 
diffusion convection energy 

losses
momentum space 

diffusion source

Inverse-Compton 
scattering

e′￼

γamb γ

e
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Galactic Centre excess
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Relevant observables

In the GC, energy losses dominate over 
everything else: ICS happens on the spot

dΦICS
γ
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=

1
2

r⊙

4π (
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mχ )
2

𝒥⟨σv⟩∑
f

∫
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me

dEe
𝒫ICS(Eγ, Ee)

bloss(Ee) ∫
mχ

Ee

dE′￼e BRf
dNf

e

dE′￼e

10-4 10-3 10-2 10-1 1 10
10-2
10-1
1

10
102
103
104
105
106

Eγ
0 [eV]

n γ
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SL

IR

CMB (R,z) = (0,0.5) kpc

MadDM

Encodes the ambient 
photon density and the 

Klein-Nisihina cross section 

Encodes the energy losses 
bloss ∝ E1.8−2.0

e
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Galactic Centre excess
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Relevant observables
Cholis+22
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〈σv〉 = 3.72 × 10-26 cm3/s
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Relevant observables

DM

DM

J. Koechler (INFN Turin)

SM

SM
… e±

Injection of DM-
produced e±

Propagation of DM-produced e±

AMS-02 @ ISS

Cosmic-rays

The GCE via leptophilic DM in  modelsU(1)Li−Lj

Positron flux from DM
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Positron flux from DM
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Relevant observables

Diffusion-loss equation:

⃗∇ (D ⃗∇ fe± − ⃗vc fe±) +
∂

∂Ke (bloss fe± + β2Dpp
∂fe±

∂Ke ) + QDM
e± = 0

spatial 
diffusion convection energy 

losses
momentum space 

diffusion source

GALPROP: obtain the positron flux at Earth

QDM
e± (Ee, ⃗x) =

⟨σv⟩
2 ( ρDM( ⃗x)

mχ )
2

dNe±

dEe

We set then an UL on  using AMS-02 positron data⟨σv⟩
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DM relic density

Value measured by Planck: 
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Relevant observables

Ω2
χ ≃

mχs0Y0

ρc
≈ 1.07 × 109 GeV−1

xf

g*MPl

1
⟨σv⟩

dnχ

dt
+ 3Hnχ = − ⟨σv⟩(n2

χ − n2
χ,eq)We need to solve for given  and   (  fixed)gX mA′￼

mχ

micrOMEGAs
Approximation: 

Ωχh2 = 0.120 ± 0.001

⟨σv⟩ ≈ 3 × 10−26 cm3/s ( xf

25 ) ( 90
g* )

1/2
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q2
Xg4

Xkf

2π
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χ

(mA′￼− 4m2
χ)2 + m2
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Γ2

A′￼

×

× 1 −
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f

m2
χ (1 +

m2
f

2m2
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Anomalous magnetic moments
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Relevant observables

Δae = aexp
e − aSM

e = (−1.44 ± 0.72) × 10−12

Δaμ = aexp
μ − aSM

μ = (38 ± 63) × 10−11

aℓ =
gℓ − 2

2

ΔaA′￼

ℓ =
(gX + eϵ)2

4π2 ∫
1

0
dz

m2
ℓz2(1 − z)

m2
A′￼

(1 − z) + m2
ℓz2

ℓ− ℓ+A′￼

γ

ℓ− ℓ+
γ

γ

A′￼

ℓ− ℓ+
γ

γ

A′￼

γ and  can contribute to U(1)Le−Lτ
U(1)Lμ−Le

Δae

 and  can contribute to U(1)Lμ−Lτ
U(1)Lμ−Le

Δaμ

UL on  using the  uncertainties on qXgX /mA′￼
2σ Δaℓ
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DM direct detection

Nuclear scattering (start from )ℳ
2
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Relevant observables

σχN(Q) =
μ2

χN

π
q2

Xg2
Xϵ2(Q)F2

Helm(Q)
fA′￼

N

m2
A′￼

+ Q2
−

sW fZ
N

m2
Z − m2

A′￼

2

U(1)Li−Lj

U(1)B−L σχN(Q) =
μ2

χN

π
q2

Xg4
X

(m2
A′￼

+ Q2)2
F2

Helm(Q)
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Most sensitive DD experiments for :χN
• XENONnT (Xe):  


• LUX-ZEPLIN (Xe): 

6 GeV ≲ mχ ≲ 8.9 GeV

mχ ≳ 8.9 GeV
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DM direct detection
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Relevant observables

DD experiments provide DM-nucleon cross-section upper limits assuming Q = 0
 Compute the theoretical and experimental nuclear recoil rate to set a limit on → gX

R =
A2

2μ2
χN (

ρ⊙

mχ )∫
Emax

R

Emin
R

σχN(Q(ER))ω(ER)η(ER)dER

ER =
Q2

2MT
η(ER) = ∫

vesc

vmin

f( ⃗v)
| ⃗v |

d3 ⃗v

XENONnT Coll., Phys.Rev.Lett. 131 (2023) 041003
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Colliders
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Relevant observables

e+

e−

A′￼

γ
ℓ

ℓ

N N

μ−
μ+

e± e±

γ

A′￼

Most stringent constraints on  are obtained by trying 
to probe these processes (for relevant  masses)

gX
mA′￼

q

μ+

μ−

μ+

μ−

A′￼

A′￼

q

CMS, ATLASBaBar, Belle II
 collisionspp collisionse+e− Fixed target

NA61, CCFR

N N
μ−

μ+
νμ νμ

γ

A′￼
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Results
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Results
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Results
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Results
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• If the GCE is explained by DM, we can severely constrain  models, 
leaving the near-resonance ( ) region unconstrained.


• Other regions of the parameter space are available, but up to the assumption 
on the value of the tree-level kinetic mixing.


•  is completely excluded.

U(1)Li−Lj

mA′￼
⪅ 2mχ

U(1)B−L
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Summary of the results
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• Gauging  is anomaly free if right-handed neutrinos are added. New 
boson 


• Minimal extension of the SM, with the possibility of adding DM with  being 
its portal to the SM

B − L
Xμ

Xμ

 modelU(1)B−L
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Introduction

−
ϵ
2

B̂μνX̂μν +
1
2

m2
XXμXμℒ = ℒSM −

1
4

X̂μνX̂μν

Kinetic mixing

−gX
1
3 ∑

i

qiγμqi − ∑
j

ℓjγμℓj Xμ

−m2
χ χχ − gXqX χγμχXμ

DM & portal
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Kinetic mixing

Since the leptons  are both charged under  and  after the 
EWSB, there are unavoidable loop corrections in the kinetic mixing to consider

i, j U(1)Li−Lj
U(1)EM
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 modelsU(1)Li−Lj

A′￼μ Aμ
ℓi,j

ϵ(Q) = ϵ0 −
egX

2π2 ∫
1

0
dx x(1 − x) log (

m2
j + Q2x(1 − x)

m2
i + Q2x(1 − x) )

Q
A′￼μ Aμϵ0

+=
A′￼μ Aμϵ

ℓi,j
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Kinetic mixing
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Kinetic mixing
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Case 3: What is the assumption we can make on  to 
evade as much as possible the DD limits?
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For a given DM mass, we fix  so that  ϵ0 ϵ(Qmax) = 0

A′￼

γ
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