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Introduction

■ Standard Model (SM) of particle physics is the most successful theory of
elementary particles and their interactions.

■ However, there are several puzzles/observations which are unanswered within
the SM.

■ Two of the most outstanding puzzles are
▶ Dark matter (DM)
▶ SM neutrino masses

■ Neutrino oscillations have shown that SM neutrinos have tiny but non-zero
masses, mν ≲ 0.1 eV.

■ However, mechanism to generate such tiny neutrino masses is one of the
main research topics of BSM physics.
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Introduction

■ We propose a new class of models that can account for both the observed
abundance of DM and the smallness for neutrino masses.

■ We study a class of models in which DM candidates arise as a composites
state of a strongly coupled hidden sector.

■ Hidden sector is approximately conformal in the UV, and compositeness
scale lies at or below the weak scale.

■ We construct this framework based on 5D AdS geometry and explore im-
plication for experiments.
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A Conformal Hidden Sector
■ We consider a hidden sector composed of

a strongly coupled conformal field theory
(CFT) with a relevant deformation Odef ,

LUV ⊃ LCFT + λdefOdef

■ When the deformation grows large in the
infrared, it causes the breaking of the con-
formal dynamics at a scale Λ ≲ vSM.

■ Spectrum of hidden sector states includes three composite singlet neutrinos
Ni and a composite DM χ along with their Dirac partners N c

i and χc.
■ Low energy effective Lagrangian contains (mN ,mχ ∼ Λ)

LIR ⊃ iN̄ σ̄µ∂µN + iN̄ cσ̄µ∂µN
c −

(
mNN cN + h.c.

)
+ iχ̄σ̄µ∂µχ+ iχ̄cσ̄µ∂µχ

c −
(
mχχ

cχ+ h.c.
)

■ SM is assumed to be elementary!
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Composite Neutrino Portal
■ Hidden sector interacts with the SM only through the neutrino portal

LUV ⊃ − λ̂

M
∆N−3/2
UV

LHON + h.c.

▶ ON is a primary fermionic operator with scaling dimension ∆N

▶ MUV is the UV cutoff of the theory and λ̂ ∼ 1

■ At or below the composite scale Λ, we have ON → Λ∆N−3/2N + · · · :

LIR ⊃ −λLHN + h.c. with λ ∼ λ̂

(
Λ

MUV

)∆N−3/2

■ For ∆N ≥3/2, the effective coupling λ is hierarchically small for Λ≪MUV .
■ Naturally small portal coupling λ provides a simple explanation for the both

the smallness of the neutrino masses and the observed abundance of DM.
■ At Higgs VEV, this term gives mixing between the SM ν and composite N .
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Neutrino masses via inverse seesaw mechanism
■ We assume that the hidden sector possesses a global symmetry such that

ON , and therefore N , carries charge −1.
■ Due to neutrino portal interaction this symmetry can be subsumed into an

overall lepton number symmetry, under which N , N c carry charges −1, +1.
■ To employ the inverse seesaw mechanism we add a lepton number violating

deformation,
LUV ⊃ − µ̂c

M∆2Nc−4
UV

O2Nc + h.c.

where µ̂c is dimensionless coupling.
■ We assume O2Nc carries a charge of +2 under the global symmetry of the

hidden sector, so that this deformation violates lepton number by two units.
■ In the low-energy effective theory at scale Λ, this deformation gives,

LIR ⊃ −µc

2

(
N c

)2
+ h.c. with µc ∼ µ̂cΛ

(
Λ

MUV

)∆2Nc−4
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Neutrino masses via inverse seesaw mechanism
■ The low-energy effective theory now contains all the ingredients required

to realize inverse seesaw mechanism,

LIR ⊃ iN̄ σ̄µ∂µN + iN̄ cσ̄µ∂µN
c−

[
mNN cN +

µc

2

(
N c

)2
+λLHN +h.c.

