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@ Despite its tremendous success, SM can be regarded as a low-energy
effective theory of a more fundamental theory

@ No direct evidence of NP either in Energy frontier or Intensity frontier

@ There are a few open issues, which can not be addressed in the SM

o Existence of Dark Matter = New weakly interacting particles

o Non-zero neutrino masses = Right-handed (sterile) neutrinos

o Observed Baryon Asymmetry of the Universe = Additional CP
violating interactions

@ |t is obvious that SM must be extended.

@ As a consequence of m, # 0, many new avenues beyond SM are expected
to exist

@ One among them is neutrinos having EM properties, e.g, electric and
magnetic moments

@ It is extremely hard to measure their EM properties, but limits can be set
from various expts.



Neutrino magnetic moment

@ Neutrinos being electrically neutral, do not have EM interactions at tree
level. However, such ints can be generated at loop-level.

@ Study of neutrino electromagnetic interactions may shed light on the
underlying theory

2
@ With the loop suppression factor :TZ the contribution turns out to be
w
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@ Thus, m, # 0 imply non-zero NMM, which can be used to distinguish
Dirac and Majorana neutrinos
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Neutrino Magnetic moment: Experimental status

@ The quest for finding NMM started much before the discovery of

neutrinos

@ In 1954, Cowan, Reines and Harrison
put the upper limit as 10~ i in the
process of measuring background for
a free neutrino search experiment
with reactor neutrinos

TEXONO (2010)
Reactor GEMMA (2012)
CONUS (2022)

LAPMF (1993)

Accelerator
LSND (2002)

Borexino (2017)
Solar
XENONNT (2022)

PEYSICAL REVIEW VOLUME 96, NUMBER § DECEMBER 1, 1954

Upper Limit on the Neatrino Magnetc Moment*
1. Coma o, . R o . B, sy
Ussy o L Al S iy, Lis Ao Ve Vet
(R gt 1§ 5
of 10 Bobr magaeons for the enting maguetc mumet.

o < 2.0 x 1070,
oy < 2.9%x 10 g,
py < 7.0x 10" Mpus.

oy < 7.4 %107 0pg,
py < 6.4 x 107 g

o < 2.8 x 107 Mg,
fy < 6.4 x 107 Ppp.



Neutrino Magnetic moment

@ Neutrinos can have
electromagnetic interaction
at loop level

@ The effective interaction
Lagrangian

Lem = PrapA* = JEM A

@ The matrix element of JEM between the initial and final neutrino mass
states

WP 10 (p)) = a(P")Tu(p', p)u(p)
@ Lorentz invariance implies I, takes the form
Fu(p P') = fo(a*) v + ifu(a*) 01 @” + fe(a*) 0w @5 + fa(@°) (@Y — Guil)rs

fo(q?), fu(g?), fe(g®) and fa(g?) are the form factors



Magnetic moment in minimal extended SM

@ For Dirac neutrinos:

D

ij eG *

{ZDJ = 8\/51;2(m,- + mj) Z f(x)Uj Uy, x| = mj /miy
ij

I=e,p,T

@ The diagonal electric dipole moment vanishes: ¢ =0

@ For the Majorana neutrinos both electric and magnetic diagonal moments
vanish (matrix is antisymmetric)

pil =i =0
f(pi) f(ps) v(pi) v(ps) vi(pi) vs(ps)
7(a) (@) o)
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Neutrino Transition moments

@ Neutrino transition moments are off-diagonal elements of

D 2
i 3eGr m * .
{ S - 322 (mi £ mj) g (—) UiUj, fori#j

€ij I=e,p, T

@ The transition moments are suppressed wrt diagonal moments

D
Wi _ m; = mj
{ DJ ~ —4x10 B (TJ) ﬁj,tLB

€jj

@ For Majorana neutrinos transition moments may be non-vanishing

@ When v; and v; have opposite CP phase

M 36‘GFI”,‘ ( >
py = 220 E Im(U;; Uy)
Y 161272 i Un)

I=e,p, T

@ Thus we get: ug-/’ = 2/1,—5—’




Neutrino-electron elastic scattering

@ Most widely used method to determine vMM is v + e~ — v + e~
do _ Gﬁme
dTe ) gy 2w
do _ ol 1 1 [heff 2
dT. EM - mg Te E, B

@ The cross sections are added incoherently

do _ (4o + do (x & for low recoil)
dTe ) roe \dTe )y dTe ) gm Te

XX

.\’ me Te
(av + 84)° + (gv — ga)’ (1 - F) +(gi—&v) 2




Model Description

@ Objective is to address the neutrino mass, magnetic moment and dark
matter in a common platform

@ SM is extended with three vector-like fermion triplets X4 and two inert
scalar doublets 7;

@ An additional Z, symmetry is imposed to realize neutrino phenomenology
at one-loop and for the stability of the dark matter candidate.

‘ Field ‘ 5U(3)C X 5U(2)L X U(l)y ‘ 22 ‘
Leptons | £, = (v, e)] (1,2, —1/2) +
€r (].7 1, — 1) =+
zk(L,R) (17370) —
Scalars H 1,2, 1/2) +
"j (1727 1/2) —

Table: Fields and their charges in the present model.



