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Dark Matter vs B-physics?
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✦ Experimental fact: Dark Matter exists


✦ In principle, its mass and couplings 
can span tens of orders of magnitude!


✦ If it has (weak) interactions with thermal 
bath of SM particles, elegant way 
to predict its cosmological abundance


➡  MDM ~ TeV  with ~ EW coupling


✦ Interplay with popular models of New Physics at the EW scale 
(e.g. SUSY, composite models, …)

no light on-shell resonances very interesting anomalies 
in flavour observables

Post-LHC:

Could the two things have a common origin?
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✦ Effect only in semi-leptonic processes   VS. 
strong bounds from pure-quark and -lepton observables 

➔  hint for leptoquark mediator
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Q

ℓ
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✦ Evidence for new interaction between quarks & leptons 
 

✦ Yukawa-like couplings, larger for heavy generations

?
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B-anomalies:
Leptoquarks as mediators

‣ Can Leptoquarks be the mediators of SM-DM interactions?

colored: must couple to a quark

☛ see talks by Luca, Claudia, David
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A (too) simple picture

✦ Example: Pati-Salam SU(4) unification


extension of SM gauge group  � 


Fermions are 4-plets of SU(4): quark-lepton unification

SU(4)PS ⟶ SU(3)c × U(1)B−L

Uµ: color triplet, Y = 2/3

ΨL = (qα
L

ℓL) ∼ 4 Ψd = (dα
R

ℓR) ∼ 4 Ψu = (uα
R

NR) ∼ 4

SM singlet (sterile neutrino) 
can be Dark Matter



Possible mediators
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Consider a fermion SM singlet 𝜒 (sterile neutrino).


Mediators that can couple (at tree-level) to χ and a SM fermion:


✦ Vector Leptoquark:   �  

✦ Scalar Leptoquarks: 
   �  

   � 


✦ Right-handed vector:   � 


✦ (Higgs doublet:   � )

U1 ∼ (3, 1, -2/3)

S1 ∼ (3, 1,1/3)

R2 ∼ (3, 2,1/6)

WR ∼ (1, 1,1)

Yχ(L̄L χ)Hc

ℒU = [gL(Q̄LγμLL) + gR(d̄RγμℓR) + gχ(ūRγμ χ)]Uμ

ℒS1
= [gL(Q̄LεLc

L) + gR(ūRℓc
R) + gχ(d̄R χ)]S1

ℒR̃2
= [gL(d̄RLLε) + gχ(Q̄L χ)]R̃2

[gR(ūRγμdR) + gχ(ℓ̄Rγμ χ)]Wμ
R

Integrating out the heavy mediator: 
effective interactions

DM
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☛ see talk by David



Consider a fermion SM singlet 𝜒 (sterile neutrino).

Effective interactions
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ℒU
eff = − CχR( χ̄γμℓR)(d̄RγμuR) + 2CχL( χ̄LL)(Q̄LuR) − C′�χL(L̄L χ)ε(Q̄LdR) − C′�′�χL(Q̄L χ)ε(L̄LdR)

• Alternatively, interactions can be mediated by a variety of scalar fields. An example

is the already mentioned Yukawa coupling with a Higgs doublet, Hc
L̄L�, in which

case the DM can be identified with a right-handed neutrino [22]. Scalar leptoquarks

with suitable quantum numbers, instead, can couple � to SM quarks [5, 10, 26, 27].

The only two possibilities that are able to induce a DM-SM3 interaction are S1 ⇠

(3, 1)�1/3, and R̃2 ⇠ (3, 2)1/6, with

LS1
= (g�d̄R�+ gLQ̄L"L

c
L + gRūRe

c
R)S1 + h.c., (28)

LR̃2
= (g�Q̄L�+ gLd̄RLL")R̃2 + h.c. (29)

The full list of possible DM couplings to one lepton and two quarks, all of which can be

generated by the tree-level exchange of one of the previous mediators, is [28]

L e↵

DM =� C�R(�̄�
µ
`R)(d̄R�µuR) + 2C�L(�̄LL)(Q̄LuR)

� C
0
�L(L̄L�)"(Q̄LdR)� C

00
�L(Q̄L�)"(L̄LdR).

(30)

We expect that the various operator coe�cients satisfy Ci <⇠ (TeV)�2 because the charged

or colored mediators that generate the e↵ective interactions are generically constrained to

be heavier than the TeV scale by collider bounds. We will sometimes collectively denote

these couplings as 4GDM/
p
2, including a normalization factor for ease of comparison with

the Fermi constant GF.

