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Motivation and model setup



Gauge symmetries (SM — LR)

* The gauge symmetries of the SM:

SUB3)e xSUR2)Lx Uy [Gsm]
urp,
dr

* Fermion masses arise from Yukawa couplings after
EWSB:

VL

, egr, ug, dg, Novg
er

LY & _QLYdeR = QLYHHMR = ZLYL)HeR + h.c.

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



LR symmetry breaking

e The gauge symmetries of Left-right symmetric models (LRSM):
SU3)e X SU2)L x SUR)r x U(1)p-1  [Gi&]

ur, VI, UupR
dL ey, dR

e Symmetry breaking:

VR

right — handed neutrinos appear
ex ) — g pp

SUB)e xSUR) X SUR2)r x U(1)p-  [Grr]
<iR>) SUB3)e xSUR)LxU(l)y [Gsu]
(_IiL_Z SUB)exU(1)g [Geml

If Up_y is a global symmetry neutrinos are Dirac particles, whereas a gauged Up_j.
leads to Majorana neutrinos.



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
O 12| 3 ! 2 S B « 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 q 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 4




The fermion masses

* The quark mass:

i UQitH U, Vi UQirH;, +/1UU’SU’

l

-1,.U . U U
(Mu)l] = VLVR (y my'y k)l/ ,  with my; = /l,'j Vs

» The charged lepton masses are generated at \\\ N
one-loop level TR T .
er, CR
K(lﬁ (ZZTHL) (HIZZ[;) ol hC r/ \\
=8 = 61}‘ )\v“ n A' pi{
Mnng + A7, (L}eLI‘;nZ) +he —y ' ‘ '



The fermion masses

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

(kv)ap ( ”'TH*) (ngrng) + h.c.

(Hp) (Hp)
A /
N

* The Dirac neutrino masses are generated at the three-loop level 6



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:

n4 LY, = Nijr witha =a =1,2,3
L/R i) L/R E‘(Y ] 9 9
L/R

e An accidental Z, symmetry emerges in the model, under which Zg/ r and nj . are odd

while all other fields are even. The key interaction are given by
a

Aty (L Lty + Lggng) + he.

* The lightest of those particles is thus stable and serves as a good DM candidate.



Dark matter candidate

* Masses scalars ZL” IR arise from symmetry breaking in the scalar potential. After LR

symmetry breaking:
Vg > (0m)abap + A} N INE + %/lfwvi (NN +hec.)
+ ((m%g)aéozﬁ + /lfzﬁ";e) NZTNE + %/l‘;ﬁvi (Ngﬁ,f + h.c.) :
¢ Masses of neutral scalar NL /R

_ 1 . .
Neg = - (hg/R + zAg/R), hi, AL =S, hg,Ag = Sk

We defined the mass eigenstates, hg/ r and AZ"/ rDY

89 = (Vs)apSt, 88 = (Vsp)apSh

* Reproducing the observed neutrino masses and mixing constrains the neutral scalar
mass spectrum. 3, Two viable scenarios arise: light g and lighth; . 8



The relevant coupling

* In the light hg scenario where My = Mgl =M DM is either n! or ‘7}%'
R
15i 5 i o1 i o101
Ly, = -2 e’Le’LnR {(/IL)U v’LnR + (/ll‘g)ilvjeanL}

Coupling matrices. (/l )lj — /l (VhL)lj’ (/l )ll — /1 (VhR)l/
g cos 6 sin @
Vip=Va, =1, Vp,=Va, = —% sin @ \}ECOSQ
1 1

\—6sm0 —\cmosé

e In the light A7 scenario where Myt << Myl =myps = M3, DM is either n' or hz.
L %

1
15 v 1
Ly, =-Aeéink - \/E {(/lL),] [y I ng + (Af ),1thRnL}

Coupling matrices.

(A))i = A (Vi (AR = A (Vig)iis Vig = Vig = Mp,  Va, = Va = 1



Dark Matter Phenomenology




Values of parameters

Model:hg || vg [GeV] | mg [GeV] | mg [GeV] | My [GeV] | Mz [GeV] | M3 [GeV]
25 % 103 500 125%10° | 045xx 95 4.25 % 103
mg; [GeV] | g [GeV] | my2s [GeV] A A} A5
500 free 12.5 % 10° % 1 1
Model:h; || vg [GeV] mg [GeV] | myz [GeV] | My [GeV] | Mz [GeV] | M3 [GeV]
25 % 103 300 43 x 103 3.48 x x 975 43 x 103
i (GeV] | myas [GeV] mz}e m;23[GeV] A A}
free 300 500 or 300 | 43 x 103 \/L; 1
A3 my; [GeV] | my; [GeV]
1 300 43 x 103 1




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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