]
■ By integrating out the composite singlet neutrinos N and N c we obtain the

SM neutrinos masses and their mixing with the composite states N ,

mν = µc
(λvEW

mN

)2
UNℓ ≡

λvEW
mN

■ Smallness of the SM neutrino masses can naturally be explained by either
small neutrino mixing λ or small lepton number violating coupling µc.

■ We require Dirac mass λvEW ≲ Λ and the Majorana mass µc ≲ Λ:
mN

vEW
≳ λ ≳

√
mνmN

vEW
, 1 ≳ UNℓ ≳

√
mν

mN
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Composite DM through the Neutrino Portal
■ In our framework, the neutrino portal interaction keeps the hidden sector in

equilibrium with the SM in the early universe for |UNℓ|2 ≳
√
Λ/4πMPl.

■ Composite nature of the fermions χ, χc and N , N c allows non-renormalizable
interactions in the low energy theory at the scale Λ,

LIR ⊃ −y2eff
Λ2

(
χ̄cN

)2
+ · · ·

where yeff ∼ 4π.
■ DM abundance is set by the standard thermal freeze-out mechanism.
■ The dominant DM annihilation channels to the visible sector are

χ

χ̄

N

N̄

χ

χ̄

N

ν̄
•

χ

χ̄

•
ν

ν̄
•

mχ

mN
≳ 1,

1

2
≲

mχ

mN
< 1,

mχ

mN
<

1

2

Saereh Najjari – MPIK Dark Matter and Neutrino Masses from Light Hidden Sector December 2023 – 7/20



DM Relic Abundance
χ

χ̄

N

N̄

χ

χ̄

N

ν̄
•

χ

χ̄

•
ν

ν̄
•

■ The thermally averaged DM annihilation cross sections at DM freeze-out,
i.e. for T = Tfo ∼ mχ/20, are

⟨σχχ̄→NN̄v⟩fo∼
y4eff

32πΛ2
, ⟨σχχ̄→Nν̄v⟩fo∼

y4eff U2
Nℓ

32πΛ2
, ⟨σχχ̄→νν̄v⟩fo∼

y4eff U4
Nℓ

32πΛ2

■ The observed DM relic abundance is produced when ⟨σv⟩fo∼10−9 GeV−2.

■ Note χχ̄ → NN̄ process leads to DM under-abundance for strong coupling
yeff ∼ 4π and Λ ≲ O(100) GeV.

■ Hence only viable DM production channels are χχ̄ → Nν̄ and χχ̄ → νν̄ .
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Holographic realization
■ The holographic model is realized in

a 5D anti-de Sitter (AdS) space

ds2 =

(
R

z

)2

ηMN dxMdxN

where xM =(xµ, z) and R ≤ z ≤ R′.

U
V
-b
ra
n
e

IR
-b
ran

e

ΨN ,Ψχ,Φ

MUV

Λ

xµ

SM

z

■ The two branes correspond to the UV and IR scales,
MUV ≡ 1/R and Λ ≡ 1/R′.

■ The SM is localized at the UV brane which corresponds to the elementary
states in the 4D dual picture.

■ New composite states corresponding the strongly coupled hidden sector are
in the bulk and at the IR-brane.
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Holographic realization
■ Interaction between 5D neutrinos with the SM is

SUV ⊃
∫

d4x

∫
dz

(
R

z

)4

δ(z −R)
√
R λ̂LH ΨN (x, z)

■ After choosing appropriate boundary conditions and KK-decomposing the
bulk fields, 4D effective theory contains KK towers of singlet neutrinos Nn,
N c

n, fermion DM χn, χc
n, as well as the singlet scalar ϕn modes.

■ Neutrino portal interaction is

SUV ⊃
∫

d4x
∑
n

λn LH Nn(x)

where λn contains the bulk neutrino ΨN (x,R) wave-function.
■ DM and singlet neutrino interact through Yukawa term.

