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Physics Beyond the Standard Model

• Neutrino masses 

• Hierarchy problem 

• Baryogenesis 

• Quantum gravity 

• …

Physics BSM can take many forms 
from minimal extensions to many hidden (dark) sectors.

• Dark matter candidate is missing:   

                                                        (CMB & LSS) 1.6 % >
Ων

ΩDM
> 0.5 %

SM is not a complete description of Nature:

Neutrinos are massive, weakly interacting, however
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Looking for WIMPs

                related to                  SM SM → DM DM
σ

DM SM → DM SM
σ

Crossing symmetry
DM DM → SM SMσ

DM SM → DM SMσ

SM SM → DM DMσ

DM DM → SM SMσ

multiple detection possibilities
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Since late 70’s, it’s well known that new particle with 
electroweak-scale mass and weak interaction with the SM 
naturally provides the observed relic density .Ωh2 ≈ 0.1

Ωχh2 ≈ 0.1
3 × 10−26 cm3s−1

⟨σv⟩
σ ∝

g4

m2
χ



ϕ, SA, SB, A′ 
hD

θhDH

DS SM
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×

×U(1)′ 
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4
CMB bounds evaded

DM is comprised of complex scalars ,  
which are connected by heavy auxiliary field .

SA SB

ϕ

 annihilates within the dark sector in such way that .SA ΩSA
h2 ∼ 0.1 ≫ ΩSB

h2

Heavy WIMP & LLP



After spontaneous symmetry breaking,  and  mix  h hD

mA′ = gDvD, mhD
= λDvDMoreover, dark photon obtains mass

which connects DS to SM. Indirect detection signature due to .hD → SM SM

Mediators - dark Higgs  & dark photon hD A′ 
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ℒDS ⊃ μSA
SA

2
ϕ + μSB

SB
2

ϕ + (qHgD)2 A′ μA′ μ |H |2

+iqSB
gDA′ μ [S*B (∂μSB) − (∂μS*B ) SB] − λhDSB

h2
D SB

2

g2
D

A′ g2
D

We connect  to both mediators:  and  
which moreover are connected to each other.

SB hD A′ 

λhDSB

Interactions within the DS 

Matter fields - two component DM

ℒ = ℒSM + ℒDS + ℒportal 



Thermal history

7xSB

m
Y

Assisted freeze-out



Limits on decaying DM - late energy injections

BBN

Late energy injections 
can destroy light elements

Lucca, Schoneberg, Hooper, Lesgourgues, Chluba, 1910.04619
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Dashed lines - BBN  
Poulin, Serpico, Lesgourgues, 1606.02073

m
Y

xSB

cτA′ ≃ 1 kpc ( gD

1 )
4

( 4 × 10−6

λhDSB
)

4

( mSB

150GeV )
4

( 3GeV
mA′ )
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https://arxiv.org/abs/1910.04619
https://arxiv.org/abs/1606.02073


R0 ∼ 8 kpc

ID of LLPs
LLP production

Earth

LLP  SM SM→

DM DM  LLP LLP→

LLP decay
d LL

P
∼

0.1
−

10
0 k

pc

9

1 kpc ∼ c ⋅ 1011 s

Galactic Center



spectrum
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ΦLLP =
⟨σv⟩0

8πm2
DM ∫ΔΩ

dΩ∫los
ds∫VDM

d3 ⃗rDM

ρ2
DM ( ∣ ⃗rDM − ⃗d |)

⃗rLLP − ⃗rDM
2

1
dLLP

exp −
⃗rLLP − ⃗rDM

dLLP
γ(1 − β cos θ)

f (θ)
4π ∫ΔEγ

dEγ
dN
dEγ

Integral over line of sight 
- position of LLP  SM.→

Integral over all positions of DM that  
result in LLP decaying at ( ).s, Ω

DM density profile

Survival probability of LLP

Boost factor

Anisotropy function

Formula for WIMP ID:

ΦWIMP =
⟨σv⟩0

8πm2
DM ∫ΔΩ

dΩ∫los 
ρ2

DMds∫ΔEγ

dEγ
dNX

γ

dEγ

Long lifetime regime
DM DM  LLP LLP→

LLP ( )  SM SMdLLP ∼ 0.1 − 100 kpc →



Long lifetime regime
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Compare to formula for WIMP ID  non-local J-factor→
Rothstein, Schwetz, Zupan, 0903.3116

