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Introduction

Neutrinos are massive: from oscillations Dark matter: from cosmology

The SM is incomplete: New Physics is required to account for neutrino masses
and dark matter

Neutrino masses are at least ©(10° smaller than electron mass

Addition of RHN = Y L/N,, mass generation through Higgs mechanism
= Y, will be very small = Neutrino mass origin is different?

Many ways to generate small neutrino mass: Tree-level(seesaw models),
loop-level ( radiative models)

Big question: Is there any connection between dark matter and neutrino masses?

May be yes: Scotogenic Model arXiv: hep-ph/0601225, Ernest Ma
Address both questions (neutrino mass and dark matter) in an “economical” way

Neutrino masses are “seeded” by dark sector



Original Scotogenic model
Scotogenic model = SM + 3 singlet fermions + 1 scalar doublet + a dark Z, parity

. Standar;i ModelH New F]ei;‘mions NewnScalar Z2 parity: < n > =0
SU(2)p, 2 1 2 1 2 _
U(l)y -1/2 -1 1/2 0 1/2 No tree level neutrino mass
Lo + + + — —

arXiv: hep-ph/0601225, Ernest Ma

Ln = N;dN; — 2Rz NiN; + yianNils + h.c.
V=—pyHH+mZn'n+ XH'H)? + X\, (n'n)* + Xs(H H)(n'n)

N (H ) (gt H) + 23 ((H'n)? + h.c.)
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Inert scalar sector: n= n' = (MR + im)/\@
A
m,72+ = m,? + 73\/2




Tree-level: Forbiden by the 7, symmetry 1-loop neutrino masses

YX.Y?. m? m? m? m? ‘\ /.
y _ a Pi NR 1 R N 1 N ~ -
afp > My | — > 08\ ) T > 108\ 75 SNe o7
7 N\
. . RI 7 S ORI
Approximation: My, m; . My —m; > Asv* . N
/ \
* UV~ ! 7 ' < 7 : <
32n my — My i Ng Np, J

n®!/N, . Dark particles in the loop
The lightest particle odd under Z, is stable: dark matter candidate
Fermionic dark matter: lightest of N,

® can be produced only through Yukawa interaction

® Potential problems with LFV: is it compatible with |
the current bounds? Yo nn

Scalar dark matter: lightest of #,/7,

® It also has gauge interactions
® Not correlated to LFV




Low-scale-seesaw Mohapatra, Valle, 1986
Valle et al, 1404.3752
SM et al., 2009.10116
—F = Z Y/L®uf + MILS; + % uisS;+H.c.  u/SS;: Explicit breaking of #L by two units

I

Add pair of singlets v“ and S with L[v¢] =1, L[S] =1

2
) Vv
Neutrino mass: m, ~ mpM~\u(M")"'m} = 7YVM_1,MS(MT)_1YUT

With very small y¢, one can allow large Y, ~ 6(1), even for My ~ O(1) TeV

No explanation for smallness of ;g !!

Let's try with Dynamical breaking: Lp‘]=1, L[S]=1, L[c] =-2

3
P = Z y,jfLici)yjc + MYVES; + Y!oS,S; + H.c. SM et al., 2103.02670
ij

2
V2 Imaginary part of the o corresponds to the

CP-even scalars: h and H physical majoron J =Im o

KeV scale majoron can play the role of Warm dark matter candidate. It decays to

neutrinos, with a tiny strength proportional to their mass
6



Scotogenic Inverse-seesaw: Explicit breaking

SM et al., 1907.07728

L e | 1° S i o 3
SU U(1 2,—1) | (1,2) | (1,0) | (1,0) | (1,0) [ (2,1) | (1,0 : _
(é)é)z_L( )y || ( > ) | ( 1 ) | ( 1 ) (_1) ( . ) | ( . ) | ( 1 ) Z,-odd extra particles:
Z + + + + —~ + - fermion fand scalar ¢

_ 1 .
EYukawa _ YVcLiTQCI)*VC . 1/56]03 — MuvcS — _Mfff + H.c. Minimal case:
2 2-copies of v, S and f

