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Neutrinos: What we know

Results from various Neutrino oscillation experiments firmly established the standard

three-fravour mixing framework:
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Neutrino Mixing Matrix

All the mixing angles are measured with relatively large values in contrast
to small mixing in quark sector

This opens up the possibility of observing the CP violation in lepton
sector as CP violation effect is quantified in terms of Jarlskog invariant

2 S
Jcp = si13ci3512C12523C23 Sin Ocp

CP violation in lepton sector is quite different from quark sector.
S~ 0(107), g ~ 0107

dcp can be searched in long-baseline expts. through oscillation channels

Vy — Ve and U, — Ve

Objective of the two currently running LBL expts. (NOvA and T2K) to
measure dcp



Current values of Neutrino Oscillation Parameters

NUFIT 5.2 (2022)

without SK atmospheric data

Normal Ordering (best fit)

Inverted Ordering (Ax? = 2.3)

bfp +1o 30 range bfp +1o 30 range
sin? 612 0.30319:912 0.270 — 0.341 0.303+9:012 0.270 — 0.341
012/° 33411378 31.31 — 35.74 33411575 31.31 — 35.74
sin? fog 0.572+5:5%% 0.406 — 0.620 0.578+9:95% 0.412 — 0.623
023/° 49.1+19 39.6 — 51.9 49.5799 39.9 — 52.1
sin 013 0.0220313:99956  0.02029 — 0.02391 | 0.0221973:999%0  0.02047 — 0.02396
013/° 8.5415:13 8.19 — 8.89 8571012 8.23 — 8.90
Scp/° 197152 108 — 404 286137 192 — 360
Am%l +0.21 +0.21
05 o2 741792 6.82 — 8.03 741552 6.82 — 8.03
Amgz +0.028 -0.032
Tos oy | TROUIIGGE 42428 42597 | —24981G0E  ~2.581 - ~2.408




Main Assumptions

Neutrinos have only Standard (V — A) type Interactions

There are only three flavours of neutrinos

The PMNS Matrix is Unitary

No information regarding the nature of neutrinos, i.e., Dirac or Majorana
As there are no RH neutrinos in the SM, neutrino masses cann’t be
generated by the standard Yukawa interactions

They can be generated via various seesaw mechanisms

o Type-l : Additional RH Neutrinos
o Type-ll : Additional Scalar triplets
o Type-lll : Additional Fermion triplets

@ New heavy particles are inevitable for generating the tiny neutrino masses

@ Since neutrinos are special, they can provide the ideal platform to explore

various BSM Physics



Open Windows on Physics beyond the SM

Neutrinos give a new perspective on Physics BSM.
Origin of masses: Why neutrinos have mass and why are they so lighter.
Why their hierarchy is at most mild

Problem of flavour:

~1 X A 0.8 0.5 0.16
Ve = A ~1 A . A~0.2, Upuns=| —04 05 —07
AN~ —-04 05 0.7

@ Why leptonic mixing is so different from quark mixing

@ This information is complementary with the one from flavour physics

experiments and from colliders.



New Physics prospects from Neutrino experiments

The Standard Model

coupling

Neutrino Experiments
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[Fig. Courtesy: P. Machado]
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New Physics Effects: Non-Standard Interactions

Non-Standard interactions (NSls): Sub-leading effects in neutrino
oscillation, usually generated by the exchange of new massive particles
NSls are parametrized in terms of € ~ O(M2,/M3p) and open the
possibility to test neutrino oscillation facilities

NSI effects may appear at three different stages in an expt:

(i) neutrino production, e.g., 77 — u* + v. (source)

(ii) neutrino propagation from the source to the detector

(i) neutrino detection e.g., ve + n — p+ 1~ (detector)

G s - rd
Lcc-NstI = 7% ZE(;:; f 7577 (1 — v5)la] [f Yo(1 £ “/5)f]

IRZ

G, m o -
LNc—NST = 7% Z&mff (787" (1 = v5)val [Frp(1 £ 75)f]
f

@ Charged Current NSls: Detection and Production process.