Below the QCD scale L e↵

DM becomes e↵ective couplings to pions, �`⇡, and to heavier

mesons (such as ⇢ and excited pions), as well as couplings to baryons, �`p̄n. Heavier

mesons give negligible e↵ects in cosmology and are not subject to significant bounds,

despite that kinematical space for their tree-level decays is open. The coupling to baryons

can have more significant e↵ects, since baryons remain as relics at T ⌧ mp,n thanks to

the baryon asymmetry (DM couplings to quarks never lead to DM coupled to baryons but

not to pions). Using chiral perturbation theory (see appendix A) the coupling to pions is

obtained substituting the quark terms in the e↵ective operator eq. (30) with pion terms

with the same transformation properties:

L ⇡
DM =

C�R
p
2
(�̄�µ

`R)
h
f⇡ Dµ⇡

+ + i(⇡0
@µ⇡

+
� ⇡

+
@µ⇡

0) + · · ·

i
+

�iC�Lf⇡B0

hp
2(�̄`L)⇡

+ + (�̄⌫L)⇡
0 + · · ·

i
+ h.c. (31)

where f⇡ = 93MeV, B0 ⇡ 22f⇡ is the quark condensate, D is the gauge-covariant deriva-

tive and we will not need higher orders. We assumed DM couplings to right-handed

quarks, but this information is lost in DM coupling to pions (the suppression is of order

f⇡/⇤QCD ⇠ 1). This will remove a suppression of weak loops.

3.2 DM decays

We start discussing loop decays into massless particles, which are always kinematically

allowed, and then move to tree-level decays.
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✦ Most general effective Lagrangian for 𝜒 interacting with SM:


✦ Below the QCD scale: eff. coupling to pions and hadrons

DM

q

ℓ

q
with �CIJ = gIgJ /M2

LQ
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(chiral Lagrangian)



DM production
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✦ Usually: DM is stable thanks to an exact (ℤ2) global symmetry χ → -χ


✦ Production in early Universe: thermal freeze-out of 2 → 0 scatterings


➡ Introduce a Dark Sector with new colored states odd under ℤ2

LQ portal

✦ Baker, Faroughy, Trifinopoulos 2109.08689


✦ Belanger et al. 2111.08027


✦ Guadagnoli, Reboud, Stangl 2005.10117

DM

DM

SM

SM

DM

DM’

ℓ

q

LQ

2 
da

rk
 p

ar
tic

le
s 0 dark particles



DM production: annihilation
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✦ Relic abundance can be reproduced, 
by coannihilation with colored DM’


✦ Consequences for phenomenology:

See also: Belanger et al. 2111.08027 
Guadagnoli, Reboud, Stangl 2005.10117

Mandal 1808.07844

➡ Second possibility: allow only one LQ-DM-SM coupling 
(LQ is charged under ℤ2 and part of dark sector)

(DM-DM’ splitting can be adjusted)

Baker, Faroughy, Trifinopoulos 2109.08689

can search for colored states at LHC: 
Leptoquark & DM partner



Thermal decays
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➡ We want to explore a more minimal setup: no separate Dark Sector


1 → 0 processes are allowed


✦ Does induce DM decay! DM → SM 


✦ Contribute to DM annihilation in early universe, DM SM → SM SM 

similar to DM decays in a thermal bath: “thermal decays”


Naively:


✦   for DM stability (bound 1025 s in many cases!)


✦ �  for freeze-out at T ~ M


➡ �

τDM = 1/ΓDM > 1018 s

Γann ∼ H ∼ T2/MPl ≈
(T/GeV)2

10−5 s

ΓDM/Γann ≲ 10−(23÷30)

DM

q

ℓ

q

LQ

However, different phase space 
and energy scale!

2111.14808 with Belfatto, Gross, Panci, Strumia, Vignaroli, Vittorio, Watanabe



Thermal decays
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✦   for DM stability (bound 1025 s in many cases!)


✦ �  for freeze-out at T ~ M


➡ �

τDM = 1/ΓDM > 1018 s

Γann ∼ H ∼ T2/MPl ≈
(T/GeV)2
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DM

q

ℓ
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Freeze-out of relativistic DM
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Decay and “thermal decay” rates not equal in general!


✦ Freeze-out at T ≫ M: relativistic DM. Decay suppressed by small mass 
 
 
 
 
 
 
�  effective interaction 
with couplings that fit flavor anomalies!