Model Description

@ The SU(2), triplet X r and inert doublets can be expressed as

5.2 i,R:<Z‘Z,R/\/§ P ) n_;(n,g)_ 0= i
’ V2 Tir “Zie/V2)T P\ P V2

@ Charged scalars help in attaining neutrino magnetic moment , while
Charged and neutral scalars help in obtaining neutrino mass at one loop.

@ Scalar components annihilate via SM scalar and vector bosons and their
freeze-out yield constitutes dark matter density of the Universe.

@ The Lagrangian terms of the model is given by
VR ~ —_— i — 1 _
Ls = Yoilat LrT)j + Yakls, io2Xmn; + éTr[Z'y”DMZ] — ETr[ZI\/Iz):] +h.c.

@ The Lagrangian for the scalar sector takes the form

[fscalar - - g

i=1,2

2
— V(H,m,n2)

(% + ég oW + ég'Bu) ni
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Mass Spectrum

@ The scalar potential is expressed as
V(H,m,m2) = udH H + pdnm + pdnine + id2(nme + he) + Au(HTH)? + M1 (nfm)?

+ X2(nm2)? + Ar2(ni ) (nhm2) + Np(nin2) (nimy) + “22 Mo [(mn )2+ h~c‘]

"

A
% [(anjf + h.c.]> .
@ The mass matrices of the charged and neural scalar components are:

Aci p? 2 Agi  p? 2 Ar o p2
M2 = 2) 0 ME = 2) M= 12
(,U‘%Q Ac2 R #%2 AR2 ! )U‘%Q A2

AHj
ACJ—NJ+7J 2

+> <)‘HJ (HTH)(n] ) + Ny (Hn)) (] H) +
j=12

N

Vv
ARj = /LJQ- + <)\Hj + )\;'U + ;./,j) 7,
2

Vv
Nj = pf + (AHJ‘JF/\;-U - L’u‘) 5
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Mass Spectrum

@ The flavor and mass eigenstates can be related by Uy = ( cosf ~sin 0)

—sinf cos6

i\ ¢>r> (nf)f <¢>5> (n{)f ()
(@)‘“"f (@ k) T Ve k) () =V (gt)

@ Invisible decays of Z and W at LEP, limit the masses as

Mci > Mz/2,  Mgi+ M > Mz, Mci + Mg ;i > Mw.
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Neutrino Magnetic Moment

-
@ In this model, the magnetic moment arises n,”,—"*‘uf){l:
. . ‘. ‘\
from one-loop diagram, and the expression ;
of corresponding contribution takes the form [ o
kR kL

3 2 2
_ (Y )aB . 1 Mg,
(pv)ap = ,;:1 en2 MZI (1 +sin 29c)M—gz In e | 1

. 1 Me,
—|—(1—sm20c)M—gl (In |:M)2:+ -1,
k

where y =y’ = Y and (Y?)ap = Yax Yis -
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ny(n9) Le-¥=~o oy (nf)
@ Contribution to neutrino mass can arise at . *
one-loop: with charged/neutral scalars and
fermion triplet in the loop P 0] ’ vg
kR kL
> (Yz)al? : Mg? Mé?
(My)ap = kZ:; Ton2 ME; (1 +s1n29(;)mln 2,

2
MZ Mg,
+ (1 —sin20p)—5—2—In .
- "\,

M2 Mg

(14 sin20p)~—5—L2—In | —*

3, - 0 " \ 372,

M3 Mg
+ (1 —sin20p) 52— In [ —*
Mgy — Mpy — \ My

M3, Mg,
(1 +sin 291)71\4122 In <]M—I22
M2, M2,
+ (1 —sin 201)]\/[2—]\/1%,1 In (szf .

L (Y?)
aB
+Z 3972 MZ%
k=1

3

Z )"’3 My

k=1
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Inert scalar doublet dark matter : Relic density

@ The model provides scalar dark matter candidates and we study their
phenomenology for dark matter mass up to 2 TeV range.

@ All the inert scalar components contribute to the dark matter density of
the Universe through annihilations and co-annihilations.

oFof — FF, WTW™,ZZ, hh (via Higgs mediator)
oRe!l — FF, WTW™, Zh, (via Z boson)
oo — £FAWE ZWE hWE, (through W* bosons)

@ The abundance of dark matter can be computed by

1.07 x 10° GeV™t 1 ® (ov)(x)
QR = h = WIVIX)
M g.1/2 J00)’ where J(xr) / 2 dx

Xf

@-@(@:WZW &x(s—4M]23M)\/§K1<Xﬁ)ds

2 M
M2, DM
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Dark Matter Direct Searches

@ The scalar dark matter can scatter off the nucleus via the Higgs and the
Z boson.

@ The DM-nucleon cross section in Higgs portal can provide a S| Xsection
and the effective interaction Lagrangian takes the form

Lo = aght ¢rqq, where

M . .
da = WX/M(AU cos’ Or + A2 sin” Or) with Ay = A + Aby + Afj.