Vig = —m2die + 2‘1’ (®10)" — m2ere + 75 (€%6)% + Age (1®) (£7¢) + 5 (€2 + h.c.)

o - Softly breaks U(1

b — . €= Ny \f2 oftly breaks U(1);_;

((vq) + B+ Zgbo)/\/i f (fR 51)/
No neutrino mass at tree-level

2 2 1 )\ _ , _
Mg = Mg T 5( vevg + Ii¢) 0 mp 0] S
1 Mpo=|mp 0 M| =|Yie 0 M

— mgl = ,ug Goal: generate the term: 4SS at loop-level



2 2
U
comes from Y.£fS and T‘f(gz +h.c)

Generates the term: 5SS

i = 1My (Bo(0, M3, m2,) — Bo(0, M5, m,)) without y;, m. = m. and hence y =0
— 1/51/5 ng ng _ m%[ m%f
— 167T2Mf (ng _M% log (M% mé —./\/l?c log ./\/l?:
0 my O]
%FO = | mp 0) M » MV — mDM_l,UM_leg.
0O M u

Smallness of u is related with smallness of Mg and loop suppression factors

Not a pleasant solution as potential is not B-L invaraint



Scotogenic Inverse-seesaw: Dynamical breaking

L e V¢ S f o £ o
U(1)p_1 ~1 1 1 ~1 0 0 1 1
Z + + + + - + -~ +

B 1 New complex scalar o
crukawa — Y Litg®* v — Ye€fS — MveS — —/\/l +ff +He

A A A,
V(= — m-®'o + 7(1) (CI)TCI)) — mzf*f + —f (5*5) — m2c*c + 7(0*0)

p ) B — L invariant
+o (DT®) (6%6) + Ay (E¥E) (6%0) + Age (DID) (£4E) + ?5 (&%6)” + h.c.

#L i1s broken by the vev of the complex singlet ¢

1
" = —2(vq, + R, +il)),

Ao Aey + As
1 m§R=m§2+7§v§,+ 52 g
o= —(VO. + R2 + llz) * ]’}/lé2 — mé /15\/
V2 doe o Aew—As
m? = m? + —vi + 1%
| _ S ¢ 2) Yo 2) o
c = ﬁ(@a + i&p)

Now /512 plays the role of ;.



) (o) comes from Y 5 (Exo)
o ° £fS, 20 + h.c) and 4, ff

P Again generates the term: 4SS

T
Yé

§
/ \ 2 2 2 2
1 m m m m
| | SR Er & &
= Y. M lo — lo
5/' e '\S\ SNTZ=Read e g(m) 2 — AL g(m)]

Assumption: Y; and ./Z,diagonal — factorize the loop function

(D)2 A 4(0) 2 2 2 2
XMy LN BT WL L
Hi= 1672 | m2 — M2 e M2 m2 — MH? . MD?

Er &1 f f

f f
2

U, ~ 1 ./15"0 MOy 2 (@) (D)
‘o 16a2 MJS’)Z mz roe ¢ 4

| |

Neutrino mass: | o |
M, =mpM tuM'mL | e |

Y D ' §r7 NG '

vy VR S Fr Fr g, UR

s — 0 : neutrinos are massless: restore #L
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Phenomenology

Scalar sector and constraints: Imaginary part of the o corresponds to the

CP-even scalars: h and H physical majoron J =Imo

_ , _
172 AoVe  AosVoVs
R

h] R, cos@ sin@| [
* = 0 =
[H R [RJ [— sinf cos (9] [RJ

2
_/I(I)GVCDVO' /16‘}6

The coupling of SM Higgs boson to SM
particles gets modified as:

1 *sin” @ 4m?
hSM—>cosé’h—Sin6’H ['(h— JJ) = T 50 \/l—ﬁ

Large invisible Higgs decay for v_ ~ O(TeV)