➡ Sterile neutrino of 50 eV: 
hot DM, ruled out by structure formation

( χ̄γμτR)(b̄RγμcR)

ΩDMh2 = 0.12
50

g⋆(Td)
Mχ

50 eV

Azatov, Barducci, Ghosh, Marzocca, Ubaldi 1807.10745

�  must be smallΓDM ≈ G2
NPM5

DM �  must be largeΓann ≈ G2
NPT5



Cold Dark Matter
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z
dY
dz

≈ − 2γann( Y2

Y2
eq

− 1) − γdec( Y
Yeq

− 1)
Boltzmann equation:

usual DM DM → SM SM DM SM → SM SM 
“thermal decay”

γAB→X ∝ ⟨σv⟩nAnB

✦ Non-relativistic limit: freeze-out below MDM. 
“Decay” term is less Boltzmann-suppressed
(analytic results in 2111.14808)
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annihilations

Belfatto, B, et al. 2111.14808



Cold Dark Matter
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Cold Dark Matter
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Y∞ ≈ G2
DMMPlT3

RH

Reheating temperature �MDM < TRH < MLQ

✦ Freeze-in: DM production most efficient 
at the highest energy

(LQ in thermal eq. 
that decays into DM)

σ ≈ G2
DMT2

LQ

DM

q



Dark Matter decays
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✦ Tree-level DM → SM1 SM2 must be closed: MDM < m1+m2


✦ Off-shell decays:


✦ Loop decays:

Γ(DM → SM1 X) ≈
Γ(DM → SM1SM*2 )

1 − p2
2 /m2

2
⋅

Γ(SM2 → X)
4πm2

GF

GF

CχL,R

χ

νℓ

ν̄e

νℓ

e−

ℓ−

π+

ℓ+

GFCχL,Rχ

γ

νℓℓ−

CχL = 4GF / 2

Tree decay DM � νℓπ0

Loop decay DM � νℓγ
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CχR = 4GF / 2

ℓ = e

ℓ = µ

ℓ = τ
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Excluded by cosmology

Loop decays DM � νγ

Tree decays DM � ℓπ

need long-lived SM2 particles

Γ(DM → νγ) ∝ M3
DMC2

χL,R × (
GFΛ2

QCD

4π )
2



Example: DM coupled to muons and pions
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✦ Thermal freeze-out is excluded by too fast DM decays 
(& collider bounds on lepton + MET)


✦ Thermal freeze-in is viable:


If TRH > MLQ,   


Matching the cosmological 
DM abundance gives

Y∞ ≈ g2
χ

MPl

MLQ

0 mπ-mµ

32 MeV

mπ+mµ

242 MeV

mπ

137 MeV

mµ

105 MeV

DM � π*µ DM � π*µ + πµ*DM � π*µ* + π0*ν DM � πµπ � µ DM

DM mass M

0 50 100 150 200 250
10-10

10-5

11

105

1010

DM mass in MeV

D
M

co
up
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g
C

χ
R
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un
its

of
4G

F
/

2

DM coupled to πμR

≈Excluded by DM loop decays

Excluded by
DM tree decays

Freeze-out

Freeze-in

Excluded by colliders

gχ ≈ 10−8 MeV
MDM

MLQ

TeV



Connection with flavor
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✦ Is there an explanation for the tiny coupling required by freeze-in?


✦ What is the flavor structure of the LQ couplings?


✦ Simple flavor ansatz:  �  (and similar for d, e) 
(e.g. Froggatt-Nielsen models, partial compositeness, …)


✦ Assume LQ couplings follow the same pattern:

Yij
u ≈ ϵQi

ϵuj

☛ Yukawa-like couplings, larger for heavy generations

☛ CKM-like suppression of flavor-changing effects

B-anomalies:

!
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Connection with flavor

�16

✦  can be estimated from VCKM and quark masses


✦ �  can be estimated from b → sµµ anomalies:


✦ No sizable effect in electrons:   � 


✦ DM freeze-in: � 


If dominant coupling is with 1st generation,  �

ϵQ,u,d

ϵL

ϵL1
≪ ϵL2

gχ ≈ ϵχϵu ∼ 10−8 MeV/Mχ

ϵχ ≈ 10−5 ≈ ϵe1

(ϵL2
≈ 0.1 for MLQ ∼ TeV)ΔC9 ≈ VtsV*tb

(ϵL2
)2

M2
LQ

∼ VtsV*tb
1

(6 TeV)2

ϵL1
< 0.1, ϵL2

∼ 0.1, ϵL3
∼ 1,

ϵe1
> 10−5 ϵe2

∼ 10−3, ϵe3
∼ 10−2 .

Leptons
ϵQ ∼ (λ3, λ2, λ),

ϵu ∼ (λ4, λ,1),
ϵd ∼ (λ4, λ3, λ2) .

Quarks

suppressed similarly to the masses and mixings of light fermions. This can applied to

vector leptoquarks assuming that only 3rd-generation fermions are charged under an ex-

tended Pati-Salam group [37–39]. In the left-handed quark sector these rotations are of

the order of the CKM matrix.

Given the tiny values of the coupling g� needed to reproduce the cosmological DM

abundance via freeze-in, for DM masses in the MeV range, it is then natural to consider

the DM � as a right-handed neutral lepton of the first family. Other generations of �,

with larger couplings to SM, can be so heavy that they decay back fast to SM particles,

without contributing to DM.