@ Neutral Current NSls: Neutrino propagation.



Basic formalism of NSI

@ The Hamiltonian for neutrino propagation in matter in the standard
paradigm is given by,

Hsmy =  Ho+ Hmatter
- %U - diag(0, Am3;, Am3;) - UT + diag(Vcc, 0,0)

@ The NSI Hamiltonian

Eee Eepy Eer
:
Hnsi = Vee | € €un €pr where cap = |eagle

*

6:7‘ EM,T Err

508

@ Diagonal elements correspond to LFU violation interations.
@ Off-diagonal elements correspond to LFV interactions.

@ Neutrino oscillation probability in presence of NSI is given by

P(va = v5) = [(vgle” Pt Pinst |y, ) 2,




NOvVA and T2K results on dcp: Hints for NSI

T2K, Nature 580: = BF — <90% CL ---
NOvVA: + BF []<90%cCL [l <68%CL
| L

<68% CL

T ™ 3z
Scp 2
@ Both expts. prefer Normal ordering

@ No strong preference for CP violation in NOVA: §cp ~ 0.87
@ T2K prefers dcp =~ 37/2

@ Slight disagreement between the two results at ~ 20 level
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Model dependent approach: Leptoquark Model (2205.04269 )

Leptoquarks are color-triplet bosons which can couple to quarks and
leptons simultaneously

They can be scalar/vector type and are found in many extensions of the
SM, e.g., SU(5) GUT, Pati-Salam SU(4) model, Composite model etc.

Natural good candidates to coherently address the flavor anomalies while
respecting other bounds

Let's consider an additional VLQ Us which transforms as (3,3,2/3) under
the SM gauge group SU(3) x SU(2) x U(1)

Since Us transforms as a triplet under SU(2),, it can couple only to LH
quark and lepton doublets and the corresponding interaction Lagrangian is

£ NEQU (7 UK )15 + Hec,

The three charged states are:

VP = (U5 - 5)/V2, U = (U + i3)/V2, U= 08
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NSls due to LQ interactions

@ The effective four-fermion interaction between neutrinos and u/d quarks
(@' +va — ¢ +vp)

Ve d(u)

Edown _ )\J,Lé/\I.LaL*(HifyuPLdj)(ﬁa’YHPLI/B) )

LQ
vy 0"

1 ) -
. NjgAia™ (@9 PL’) (Zar Puvg) |

up __
[’eff__

d(u) Vg

@ Comparing with the generalized NC-NSI interaction Lagrangian
,C = 72\@6}:82%(1‘_"}/#PLf)(Ija’y'uPLVﬁ)

@ One can obtain the NSI parameters as
1 1 1 1
ul LLyLL dL
Eap = )‘l’j)‘la ) and €ap =
2\[GF mLQ V2Gk mLQ

@ LQ parameters are constrained from te LFV decay, 7° — pe

LLyLL
>‘1 B >‘1a .
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Constraints on LQ couplings from LFV decays

For constraining the LQ parameters, we consider the LFV decay 70 — pe,
mediated through the exchange of U2/3(U35/3)

The effective Lagrangian for 7% — (ute™ + eTu™) process is given as

d(u) u(e)
Lot = — [ MEME @y du) (icveer)
miq

L 5
" w5")

+ —— (VAR (VAR (4" u )(ﬁLA’/"eL)] e

m
LQ ) dw)

From the measured branching ratio of this process at 90% C.L.
B(r® — pte” +puet) <3.6x1071°
one can obtain the bound on the leptoquark parameters as

)\LL)\LL*‘

0< 1201 <34 % 107° GeV ™% = myq > 540 GeV for \;j ~ O(1).
mLQ

These bounds can be translated into NSI couplings as

eit <01, £ <02, = £, <09

Cep > e
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Scalar mediated NSI

For NSls, discussions are mainly focusing on vector currents, either from
a vector mediator or with Fierz transformation from a charged scalar

@ Neutrinos can couple also to scalar field & scalar NSI can induce rich
phenomenology

@ In contrast to vector NSI, scalar NSI effect is no longer a matter potential

Vector NSI always conserves chirality, which is no longer true for SNSI

@ The latter can only appear as a correction to neutrino mass term that
flips chirality
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NSI mediated by the scalar field

@ The non-standard interaction between the

neutrinos v and the fermions f, mediated f
by a scalar field ¢ Yy
YapB Yf /
o _ _
Log = o (Davg)(ff).

