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Existence of neutrino mass

m Neutrino oscillation — one of the . —
Neutrino oscillation

most robust indications towards

the existence of physics BSM
—_—

m Within Standard Model (SM)
framework neutrino is massless — \ /
no right handed neutrino @

m No neutrino mass from RPC MSSM
— leads to RPV MSSM www.google.com
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m Wy, = &;LiH, + jAgLiyer + Ny LiQdi + 5 A Ty
m Two separate analyses - lepton number violating Bilinear
RPV model and Trilinear RPV model



Bilinear Model definition

Bilinear R-Parity violating Superpotential

W% = 51'LiHu,' ;C}ép = [6i(ﬁ8ViL — I:Ijll[‘)], 'Csoﬁ = BifliHu

Tree and loop level diagrams
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m Only one neutrino becomes massive at free level — The
highest neutrino mass eigenstate

m BB loop is the dominant one

m Second mass becomes heavy mainly from BB loop

m Lowest mass eigenstate will become heavy from eB loop

Grossman and Rakshit, Phys.Rev.D 69 (2004) 093002



Observables

Neutrino observables

m Two mass square splitting values (Am2, and Am2,)

m Three mixing angles (015, 03, 033)
Source: JHEP 02 (2021) 071.

Constraints from Higgs

m Higgs Mass: We have considered £3 GeV as theoretical
uncertainty around 125 GeV. prys. rev. Lett. 114 191808 2015)

= Higgs coupling strength data from LHC at \/75 = 13 TeV — Higgs
coupling to Z, W, b, 1, i, 7, and 7y particle. cwvspasHic-1900s, 2020

Constraints from flavor physics

m rare b-hadron decays as B(B — X, + ) and
B(Bg — ,LL+ —|— ,LL_) Eur. Phys. J. C 81 226 (2021) and Phys. Rev. Lett. 128 041801 (2022)

m Total 15 observables



Parameters

m Considered minimal set of parameters

List of fixed parameters

M1 = 300 GeV Ma =3TeV
M2=1.2TeV M=2TeV
M; =3 TeV A, =-35TeV
M, =3TeV

Range of input parameters for scanning

From literature study we came up with some exhaustive range of
each parameter such as
w:1to 3 TeV
tan 5: 1to 60
si(i =1,2, 3): -1.0to 1.0 GeV
Bi(i =1,2, 3): 0.1 GeV to 10 TeV
v(i=1,2,3): 107810 0.1 GeV

m So we have total 11 free parameters



Analysis details

m For scanning we use Markov Chain Monte Carlo (MCMC)

bGSGd |ike|ih00d OnO|YSiS _> emcee (Publications of the Astronomical Society of the
Pacific, 125 306 (2013))

= We find the maximum likelihood function L o exp(—L)

Mobs

2 obs__Tth 72
m Log likelihood £ = X = 1 g [%]

i=1

m Maximum likelihood means we find the minimum Xz

m Degrees of freedom(D.O.F) = 15 independent observables - 11
free parameters = 4

m We use a flat prior on all the parameters

m We use 500 walkers and 400 steps for each walker. Total sample
generated = 500 X 400 X Ngore = 200000 X Negre



Results - Normal Hierarchy (3 > 19 > ;)

m We have got \2,,, = 3.46
m > m, = 0.059 eV — satisfies — > m,, < 0.12 eV

m Tree level — only third

i — tan B contour .
neutrino

m BB loop — second
neutrino

tan 8

m eBloop — first neutrino

m From theory tan 3 should
not be large or very low

m It also depends on the

- [my]gjsa) o “talnz . choice of M, and A;
parameters
(BB) 2 . o
u [mu]y x tan® 3 m Most stringent limit comes
from neutrino oscillation
C [m,,]ng) x tan

data



Results - Normal Hierarchy (3 > 19 > ;)

Contour plots
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B Mpghest X (€2 + €3 + €2) sin® &, € represents alignment
between €; and v; (e 02 2024 004)

m Heaviest one is 7 flavored — €3 and vs should be largest one

m Also it has next to zero admixture of electron neutrino — €; and

v; should be lowest one

m my X B;Bjand my « €;B; + €;B;

m Second one has comparable admixture of all three neutrino

flavors — nice correlations among B; parameters

x107¢




Results - Normal Hierarchy (3 > 19 > ;)

m Loop contributions are already suppressed and tan [ is
dlready restricted by free level mass

m For these contributions to neutrino masses to be significant,
the B; parameters have to be much larger compared to ¢;
parameters

m eB loop contribution is further suppressed due to their
dependence on ¢;

m As aresult, B; is expected to be relatively larger than B,
since the lightest state is dominantly electron neutrino-like

m B; will have larger value compared to others

Best-fit point

€, =-0.0072 v = 0.00038 B, = 461 1= 1293
€, =-0.0160 vy, = 0.00052 B, =198 tan 3 = 12
€3 = 0.0279 U5 = 0.00091 Bs = 1760