Chu, Kulkarni, Salati, 1706.08543

 no longer direct relationship between   and .→ ΦLLP( ⃗r0) ρ2
DM( ⃗r0)

Non-relativistic mediators

ID anomaliesΦWIMP =
⟨σv⟩0

8πm2
DM ∫ΔΩ

dΩ∫los 
ρ2

DMds∫ΔEγ

dEγ
dNX

γ

dEγ

ΦLLP =
⟨σv⟩0

8πm2
DM ∫ΔΩ

dΩ∫los
ds∫VDM

d3 ⃗rDM

ρ2
DM ( ∣ ⃗rDM − ⃗d |)

⃗rLLP − ⃗rDM
2

1
dLLP

exp −
⃗rLLP − ⃗rDM

dLLP
γ(1 − β cos θ)

f(θ)
4π ∫ΔEγ

dEγ
dN
dEγ

DM DM  LLP LLP→

LLP ( )  SM SMdLLP ∼ 0.1 − 100 kpc →

https://arxiv.org/abs/0903.3116
https://arxiv.org/abs/1706.08543


Long lifetime regime
LLP ( )  SM SMdLLP ∼ 0.1 − 100 kpc →

short lifetime regime WIMP-like→
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DM DM  LLP LLP→



  falloff due to finite DM density support1/d
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Long lifetime regime
LLP ( )  SM SMdLLP ∼ 0.1 − 100 kpc →DM DM  LLP LLP→



Sharper fall-off for dwarf galaxies than for GC
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Long lifetime regime
LLP ( )  SM SMdLLP ∼ 0.1 − 100 kpc →DM DM  LLP LLP→



Extra contribution due to LLPs that are produced 
close to GC and decay emitting photons along los.

For fixed observational angle , min distance of los to 
GC is . If , 
there is enhanced contribution coming from the GC.

θ
lmin = R0 sin θ = (8 sin θ) kpc d ∼ lmin

“diffusion from the GC”
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First noticed for  with fixed  indΦ/dE θ

LLP production

Chu, Kulkarni, Salati, 1706.08543

LLP decay

θ

Earth

GC

Long lifetime regime
LLP ( )  SM SMdLLP ∼ 0.1 − 100 kpc →DM DM  LLP LLP→

https://arxiv.org/abs/1706.08543
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Indirect Detection & Intensity Frontier  
searches for LLPs - complementarity
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CODEX-b: Aielli et al., 1911.00481

MATHUSLA: Alpigiani et al., 2009.01693
FASER: Feng et al,1708.09389 

  Ariga et al,1811.12522
SHiP: Ahdida et al, 1504.04956

https://arxiv.org/abs/1911.00481
https://arxiv.org/abs/2009.01693
https://arxiv.org/abs/1708.09389
https://arxiv.org/abs/1811.12522
https://arxiv.org/abs/1504.04956
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dSph limits, 1503.02641, 2107.04053
CTA GC sensitivity, 2007.16129, 2107.04053
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Indirect Detection

https://arxiv.org/abs/1503.02641
https://arxiv.org/abs/2107.04053
https://arxiv.org/abs/2007.16129
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 fall-off in the long lifetime regime1/d
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Future CMB limits
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PIXIE, 1105.2044 PRISM, 1310.1554

https://arxiv.org/abs/1105.2044
https://arxiv.org/abs/1310.1554


Conclusions
• Combination of WIMP-like DM and light new physics is an interesting 

theoretical framework and a promising experimental target. 

• We explored the possibility of indirect detection (ID) of long-lived particles in 
non-minimal dark Higgs-dark photon portal with heavy scalar DM. 

• We found that ID provides important coverage of the long-lived 
regime, complementary to the intensity frontier searches. 

• We observed several non-local effects in ID arising from the 
galactic spatial separation of LLP production and decay:
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✤ an additional contribution to the flux coming from the “diffusion from the GC” 
✤ the photon flux as a function of LLP decay length  

• decreases linearly in the long lifetime regime due to the finite support 
of the dark matter density 

• decreases faster for dSph than for GC

d

 evading constraints→


