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Motivation

GSM = SU(3)c × SU(2)L × U(1)Y .

The astonishing discovery of the Higgs
boson at the LHC has closed a stage of
the SM.

Evidence for physics beyond SM

Dark matter.

Neutrino masses.

Matter-antimatter asymmetry.

Inflation, Strong CP problem, Higgs hierarchy, vacuum unstability, CC, QG, ...

Normally, these problems are treated as separate problems, with many models trying
to explain one or the other.
It may be, though, that they are related to each other and that, in addition, both
originate from new physics at the TeV scale.
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Evidence for dark matter is abundant and compelling

Galactic rotation curves

Big bang nucleosynthesis

Cluster and supernova data

Bullet cluster

Weak lensing

CMB anisotropies

Despite of this evidence the nature of DM is still unknown.
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DM candidates
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Colored DM

Proposed by De Luca, Mitridate, Redi, Smirnov, Strumia (PRD2018).

A new Dirac fermion octect (quorn) Q ∼ (8, 1)0.

L = Q̄(i�D −MQ)Q.

Q is automatically stable.

After confinement Q forms bound states.
The QQ̄ bound states are unstable: Q and Q̄ annihilate into gluons and quarks.
No such annihilation arises in QQ bound states due to an unbroken U(1) dark
baryon number that enforces that QQ is stable.

DM candidate: quorn-onlyum QQ
The lightest hadron made of two Q fermions.
It is neutral, color-less and with spin-0.

6



Colored DM

Proposed by De Luca, Mitridate, Redi, Smirnov, Strumia (PRD2018).

A new Dirac fermion octect (quorn) Q ∼ (8, 1)0.

L = Q̄(i�D −MQ)Q.

Q is automatically stable.

After confinement Q forms bound states.
The QQ̄ bound states are unstable: Q and Q̄ annihilate into gluons and quarks.
No such annihilation arises in QQ bound states due to an unbroken U(1) dark
baryon number that enforces that QQ is stable.

DM candidate: quorn-onlyum QQ
The lightest hadron made of two Q fermions.
It is neutral, color-less and with spin-0.

6



Colored DM

Proposed by De Luca, Mitridate, Redi, Smirnov, Strumia (PRD2018).

A new Dirac fermion octect (quorn) Q ∼ (8, 1)0.

L = Q̄(i�D −MQ)Q.

Q is automatically stable.

After confinement Q forms bound states.
The QQ̄ bound states are unstable: Q and Q̄ annihilate into gluons and quarks.
No such annihilation arises in QQ bound states due to an unbroken U(1) dark
baryon number that enforces that QQ is stable.

DM candidate: quorn-onlyum QQ
The lightest hadron made of two Q fermions.
It is neutral, color-less and with spin-0.

6



Colored DM

Perturbative interactions between Q and Q̄ lead to ΩQh
2 = 0,1

MQ
7TeV

.

After QCD PT colored particles bind in quorn-onlyum hadron QQ.

Subsequent annihilations lead to ΩQQh
2 ∼ 0,1

MQ
10TeV

.
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Hybrid hadrons: Qg, Qqq̄′. Ωhybrid ∼ 10−4ΩDM → viable scenario.
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DM signals

Indirect detection

Dominated by the recombination process QQ+ Q̄Q̄ → QQ̄+QQ̄ → SM .

Future CTA bound is above < σv > value for MQQ = 25 TeV.

Collider searches

Q is pair produced at colliders via QCD interactions.

After hadronization they form hybrids: Qg and Qqq̄′ are long-lived on collider
time-scales, giving rise to tracks.

LHC at
√
s = 13 TeV set the bound MQ & 2 TeV.

A pp collider with
√
s = 100 TeV would be sensitive up to MQ . 15 TeV.
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DM direct detection

QQ interacts with gluons through chromo-electric and chromo-magnetic dipole
moments.

σSI ≈ 5,2× 10−46 cm2

(
25 TeV

MQQ

)6
ΩQQ

ΩPlanck
,

5 10 40
MQQ(TeV)
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10-46
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I(
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2
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XENON1T (2 t×y)

LZ

DARWIN
ΩQQ >ΩPlanck

M.R., J.V., D.R., O.Z. (2018).
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Neutrino masses and mixing

SuperKamiokande(1998) SNO (2003)

From solar, atmospheric, accelerator and reactor neutrino experiments:

At least two massive neutrinos: ∆m2
12 = 8× 10−5eV2, ∆m2

23 ∼ 10−3eV2.

Three non-zero mixing angles: θ12 ∼ 35◦, θ23 ∼ 49◦, θ13 ∼ 9◦.

Neutrino masses in the SM

Dirac mass term: mD(ν̄RνL + h.c.)
Majorana mass term: mL(ν̄cLνL + h.c.)