All are in GeV unit except tan 6 (HEP 02 (2024) 004)



Results - Inverted Hierarchy (19 > 17 > 1/3)

m x2,, =338and > m, = 0.1 eV — satisfies —
> m, <0.15eV

m Second one is heaviest — an almost equal admixture of all
three neutrino flavors

B ¢, and vy have largest values

m 1 is the second heaviest one and have larger values than
NH scenario — larger B; and B, values required

m As neutrino oscillation parameters are more constraint in IH
scenario — dllowed parameter space is also more
constraint

Best-fit point

€, =-00216 v; = 0.00086 B, = 894 11 = 1437
€y = -0.0833 v, = 0.00140 B, =982 tan 3 =8
€3 = -0.0499 s =0.00110 Bs = 1609

All are in GeV unit except tan 6 (HEP 02 (2024) 004)



Results - Inverted Hierarchy (19 > 17 > 1/3)

= (ee) 1
i — tan 8 contour u [mv]y X tan? g

m /3 has lowest mass
— 1 must have
larger value than NH
scenario

tan 3
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Trilinear Model

Superpotential

Wy = 3oLl Ey, + N Li@Q; Dy,

Agiie Is antisymmetric — 9 A + 27 )\gjk parameters

Loop diagrams

Lo,
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m Due to fermion mass hierarchy, we consider only third
genero‘rion couplings )\i33 and )\133

"M, = 37r2 [AisaAjss M2 + BAigg )] \j33 my]

[ Leodlng contribution to heaviest neutrino

Smb 12
871'2 Z >\ i33



Parameters space

B wehave2 A3 (i=1,2)and 3 i35 (i =1,2,3)
parameters

m We also consider ;1 and tan 3 as before
m Total 7 parameters
m We have added one other observable B — 7v

m we have 16 observables — d.o.f=9

Range of parameters

|A\iss|(i=1,2):0-0.001 GeV
|Mgsl(i=1,2,3):0-0.001 GeV
44 = 1000 - 3000 GeV
tan 5 =1-60

m only LLE coupling — Am2, and 6,
m only LD coupling — can satisfy all except Am221



Results - Normal hierarchy (v > 19 > 1)

= The minimum Y2 we obtained 4.14 for d.o.f 9
m It also satisfies the cosmological bound

m Here m,, = 83;:2*’ SN,

[ )\g33 must have higher value than others

m Second and first neutrinos get masses mostly from A;ss3
couplings — Ag33 coupling must have larger value than A;33

Best-fit point

Az = 1.71 x 107* Ngg = —7.61 x 107°
o3z = 2.52 x 1074 Nysg = —7.65 x 107°
w = 1996 Mgy = —1.34 x 107*
tan 3 = 6.68

All parameters are in GeV unit except tan 3



Results - Normal hierarchy

m With the A\i33 (i = 1, 2), the bino-type LSP (Y9) decay final
states — 7teTv, 77Ty, and T Tv

B Ny (i=1,2,3) =1+ b+jand 2b+ B,

m At the best-fit point branching fraction corresponding 1o ;33
and N5, coupling ~ 83% and 17% respectively

m As the coupling values of \;33 are larger than the values of

Xigs, the branching ratio corresponding to the \;33 coupling
is also comparatively higher

contour plot
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Results - Inverted hierarchy

® Minimum Y? obtained 4.56 for d.o.f 9

m Second one is the heaviest one — Ag33 has the largest
value than others

m Third neutrino gets mass from i3 — A543 must have higher
value and it is lower than NH scenario

m Lowest neutrino eigenstate has mass very close to second
one and to get that higher mass we need contribution from

both couplings — ;33 must have larger value as well as
/
)‘133

m the total branching ratio corresponding fo ;33 and \/s4
couplings are 93% and 7% respectively due the larger values
of LLE type RPV couplings than LQD type couplings.