We parametrize the SM Yukawa couplings as

Y
ij
u ⇡ ✏Qi

✏uj
, Y

ij
d ⇡ ✏Qi

✏dj , Y
ij
e ⇡ ✏Li

✏ej , (41)

where ✏fi are small parameters carrying the flavour suppression of the couplings to the

i-th family of f = {Q, u, d, L, e}, and the relations hold up to O(1) factors. Here and

in subsequent estimates we also ignore an overall coupling, assumed to be of order one.

Such a pattern of Yukawa couplings is easily obtained in Froggatt-Nielsen scenarios [40],

or in models with partial composite fermions [41–43]. More stringent relations between

the ✏if can be obtained in models with a larger flavour symmetry, such as Minimal Flavour

Violation [44–46] or U(2) models [47, 48].

The values of ✏Q,u,d can be estimated from the CKM mixings and the quark masses.

Indeed,

V
ij
CKM

⇡ ✏Qi
/✏Qj

, ✏Qi
✏ui

⇡ (yu, yc, yt), ✏Qi
✏di ⇡ (yd, ys, yb), (42)

from which one gets

✏Q ⇠ (�3
,�

2
, 1) ⌘q, ✏u ⇠ (�4

,�, 1) ⌘�1

q , ✏d ⇠ (�4
,�

3
,�

2) ⌘�1

q , (43)

where � ⇠ 0.2 is the Cabibbo angle, and ⌘q is an overall O(1) parameter. The parameters

in the lepton sector can not be estimated as easily at this level, since the neutrino mixings

are not necessarily directly related to the Yukawa couplings.

We can now make the assumption that the flavour structure of the new physics cou-

plings is determined by the same flavour parameters that control the SM Yukawas. Let

us focus on the case of the vector leptoquark U ⇠ (3, 1)2/3 for definiteness. The couplings

of U to fermions are defined in eq. (26). In terms of the flavour spurions ✏ those couplings

read

g
ij
L ⇡ ✏Qi

✏Lj
, g

ij
R ⇡ ✏di✏ej , g

i
� ⇡ ✏ui

✏�, (44)

where we have introduced an additional (small) parameter ✏� that controls the DM cou-

plings.

The exchange of a vector leptoquark contributes to semi-leptonic left-handed interac-

tions via the couplings gL. These couplings can thus be partially determined by fitting

20
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More than one DM flavor

�17

✦ DM could also carry a flavor index, � 


✦ With more than one state, thermal decay freeze-out is possible:

χi .

ℒ = C1( χ̄1ℓ)(d̄u) + C2( χ̄2ℓ)(d̄u) + C12( χ̄1χ2)(q̄q)

controls production

�χ2 ↔ ℓ±π∓

controls decay

�χ2 → χ1 SM

controls � 

stability

χ1

1. �  large enough to achieve thermal freeze-out � 


2. �  decays dominantly into �  if  � 


3. �  is long-lived if �  is small enough


☛  DM is not part of a separate Dark Sector

C2,12 χ1 ↔ χ2 ↔ SM

χ2 χ1 M1 < M2 < mℓ + mπ

χ1 C1

SM
χ1

χ2



Direct and indirect detection

�18

✦ Charged-current interaction:  � 


DM-induced β- transition 


✦ Neutral-current interaction: nuclear recoil in  �

CχR(χ̄γμeR)(n̄γμ 1 + gAγ5

2
p) + CχL( χ̄eL)(n̄p)

DM + A
ZN → e− + A

Z+1N

DM + N → ν + N

DM

Nucleus

e−

⟨σv⟩ =
C2

χL(R)M2
χ

16π
f(E)

monochromatic electron 
with �E = MDM − me − Q

★★
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DM mass M in MeV
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C

χ
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2

/
16

π
in
cm

2

Borexino
CUORE

XENON1T

PandaX
LUX

Super-Kamiokande

χ → νγ DM coupled to
right-handed electron

χ → νγ DM coupled to
left-handed leptons

Collider bound

exp sensitivities from Dror et al. 1908.10861

‣ Depending on nuclear thresholds Q, 
sensitive to DM heavier than few 100 keV


‣ Can also look for signal from decaying �AZ+1N



Summary

�19

✦ Dark Matter could interact with the SM through Leptoquarks.


✦ DM abundance from freeze-in of DM SM → SM SM scatterings


✦ small coupling, mass ~ MeV 

consistent with expectation for 1st generation fermions


✦ Exotic signatures in Direct Detection: DM-induced β decay 


✦ DM abundance through thermal freeze-out


✦ DM SM → SM SM thermal decays, if more than one generation of DM


✦ DM DM → SM SM annihilations, if Dark Sector contains colored states


