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Motivation and model setup



Dark Matter

Evidence of Dark Matter
¢ Galaxy rotation curves
 Gravitational lensing T
* Cosmic microwave background
Required properties:

¢ EM neutral Dark Energy

* long-live
¢ non-relativistic (“cold”)

DM is not in the standard Model

Energy density of the Universe



Neutrino mass

e The gauge symmetries of the SM:

SU3)e xSUR2)LxU(l)y [Gsm]
ur,
dr
* Fermion masses arise from Yukawa couplings after

EWSB:

VL

,  er, uUg, dg, Novgr
er,

LY ~ _QLYdeR = QLYMI:IMR = ELY€H€R + h.c.

¢ In the SM, neutrino masses are absent — m, = 0



LR symmetry model

* The gauge symmetries of Left-right symmetric models (LRSM):

SU@3)e x SUR)L x SUR)gr X U(1)p-r  [Grr]

}

right-handed fermions are doublets under this symmetry

) ()

* Higgs fields become one SU(2); doublet scalar Hy, and one SU(2)g doublet scalar
Hp, which break the electroweak (EW) symmetry and SU(2)g X U(1)p_r, respectively.

UR VR . .
dR) (eR) —) R right — handed neutrino




Our model

¢ We extend the LR symmetric model by introducing new neutral fermions and scalar

fields, while keeping neutrinos Dirac.

Fields | spin | SU(3). SU@2). SUQx U(pL | Z¥ z8 Uy
o |12] 3 2 1 1/3 [ 0
Qp |12 3 ! 2 3ot 10 « U(1), = forbid Majorana
vi 12| 3 1 1 4/3 1w 0
Ui | 172 3 1 1 4/3 w 1 0 mass terms
D | 1/2 3 1 1 -2/3 1 W 0 I R .
o |12| 3 1 1 Y I T 0 s Z; x Z, = forbid one-loop
Loz 1 2 1 - @ 1 ! Dirac neutrinos masses
L | 12| 1 1 2 -1 1w 1
no 2] 1 1 1 0 . ! * New Scalar field:
no || 1 1 0 11 1 T
H, | 0 1 2 1 1 PR 0 (Hp) = (O,vp)",
i A S S T I SR (Hg) = (0,vp)". () = vs
| o 1 2 1 = w1 0
g | o 1 1 2 -1 1w 0
s o 1 1 1 0 @ w 0 5




The fermion masses

* The quark mass:
Yi UQitH U, Yy Ui rHL U + /1U A

(My);; = vLVR (y mUlyUk)l/ , with mllj] /lfj]vs.

* The charged lepton masses are generated at )
\\

one-loop level
Kap (ZSTHL) (H;Zﬁ) +h.c. ;
Min + 8, (LLant) + he. —y 1 : o

i ,
Higher dimensional operator: )K’L‘L (H LH};) L]R + h.c.



The neutrino masses

* For neutrinos
—) Breaks the Zk x Z¥ symmetry

(Kv)ap ( LY tH: ) (HgTTZ@ + h.c.

(Hp) (Hp)
A /
N

* The Dirac neutrino masses are generated at the three-loop level i



Origin of dark matter in the LR model




From lepton and neutrino mass generation to dark matter

* To generate charged lepton and Dirac neutrino masses, the model introduces new
neutral fermions and scalar particles:

n? LY, = NLQ/R N = — (fl“ +iAf )
L/R L/R Fa LR = 5 \"LIR L/R
* The lightest of those particles is thus stable and serves as a good DM candidate.

n! fermion DM

—) DM candidate hi real scalar DM

by |

Ve complex DM

* The key interaction are given by

A6, (LTt + LEgng) + he.



e In the light hg scenario where Myl = Mgl =2 M1

4

n! fermion DM

Vlle complex scalar DM

DM is either

The interaction: L, = —1/e! ¢ n}, — {(/1 )iV, n + (A )llVRVRnL} P 10

* In the light [z scenario where m;1 << my1 =mp3 =m,23,
L L L

IL
n! fermion DM

real scalar DM

DM is either



Dark Matter Phenomenology




A4, (L L+ Lgnt) + he.

Relic abundance
——
DM SM

Direct detection
DM SM

* DM abundance is determined by solving the Boltzmann equarion,

dngm
dt

+ 3Hngm = —(0V)eft [”ﬁm - (nZ?n 2]
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Relic abundance: /i scanario

Qh?

10°
107!

1072

m, =500 GeV, Mj =95 GeV,

M;=4.25TeV

P » DM: Dirac n' and complex scalar 711€

¢ Dominant annihilation:
(ov) L ()i ()12
nlal—vive = 327er(1+m‘7}e/Mf)2

| (ARt () 1>

: (OV)5a5a i, = T, (a8 o )2
o YR YR
; ¢ Bounds from v thermalization and
?5 decoupling:

"% Tto ~ mpm / 20 > Tp = 600MeV =
4

<

mpm = 10GeV

L= e ey e Tl A A\ AN

10!
M, [GeV]




Reliac abundance: /; scenario

m, = 300 GeV, M, = 975 GeV, M; = 4.3 TeV

10° ———— —

e DM: Dirac n' and real scalar hi

¢ Dominant annihilation:
[(A))i1 ()11

(O-v)nlr_zl—wiﬁi - lZSnM%(1+m:1 /M%)2
) L
; @@
my = 0.5 M, ] (O-v)hlhl_)yff,/ = 607m?2 (1+M2/m2 )4
3 L LI nl 1 !
e 11111 1= 3 M i L
—_— =2 M,
—— my = 1.1 M,
10—7 . L . L
10° 10! 10?

M; [GeV] 12



Direct Detection

1 1 1
LR LR LR "R
Lyg=-5--"~
Y.z
N > N N > N

Figure 1: The leading one-loop diagrams for elastic scattering of the Dirac DM with a nucleon (N).
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Direct Detection: /4 scenario

Light hg, m, = 12.5TeV, m, = 300 GeV

Dirac DM

2
osi(cm?)

Direct Detection

5
Mpy [GeV]

SI cross section:
maM? ZCy p+(A=Z)Cy,
7 (my+My )2 A

gs1 =
For Dirac DM n!, dominant
contribution: one-loop photon

: . _ Y
diagrams:Cy y = CV’N
For complex scalar 711?, dominant
contribution: tree-level Z’-mediated
process Cy y = C‘Z,’N
os1 X (Qh?)/0.12



Direct Detection: /;, scenario

Light by, m, = 43 TeV, my,=m, =300 GeV

10-*¢
10,45; Direct Dclcctir:xl___ _ . . ,
; g * Only Dirac DM n":Cy y = C Nt Cv N
10746 . . .
: e There is a potential cancellatlon:
1047 i
5 g Cy,p = sz,p ~ 4 l log negatlve
S 108 d e
7 an
S 10-49 m?,
@ ~ CZ 1Y 21 AL
; V.n = Vn~2i|( L)i1| 0g .2
1070 %y N | nl
st b \ positive
sl i N
1075 510 50100
M] [GeV]
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Summary




Summary:

* We construct a left-right symmetric model with Dirac neutrinos, where charged
lepton masses and neutrino masses are generated radiatively at one-loop and
three-loop level, respectively.

* The model naturally predicts a stable dark matter candidate, protected by an

accidental Z, symmetry arising from the particle content and interactions.

 All dark matter candidates can be thermally produced with the correct relic
abundance, while cosmological bounds from right-handed neutrino thermalization
and direct detection experiments significantly constrain the viable mass range.
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