Results - Inverted hierarchy

Best-fit point

Az = 2.21 x 107* Nizz = 1.29 x 107*
Aoss = 4.88 x 107* Nygs = —5.92 x 107°
w= 1676 Nyss = —1.25 x 107
tan 5 = 8.38

All parameters are in GeV unit except tan 3

contour plot
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The allowed parameter space for IH scenario is more constraint
than NH scenario as BRPV model



Conclusion

m We have considered neutrino observables along with recent
higgs data and flavor physics data

m We have done two separate analyses for Bilinear RPV and
Trilinear RPV model

m To scan the parameter space we have used MCMC based
likelihood analysis

m We obtained that the both the models can explain neutrino
and other experimental data.

m We have also shown the allowed 10 and 20 region for each
parameter space along with their correlation

m But the allowed parameter space is tightly constrained
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Collider constraints

Gluino search

m Limit is 2.0-2.5 TeV for various couplings — mg = 3 TeV

Squark search
Limit is 0.8-1.9 TeV for different couplings — mz = 3 TeV (fixed)

Slepton search

m Limitis 0.86-1.2 TeV depending on couplings — all the
slepton masses fixed at 3 TeV

Chargino search

m We have considered a scenario with bino-type LSP and
wino-type NLSP

B mgo / Mg excluded upto 1.14 TeV for ;33 coupling

m We consider m%g/ M+ Masses fixed at 1.2 TeV and mgo =
300 GeV



Results with only LLE coupling

m Mass matrix for this model is M, |,= ﬁ AissAjz3 m?
m After diagonalization only third neutrino becomes heavy,
2
__m 2
My, = g5 Zi:l,z Ais3

A133

m sinf, = (=218
V A%33—"_)‘%33

m This model can satisfy only Am2, and sin 6},

Parameter Value Observable Value X? contribution
A133 2.76x10~% Am3, 415x107 13 1162
233 406x107% Am2, 2.56x107°3 0.11

7 2151 013 7.67x10725 4305
tan 3 8.02 012 34.27 0.001
023 90.0 2659




Results with only LQD couplings

m Mass matrix for this model M, | = % Nigs\isa m?
m Affer diagonadlization only third neutrino becomes heavy

which is already mentioned before

Alss : Y
=218 and sin Oy = <2238
Zi=1,2,3 )‘/i233 23 Zi:Z,S N?ss

m It can satisfy all the observables except AmZ2, which is
reflected in the result

m sin 913 =

Parameter Value Observable Value x? contribution
|33 -6.66x107° Am2, 6.55x10 11 1162
b33 -1.25x107% AmZ, 2.61x1073 40
has -1.21x107% 013 8.74 2.60
W 1867 012 35.66 1.85
tan 3 7.73 023 48.86 0.25




Trilinear mass matrix

v ]‘ (ﬁlf;)ml ng . .
Mﬁ|>\ = Tom2 Z it Ajmikc Me 2 mng In )+ (i)

k,l,m
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v 1672 ; Jm mg —mg
m

1 A°—ptan(
Z )\ikl)\jkl Mg, Mg,

M|\~
IEEE T 2
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My V= 872 maz ; >‘ikl>‘jkl Mg, Mg,



Result - Anomalous muon magnetic moment

m Ag, = ai® —a = (25.1+5.9) x 1071°
m Sneutrino-chargino and slepton-neutralino loops contribution
m Lower the smuon masses keeping all other slepton masses

decoupled
500 IR 1422 PP B b3S, bno LSP Maren 202
S 600 T TR
8 | Amaseoinny i =iy
= 500 |- V5= 40M — X 1409, 2
= %100
E 400 ,§' sy
E 107 <o oY
300 5 < Qg
i A Ny
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200 10! N \s
NN
W NN
100 N NN
NN NN
H 10°] ﬁﬁ \§
o B i R N
100 200 300 400 500 600 700 800 100 200 300 400

m(iLp) [GeV]

Input parameters Output observables
Parameters BP-I BP-II Output BP-I BP-II
M; (GeV) 128 183 m).(o GeV) 125 180

1
My (GeV) 1200 1200 m_4 (GeV) 1198 1192
X3
my;, (GeV) 120 200 my;, (GeV) 164 224
My p (GeV) 190 240 Mg, (GeV) 175 235
tan 3 1375 | 1194 | Aay, (x10~ 1% 2541 | 1352

Table: uher 02 2024y 004)