@ L.g cann't be transformed into a vector current via Fierz, hence it does not
contribute to the matter potential

8£eﬂ'

OVq

1 -
o ?(ff) X vg
@

@ So it appears as a medium-dependent correction to the neutrino mass.
@ Dirac equation in the presence of SNSI becomes

N
- {,-amu . (Mﬁa N W)] Ve =0
m
¢
@ It can be realized as a mass shift

1
Hor = f(M + MY (M 4+ 8M) + Vee, where Ve = diag(vV2GgNe, 0,0)
17

[Ge, Parke: 1812.08376]
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Parametrization of Scalar NSI

@ In the flavor basis, normalizing to one of the mass splitting, it can be
parameterized as

Nee  MNep  Ter 1
oM = \Am§1| Mupe  Mup  Mpr | Napg = —— F— Z Nf}’f}’aﬂ .
Nre Nru Nrr mi) \/ |Am§1| f
@ The modified Hamiltonian becomes

Hegr D MY - 86M > my x i x [modulo PMNS elements]

@ To have any observable effect, need to have yfyaﬁ/mi ~ 101G, which is
possible for a light scalar mediator

@ It depends on the choice of mj.

@ To constrain 7, need to fix Aml?j to measured values & specify a choice of m;
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Bounds from Borexino: 1812.08376

@ Even in the absence of genuine mass matrix, oscillation can still happen
due to SNSI

@ Essentially there is no difference between M and the one induced by
Scalar NSI

@ Unlike vector NSI, the scalar NSI is energy independent and hence not
suppressed at low energy

@ The electron-neutrino survival probability:

o1 1 10 0.1
E, [MeV] E, [MeV]

Scalar NSI's Vector NSI's
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Bound on SNSI parameters [PRD 109, 095038]

25
—— DUNE
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Dependence on the lightest neutrino mass

10° T 10° T T 10° T
107 1
e 2 [
£ 10
10°F k| 10°F k| 10°F 1
[DUNE —— IDUNE —— IDUNE ——
P20 - - - |P2so - - - |P2so - - -
10 . , 10 . . 10 . .
10 10° 102 10 10* 10° 102 10 10* 10° 102 10’
Myjghe [eV] Myight [eV] Myjght [€V]

@ Best upper limits can be obtained for larger m;
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CPV Sensitivity
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Electromagnetic properties of neutrinos

Exploring EM properties of neutrinos provides an interesting avenue to
explore BSM

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

2
With the loop suppression factor :—2‘ the contribution turns out to be
w

3E’G,E
Ly
! 4+/272

Thus, my, # 0 imply non-zero NMM, which can be used to distinguish
Dirac and Majorana neutrinos

,~32 10*19’(@)
m X oV 27
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Neutrino Magnetic moment: Experimental status

@ Limits on NMM come from various experiments

TEXONO (2010) < 2.0 x 107"z,

Reactor GEMMA (2012) py <2.9%x 10 Mg,
CONUS (2022) po < 7.0x 107 pup.
LAPMF (1993) ., < 7.4 x 10 “ug,

Accelerator 10
LSND (2002) py < 6.4 x 10 Ppp.
Sol Borexino (2017) py <2.8x 107 Mg,

olar

XENONNT (2022) py < 6.4 x 107 Ppp.
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Neutrino Magnetic moment

@ Neutrinos can have
electromagnetic interaction
at loop level

@ The effective interaction
Lagrangian

Lim = P At = JEV AP

@ 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(@*) v + ifu(a*) 0w q” + fe(a*) 0w "5 + fa(a*) (@7 — Guil)rs
fo(q?), fu(g?), fe(g?) and fa(g?) are the form factors
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Magnetic moment in minimal extended SM