3271' my, Vg

In case of m; <m,/2:
R/I

1 . 2 4m52R
['(h — &p&p) = —((/150 + A5)V, 81N 0 + Ag Vg, COS 9) 1 — :
32mmy, M, contributes to invisible decay
4m2 > i}
D(h = &) = 5 ((hgy = 25V, 5in 0 + Az €03 6)2\/ -— ki Note that, / is so small
h h

Total invisible decay width: IV — v 5 J)) +T(h — Erlp) + T'(h — &£,&)
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Collider constraints: Signal strength parameter and Invisible Higgs decay

Invisible sector: BRinV(h) =

Visible sector: BR¢(h) =

rinv ) Present bound on Invisible Higgs decay is:
cOs2 QFSM(h) 4 Fi“V(h) BR(/# - Inv) <19% CMS, 1809.05937
cos? QFfSM(h)
cos2 oTSM(p)  Tinv(p)

Modified Higgs production: o(pp — h) = cos206°M(pp — h), o(pp — H) = sin®06°M(pp — H)

Signal strength: y, =

NP, = n) BRNP(, = 1) 1p

sSM(pp — h) BRSM(h > 1)

ATLAS, 1909.02845

Decay
Mode

Production Processes

gegF
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= - :
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0'2: 1f<0.8 i

: BR(h-Inv)>0.19 '
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Assuming only 1 — JJ is present (mg > my,/2)

Forngm < my,/2, exclusion region depends on /. and 4,



For sind =0, h — JJ is not present: constrain A, from BR(2 — Inv) < 19%.
1

4m§2 4 3
= [ 1-— ) <98x10

my,

Constraint from direct search: pp > H—-> WW - 2020, pp - ZZ - 4¢

If my; >2m,, pp > H— hh SM et al., arXiv: 2103.02670

But for v_ > v,,, the constraint from the signal strength parameter is stronger.

Dark matter phenomenology
Z, symmetry: fermionic DM (/) or scalar DM (&)

In case of fermionic DM f, Y.£fS will determine the relic
. £ i . 2 2 _ 2
Scalar DM: & if 45 <0 or &, if 45> 0 (mz —m: = Asv;)
Advantage: DM and LFV source is different for both fermionic and scalar dark matter

Source of LFV: Y .Lic, H*1*

13



Annihilation channels

Close to complex scalar dark matter but not quite due to presence of majoron J

$1(R) J 51,5 h, H
S Ve ER.T h,H,.J IR
\T/ \\\ //f T
| S - - |

\$R(I . x . 'E1LR
! . o |
| 7 N |
RN PRe N AN
// \\\ gR,I h,H,J /// \\
gf(é) ~ gI,R/ A \h, H
fI(@) J
N ER,1 h,H,J 53\1\
Y \\\ ,” \\
| ~ - _ ~ \/h o
:§R(1) P o~ WH -< . - h H
I -, ~ s
//’/ \\\ ERT h,j\'{,J ERT
e ~ah, H
ErR(D
SR £ .q In case of small 1., annihilation to J
~ 5
TS depends on sind and 4,
.7 hH
SR .
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Relic density and direct detection

BP1: sin0d =0, Ay = 0.01, BP2: sinf = 0, 45, = 0.1.

Fix: m, = 1TeV,v_=3TeV, 4 =0.1 and Aee = 0.1

Various features of relic density:

1st dip at m: ~ m,/2 : s-channel 1 exchange

1 2nd dip: for m; > 80 GeV, &&, > WW,ZZ

are important

? 3rd dip at m: ~ my/2 : s-channel H exchange

1

} For large m;, < ov > «x — = Qh” increases

Mg,

BP3: sind =0.1, /1@65 = 0.01, BP4: sind = 0.1, /Iq,g =0.1.
102 I - -
101
109
1071 . :
~ :
L -2 E |
S10 ;
103 E <
: BP1 —
-4
107 F BP2 ——
105 L BP3 —— ]
3 BP4 — ]
10-6' N Ll
20 50 100 1000

mER [GeV]

5000

For large m; , $plr — WW,ZZ through Higgs dominates,

and depends on 4, (fixed /., sin 0 ~ 0)