Sbulk ⊃
∫
d4x

∫
dz

√
g ŷ

√
24π3R Ψ̄c

χΨN Φ =

∫
d4x

∑
n,p,q

ynpq χ̄
c
nNpϕq

■ Holographic model reproduces our 4D CFT results.
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Dark matter signatures

■ Signature in direct and indirect detection
▶ direct detection: XENONnt/LZ experiments
▶ indirect detection: precision observation of CMB, search for gamma rays,

signal for neutrino-line

■ Lepton flavour violating
▶ µ → e(γ)

■ Collider searches: LHC

■ Reach of future experiments
▶ XENONnt
▶ Hyper-Kamiokande and DUNE (sensitivity to neutrino-line)
▶ MATHUSLA
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DM direct detection
■ Dominant contribution to DM–Nucleon

arises from Z-boson exchange.

■ Spin-independent DM–Nucleon cross-

section is: σχn ∼ g4 y4eff U4
Nℓ

π(4π)4
µ2
χn

m4
Z

χ χϕk

Z∗

Ni Nj

•

n n
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Composite neutrino signals
■ There are various probes of neutrino compositeness scales Λ.

[Chacko,Fox,Harnik,Liu:2012.01443]

1 10 10210�210�3 0.1 ⌫ Compositness scale
[GeV]

K decay
D decay

⇡ decay

µ ! e� (g � 2)µ

⌫-less �� decay

SN1987A

Cosmology

CMB Spectral dist.

W, Z, h decays

(�Ne↵)

µ ! e conversion

■ Direct probes of composite single neutrino N .
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μ→eγ & μ→e (maximal μ-e mixing)
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DM indirect detection: CMB constraint
■ For χχ̄ → Nν̄ channel, the final state N decays to visible end products

such as electrons, photons etc., which could alter the CMB measurements.
■ From the CMB data Planck collaboration constraints at 95% C.L. on

feff(mχ)
⟨σv⟩
mχ

< 3.2× 10−28 cm3 s−1 GeV−1

feff(mχ) is the effective fraction of energy transferred to the IGM.
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DM indirect detection: Neutrino-line signals
■ The dominant annihilation channel χχ̄ → Nν̄ or χχ̄ → νν̄ , gives rise to

monochromatic neutrinos in the final state.
■ In dense DM matter environments e.g. the centre of our Milky Way galaxy

such DM annihilations could lead to the possibility of observing neutrino-
line signals in neutrino detection experiments.
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Composite DM phenomenology
■ Summary for a benchmark in the DM mass range 1/2≲mχ/mN ≲1 where

the dominant DM annihilation channel is χχ̄ → Nν̄ .

Saereh Najjari – MPIK Dark Matter and Neutrino Masses from Light Hidden Sector December 2023 – 16/20



Composite DM phenomenology
■ Summary for a benchmark in the DM mass range mχ/mN ≲ 1/2 where

the dominant DM annihilation channel is χχ̄ → νν̄ .
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Collider phenomenology
■ At colliders and beam-dump experiments, DM can be pair produced in as-

sociation with one or more composite singlet neutrinos.
■ To discover the DM, it is therefore necessary to first discover the composite

singlet neutrinos.
■ Collider signal processes of interest for this work are

■ Searches for N are broadly divided based on whether N decays promptly
in colliders, displaced, or is long lived.
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Collider signals of composite DM and neutrino
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Summary
■ We presented a class of models in which DM is a composite state of a

strongly coupled hidden sector which interacts with the SM through the
neutrino portal.

■ DM relic abundance is set by annihilation into neutrinos.

■ The neutrino portal also leads to the generation of SM neutrino masses
through the inverse seesaw mechanism.

■ We focused on the scenario in which the hidden sector is conformal in the
ultraviolet, and the compositeness scale lies at or below the weak scale.

■ A holographic realization of this framework is studied based on 5D AdS
geometry.

■ This scenario can lead to signals in DM detection experiments as well as
in colliders in the near future.
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