@ For Dirac neutrinos:

D

i eG, *

{55 :Sﬁzg(mfimj) > fO)UiUy,  xi= mi/miy
ij

I=e,p, T

@ The diagonal electric dipole moment vanishes: €2 =0

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

M M
wip =€ =0

§(p:) f(ps) v(pi) v(py) vi(ps) vs(py)

v(q) v(q) v(9)
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Neutrino Transition moments

@ Neutrino transition moments are off-diagonal elements of

D 2

i 3eGr ( m ) « L.
~ — (mi+tm g — | U;Uj, fori
{e,-fj) 32V27 2 /) e 7

I=e,p, T

@ The transition moments are suppressed wrt diagonal moments

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

€jj

@ For Majorana neutrinos transition moments become

M 3eGFm; ( )
== Im(Uj; Uy)
M= T 16van? 2 i)

I=e,p,T
@ Thus we get:
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Neutrino-electron elastic scattering

@ Most widely used method to determine vyMM is v+ e~ — v + e~
do G,?—me 2 2 Te 2 2 2\ Me Te
= — 1— =° _
< dTe>SM o |8V +8a)" + (v —ga) £ ) t(ea—sv) £

do _ o’ 1 1 Lheff 2
dT. EM a mg Te E, B
@ The cross sections are added incoherently

do do do
= EM 1 M meTe 1 a1
<dTe>Tot (dTe>sM + <dTe>EM ( X 7 SM o £2° low recoi )

XX

|
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1dO/dT [107*°cm? MeV | fission / electron ]

10005

do,,,/ dT (1)

T — 17 t 11 T y 11+

10 100 T [keV]
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Model Description [PRD 108, 095048 (2023)]

@ 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 X 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 [ SUB)cxSUQR)Lx UQ)y | 2 |
Leptons | £, = (v, e)] (1,2, —1/2) +
€Rr (].7 1, - 1) +
2 K(L,R) (1,3,0) -
Scalars H (1,2, 1/2) +
n; (1,2, 1/2) —

Table: Fields and their charges in the present model.
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Model Description

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

Y r= ik _ (Z(Za’*’/ﬁ TR ) n = (771‘+> Do) = L + iy
’ V2 Yip —Zir/V2) Y\ ) 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
. . P 1
Ls = yular Sl + yokls,ioaTumj + éTr[):'y“DuZ] — S T[EME] + hee.

@ The Lagrangian for the scalar sector takes the form

cscalar - - §

i=1,2

2
— V(H,m,m2)

(fm + ég o’ W, + ég’Bu> ni
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Mass Spectrum

@ The scalar potential is expressed as

V(H,m1,m) = pHYH + idnim + B3ndns + 1l 4 he) + Au(HTH)? + A1 (i m)?

>\//
+ Xa(nfm2)? + Maz(nfm)(nfm) + Mo (nfn)(nhmn) + =22 [(nfm)? + hc.]

)\//‘
+> (AH,-(HTH)mj mj) + Ny (HIm)(nf H) + 2 [(H1m)? + h.c.]> :
j=1,2

@ The mass matrices of the charged and neural scalar components are:

A u? > Ar1 13 2 A3
M2 = ( C1 12) ., M= ) M= 12
Bl Ac R 13 Aro ! pi A

AHj
/\Cj = /sz- + 7JV2,
2 / ” v
/\Rj = K + ()\Hj +)‘Hj + Hj) ?,
2

Vv
Ny = pif + ()‘Hj+)‘;-lj - ;-/Ij> 5
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Mass Spectrum

@ The flavor and mass eigenstates can be related by Uy = ( cosf  sin 6)

—sinf cos6

i\ ¢T> (nf)_ (af) (n{)_ (i)
(n;)*“% <¢; oAk ) T e\ ) () =V (gh)

@ 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

N
@ In this model, the magnetic moment arises n;’,-"*-xg’{z:’
. . . ‘\
from one-loop diagram, and the expression ;
of corresponding contribution takes the form e o o
kR kL