⇒ neutrino oscillations lead to physics beyond SM.
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Neutrino mass models

Majorana neutrino masses can be generated in the SM after EWSB from the unique
d = 5 Weinberg operator

O5 ∼
Y 2
ν

Λ
LT H̃∗H̃†L ⇒ mν ∼

Y 2
ν 〈H〉2

Λ

L = (νL, `L), H = (0, H0)

At tree level there are only 3 realizations of O5

Type-I Type-II Type-III

The scale of new physics is too high

For Yν ∼ 1⇒ Λ ∼ 1014 GeV
Models with a new physics at the LHC scale need to have additional suppression for
mν (loops, d ≥ 7, small LNV).

11
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One-loop realization of the Weinberg operator

At one-loop level there are only 4 topologies of Weinberg operator O5.

H0 H0

ν νψ

φ

ϕ

φ′

(a) T1-1

H0 ν

ν H0φ′

ψ′

ψ

φ

(b) T1-2

H0 H0

ν νφ

ψ′

Ψ

ψ

(c) T1-3

H0 H0

ν νψ

φ φ′

(d) T3
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The neutrino connection: Dirac case

We argue that neutrino mass and cosmological dark matter may have a common
origin, with the underlying DM physics acting as messenger of neutrino mass
generation.

QQ stabilized by the same conserved B − L symmetry associated to the Dirac
nature of neutrinos.

The Z2 forbids νRiH̃
†Lj .

Particles U(1)B−L (SU(3)c, SU(2)L)Y Z2

Qi =
(
uL dL

)T
i

+1/3 (3,2)1/6 +

uRi −1/3
(
3,1

)
−2/3

+

dRi −1/3
(
3,1

)
1/3

+

Li =
(
νL eL

)T
i

−1 (1,2)−1/2 +

eRi +1 (1,1)1 +
νRi +1 (1,1)0 −
QL −r (8,1)0 +

QR r (8,1)0 +

H 0 (1,2)1/2 +

σa 1− r (8,1)0 −
ηa 1− r (8,2)1/2 +
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Neutrino masses

L ⊃−
[
haiQRη̃†aLi +MQQRQL + yai νRi σ

∗
aQL + h.c

]
− κab Tr

(
σaη

†
b

)
H.

if (µaaη )2 �M2
Q one has

(Mν)ij = Nc
MQ
32π2

√
2v

2∑
a=1

κaa
hai y

a
j

(µaaη )2

∼ 0,03 eV

(
MQ

9,5 TeV

)(
κaa

1 GeV

)(
50 TeV

µaaη

)2(hai yaj
10−6

)
.

L QR QL
νR

σaηa

H
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The neutrino connection: Majorana case

B − L symmetry is violated and neutrinos are Majorana fermions.

DM is stabilized by U(1)D, under which SM particles are assumed to be neutral.

Particles U(1)D (SU(3)c, SU(2)L)Y
Qi =

(
uL dL

)T
i

0 (3,2)1/6
uRi 0

(
3,1

)
−2/3

dRi 0
(
3,1

)
1/3

Li =
(
νL eL

)T
i

0 (1,2)−1/2

eRi 0 (1,1)1
QL −1 (8,1)0
QR 1 (8,1)0
H 0 (1,2)1/2
ηa (−1)a (8,2)1/2
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Neutrino masses

−L ⊃ hiQRη̃†1Li + yiQcLη̃
†
2Li +MQQRQL + Tr

[
λη1η2H

(
H†η1

)(
H†η2

)]
+ h.c.

L QR QL L

η2η1

H H

For µ2
η1 �M2

Q, µ2
η1 = µ2

η2 � λη1η2Hv
2 and λ3ηH , λ4ηH � 1:

(Mν)ij ∼ 0,04 eV

(
MQ

12,5 TeV

)(
λη1η2Hv

2

0,1 GeV2

)(
15 TeV

µη1

)2(
hiyj
10−6

)
.
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Summary

We have proposed a simple and viable theory in which dark matter emerges as a
stable neutral hadronic thermal relics, whose stability results from an exact
U(1)B−L (U(1)D) symmetry.

Neutrinos pick up radiatively induced Dirac (Majorana) masses from the
exchange of colored dark matter constituents, giving a common origin for both
dark matter and neutrino mass.

Can be tested at direct DM experiments (and with a lower bound for
neutrinoless double beta decay).
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DM indirect detection

Dominated by the recombination process QQ+ Q̄Q̄ → QQ̄+QQ̄ → SM .

�
����

��
�
�
�
���

���������
��
����������

���

�������� σ�������

�������� ��
����� ����� ���

�� ���� ��
��-��

��-��

��-��

��-��

�� ���� ��� �� ���

σ
��
�
� �
��
��
��

�
/�

�������� ���������

19



Lepton flavor violation

∣∣∣∣∣∑
a

haµh
a∗
e

(
50 TeV

M
η+a

)2∣∣∣∣∣ . 1,5.

l−i Q l−j

η−a γ
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