@ The corresponding cross section is

1 MaMrr \° [ A1 cos® Or + Az sin? O ? 202
A7r \ M, + Mgr1 2Mr1 Mﬁ "

os1 =

@ Sensitivity can be checked with stringent upper bound of LZ-ZEPLIN
experiment.
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Numerical Analysis

@ We consider ¢F to be the lightest inert scalar eigen state and there are
five other heavier scalars.

@ We consider one parameter Mg; and three mass splittings namely 6, dir
and cr.

@ The masses of the rest of the inert scalars can be obtained from:
Mgrz — Mr1 = Mi2 — My = Mcz — Mc1 =6,
Mgi — Mjj = 01r, Mgi — Mci = dcr

@ Scanning over model parameters as given below

100 GeV < Mgy < 2000 GeV, 0 <sinfg < 1,
0.1 GeV < § < 200 GeV, 0.1 GeV < g, dcr < 20 GeV.



Results on Neutrino oscillations

@ For diagonalization of neutrino mass matrix, we take

cos 0 e “sing

cos® sin® 0
U, = Urpm - Uz = __% cf;ie % 0 1 0
S'\”/g) —C‘\’;ie % —e“sing 0 cos

which gives
M, =Y -diag(A, Ay, A5) - YT, =Y -diag(A1, Ay, A3) - YT
where Y is the 3 x 3 Yukawa matrix

@ Diagonalizing the matrices using U,, gives three unique solutions where
the Yukawa couplings of different flavors become linearly dependent,

2 cos© cos 2 sin®©
Yere3 = | = V2 — 2 Y1, Yeo = _LYT27
sin® cosp F e Csingp cos©
y B e “sinp +sin© cos Vo, -
u/u3 =\ e=ilsing Fsin@ cosp ) TV pem
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@ Thus, the obtained diagonalized matrices are

a1 YAN (M) 0 0
M [ = 0 2 Y2ZN0N,) 0 :
0 0 as Y33/\§9/\3)
where,
2e2¢ 2 2e%¢
ai asz =

= . , = ———, . - - .
(—€'¢ cos psin © + sin )2 >7 020 (e=7¢ cos ¢ + sin O sin )2

@ Using the best-fit values on 612, 613 and 653, we fix © = 33.04°, ¢ = 10.18° and
¢ = 180°.

Yo = Ye @ Vs

2.x1075

1.x10°5} (Amp1) 2 l

i
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(mg #my+my) 2
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Some Results
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Figure: Left panel: Projection of SI WIMP-nucleon cross section as a function
Mpg1. Right panel: MM and and light neutrino mass for suitable Yukawas.
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Some Results
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Figure: Left panel: Suitable region for triplet mass and Yukawa to explain
neutrino phenomenology. Right panel: allowed region for scalar mass splittings,
thick (thin) bands correspond to dir (dcr) respectively.
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Benchmark values of parameters

Mg, [GeV]|6 [GeV]|dcr [GeV]|dr [GeV]| My [TeV]|Yukawa|sin 0r

benchmark-1 1472 101.69 9.03 0.35 420 10~489 | 0.09

benchmark-2 628 36.40 4.38 3.45 80 10485 0.06

lpw| [uB] | My [GeV] Log[fgsﬂ cm™2| Qh?

benchmark-1 | 2.73 x 10~11| 1.99 x 1071°|  —47.78  |0.123

benchmark-2 | 3.03 x 10~11| 1.92 x 10—10 —47.04 |0.119

PEPTTTPRRRREe L

BT o —— benchmark-1
77777 benchmark-2
10°° .
500 1000 1500 2000
M [GeV]
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Excess in electron recoil events

dN Epax Tmax dovee dovne
7 — DNte v Pee 0 Pe
ar, ~ M /E o /T a7 ( a7, Pee 05" 0= “)

th
dgs
dE

X €(Te) X G(Te, T;).
where, E™™ = 420 KeV and E™® = [T + (2m.T + T?)z2]/2.
@ Tin =1 KeV and Twax = 30 KeV stand for the threshold and maximum

recoil energy of detector.

+esee Signal +Background -+ Signal Background @ XENON-1T data

Events/(ton.yrKeV)

Hy, = (2.6-3.2)x10711 pg

5 10 15 20 25 30
Tr [KeV]
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Variation of ¥ Magnetic Moment with DM Mass
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Conclusion

@ Primary objective is to address neutrino mass, magnetic moment and
dark matter phenomenology in a common framework.

@ SM is extended with three vector-like fermion triplets and two inert scalar
doublets to realize Type-lll radiative scenario.

@ A pair of charged scalars help in obtaining neutrino magnetic moment,

@ All charged and neutral scalars come up in getting light neutrino mass at
one-loop level.

@ All the inert scalars participate in annihilation and co-annihilation
channels to provide dark matter relic density consistent with Planck data

@ The model is able to provide neutrino magnetic moment in a wide range
(107" up to 107" °ug), in the same ball park of Borexino, Super-K,
TEXONO, XENONnNT and white dwarfs.

Thank you for your attention !
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