Hence, BP1,BP3 and BP2,BP4 coincides

coannihiliation with ¢, if mass splitting is small

Sizeable annihilation to JJ/ depending on the mixed quartic couplings

15



Direct Detection

SR &R
RN e Aneoe. = ApeVep €08 0 + (A, + A5)v,sin 6
b q _ .
T leRfR = ﬂq)qu) sin @ + (Afa ~+ )«5)\)6 cos @
'h, H

2mZ 2 A A 2
m h H ]
Sl _ My NfN< Gl oo g e 9>
m}% mg

4wms vg, 2
q g The relative sign between the h and H contributions as:

hSM — cos@h —sinbH

Possibility of destructive interference: ~ 10*°
DD can be very small
510742
5
BP1: sin0 = 0, 4g; = 001, BP2: sin0=0,2,=0.1. =
BP3: sin¢ = 0.1, Ay, = 0.01, BP4: sin@ = 0.1, 4, = 0.1. 210
o
Q
Difficult to obtain low mass dark matter =106
s
= 1048
10-50 1 1 L1 11 1 1 1 L1 1 1.1 1 1 1
10 20 50 100 1000 5000

. Mg, [GeV]



Compilation of relic density, DD and invisible Higgs decay

Fixcmy =1TeV,sind =0, v, =3 TeV,/lg =0.1, 4, =0.1

103

100 BRINV(h)>0.19

\

Qg

R

R

10 20

50 100

mER [GEV]

1000

5000
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Free parameter: 4,

Correct relic: Along the cyan line



2, Ui

OB and LFV

. 2ig 2ig
‘ cos 07, cos O5m, + sin 07, cos O7,mye* P2 + sin 02mqe? 13

100 [T T rer T rrreorrrrors FrrrerrrrrT N SR B
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//
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_ - > :\\\\\ k \ L&“\\\\\\\\\\\\\\ \ NN \\\\xﬂ\\\‘d CUORE
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Q [l Y. ...l SyY Gerda-ll
phase ¢ = ¢, — ¢;; > Ovpp has 102 [ LEGEND 1000 1 | kamLAND-zen
- L EXOL0Y | e ]
lower limit Y ]
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incomplete seesaw ST s LT . )
Q/m
u=[10"7,10"2] GeV, M=[102,105] GeV
1070 grm T T T T -V T %, ,C
= Source of LFV: Y .Lic,H*v
10712 E. .....................................................................
1014 ,=_ ........................ BR(/ _ / as my my, vZ M?
o : &; — j) 756772 ( ve )J 2
1 10-16 S SERRERRRRPRRR o ' T Ff M MW
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@ 10718 i § 2 — _
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Summary

SM lacks neutrino mass and dark matter. New physics is required.

The scotogenic model is a very economical scenario for neutrino masses
that includes a dark matter candidate

We have studied a variant of scotogenic model in the framework
of low-scale seesaw

generation of 4 parameter through scotogenic loop

We have studied the scalar dark matter. The nature of dark matter is different
from doublet » of scotogenic model

Presence of majoron modifies the invisible Higgs decay

Nature of dark matter is not excatly same as complex scalar
dark matter due to the presence of majoron J

Thank You for your attention
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Cubic and quartic couplings

Aabe Couplings in terms of Lagrangian parameter
hérER ()\50 + )\5)’00 sin 6 + )\cpg?}cp cos 6
HERER (Aeo + )\5)00 cos 0 — Apgvg sin d
h&rér (Aeo — A5)Vs sinf + Apeve cos 6
Hf[f[ (>\§a — )\5)?}0 cos b — )\cpqup sin 6
§r€rJ A5V
hJJ m3 sin 6 /v,
HJJ m4; cos 0 /v,
Aabed Couplings in terms of Lagrangian parameter
hhéRER Age €052 0 + (Aeo + As5) Sin 0
hh&r&r Ape cos? 6 + (Aeo — Ap) sin 20
HHERER Ape sin? @ + (\eo + A5) cos? 0
HHEE Aog sin’ @ + (Ao — A5) cos? 0
JJIERER Ao — A5
JJIErEr Aéo + As
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