(Y )aﬂ in i n M%z _
(MU)QB_Z Myt {(1—1—5 29C)M%2 <| [M2] 1>

—|—(1—sin205)Mlg1< [,’\‘/’/751] _1>},

where y =y’ = Y and (Y?)ap = Yax Yi5 -
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Neutrino Mass

@ Contribution to neutrino mass can arise at
one-loop: with charged/neutral scalars and !
fermion triplet in the loop Va © " 50 vg

kL
Y )aﬁ MC2
M = M 1 20
M 2+
+ (1 —sin 200) €L
—uz "

2
C
M3,
14 sin20g) —5—2—In | —=*
(e ”R)Mz b ()

(Y?)ap
+Z 3972 ME%

2
M3 =9
+(1—sm293)m1 (M,ZI ):l
1 1

3 MZ
)rxﬁ Mp, =
Mo |(1+58in207) ———In | —¢
Z Mg:g - MI22 M122
M2,

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.

¢5¢f — ff, WYW™,2ZZ, hh (via Higgs mediator)
¢IR¢J" — ff, WTW~, Zh, (via Z boson)
ool — P AWE ZWE hWE,  (through W bosons)

@ The abundance of dark matter can be computed by

o 1.07x10° GeV' 1 [ (ov)(x)
Qh B MPI g*1/2 J(Xf)7 Where J(Xf) - TdX

Xf

(ov)(x) = m/“; & x (s — 4M2y) Vs Ki (;,‘]fd) ds
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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

Let = aqdy ¢7qq, where

Mg

= W(Au cos® Or + A2 sin® Og) with A = Apy + Ay + Ay

dq

@ The corresponding cross section is

i M, Mgy 2 ALl cos? Or + A2 sin? Or 2 f2/\/l2
4 \ M, + Mg 2Mpg1 Mﬁ n

os1 =

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

35/40



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 5CR-

@ The masses of the rest of the inert scalars can be obtained from:

Mrz — Mgy = Mjz — Mjy = Mcz — Mc1 =6,
Mgi — My = é1r, Mgi — Mci = dcr ,

@ Scanning over model parameters as given below

100 GeV < Mgy <2000 GeV, 0<sinfr <1,
0.1 GeV < § <200 GeV, 0.1 GeV < iR, dcr < 20 GeV.
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Results

-4 3.x10-10
_a4| 2.5x10-1
LZ-ZEPLIN (2022)
------------------------------- 2.x10710
~ 48 P —_ CHTTRANRINTE N R0
g 7 2
2 S 1.5%10710
& s e ———— s
S -
© My =420 TeV 1.x10-10} @ Mz =400 TeV
-50 = o M;=280TeV
® M;=80TeV —
Planck allowed ® Ms=25TeV @ Mg =25TeV
52 500 1000 1500 2000 1.x107"" 2.x10°"" 3.x10-"" 4.x10""" 5.x10-"" 6.x10°"
Mgy [GeV] |1yl [us]

Figure: Left panel: Projection of SI WIMP-nucleon cross section as a function
Mg1. Right panel: MM and and light neutrino mass for suitable Yukawas.
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Benchmark values of parameters

Yukawa,

sinfp

10489
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10—4.85

0.06
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Variation of v Magnetic Moment with DM Mass

e M;=25TeV
o M;=280TeV
M; = 420 TeV

10-10

|yl [usl

10-11

L S s s B s B B B B B B B B B B B S S

400 600 800 1000 1200 1400 1600 1800 2000
Mg; [GeV]
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Conclusion

@ Neutrino Physics provides a unique platform to explore variety of New
Physics

@ Various BSM Physics scenarios, e.g, NSls, Lorentz Violation, CPT
violation, Non-unitarity can be explored with Neutrinos

@ Combining with other sectors, like Flavor and Dark matter will help to
identify the nature of New Physics

@ Hopefully, we will get some interesting NP signals from the upcoming

long-baseline expts.

Thank you for your attention !
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