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Neutrino Mass Models

The neutrino oscillation experiments provided evidences for neutrino flavour oscillations,
and hence nonzero neutrino masses and mixings.

The usual Higgs mechanism: Ng (1,1,0)
—Ly = Y,(/a[;ﬁNRa + H.c.

YNV
V2

Q@ m, ~0.1eV, Yy ~ 107*2: philosophically displeasing

Dirac neutrino mass: Mp ~

@ Conservation of Lepton Number
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The neutrino oscillation experiments provided evidences for neutrino flavour oscillations,
and hence nonzero neutrino masses and mixings.

The usual Higgs mechanism: Ng (1,1,0)

L~ 1 _
—Ly = Y{*LiHNgo + EM,%P NS, Nrs + H.c.

YNV
V2

Q@ m, ~0.1eV, Yy ~ 10712 philosophically displeasing

Dirac neutrino mass: Mp ~

@ Conservation of Lepton Number

H\ . , iH 0 Mp
N . —\MD My

L, M, =~ —MpMy'Mp,

Type-I Seesaw WNQ ~ ﬂfpﬂz{&l
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"Of the supposedly exact
conservation laws of
physics, two are especially
questionable: the
conservation of baryon
number and lepton

number.”
Weinberg, 1979

1
Lg—s = A LLHH

Majorana mass

V2

my, & —

A

The seesaw mechanism
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The neutrino oscillation experiments provided evidences for neutrino flavour oscillations,
and hence nonzero neutrino masses and mixings.

Deppisch, Bhupal Dev, Pilaftsis

H ~ s H 0 MD

N -, Mg My
L, M, ~ —MpMy'My,
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"Of the supposedly exact
conservation laws of
physics, two are especially
questionable: the
conservation of baryon
number and lepton

number.”
Weinberg, 1979

1
Ly—s = KLLHH

Majorana mass

v2

m, < —
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The seesaw mechanism
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Type-lll Seesaw Lagrangian generating
V-masses

"2
— - . Tpg—1
MsEREg + V2YsHISRL +he. My A — Ys Mg Ys

(T s ) Mo e e

S O
R Yy = :—\/M;;R\/Dm ut
Production: . .
@ Drell-Yan processes: q ¢ =+ ~v/Z - XtLX~, qq — W* - £+30
Decays:

@ Heavy state transitions: ¥+ — Y07t | ¥+ 5 50p%,,
@ SM 2-body decays:
e Y0 svh, Y0 vz, YO FWE.
o YE st YE S EZ ) TE S oWE
Multilepton Final States Search:
@ A recent CMS multilepton search (137.1 fb~!) excluded triplet fermions below 880 GeV

at 95% CL in flavour democratic scenario. JHEP 03 (2020) 051
@ This CMS limit is not straightforwardly applicable for a realistic type-lll seesaw model.
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Bounds on realistic Type-1ll Seesaw: Implications of R-matrix

. . . 2RHN
3RHN: 612 = x3 + i3, 23 = x1 + iy1 and 613 = x3 + iy2 with x123,y123 € R:

[¢] ccisB sin@ for NI
0 —sin® cos®

1 0 0 a3 0 si3 ca2 si2 0 R=
R = 0 Co3 o3 0 1 0 —s1p ¢c2 O cos®  sind 0O
0 —s; on —s13 0 a3 0 0 1 _sin® coso 0 )T H
Only X; is produced Only X5 is produced
2mn 27T
s 0.1 o for Nei(iH) - 1 m (ms) = B.1eV
3 " for NH | IH)
4n/3 Mooy [GeV]
ix|
P s
200
23 =
0
w3 ¥4 %
3 700
0
P oo H 600
LHC limits are derived for a simplified 500

type-lll ssesaw model, not applicable for
a realistic model accounting for the neu-
trino oscillation data.

in  &n
3 32;1

Loek for T-rich final states
A. Tumasyan et al. [CMS], Phys. Rev. D 105 (2022)
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Type-ll Seesaw

SU(2), Triplet Scalar
At/VZ AT
A ( AY —at/V2 )
Triplet VEV after the EWSB
0 0
(a) :( vr/\/E 0 ),

ug

Vrz\/ﬁﬂ%

Phenomenology: my++, vy and
Am = Myt + — My

Constraint on v; and Am

1. Oblique parameters:

|[Am| < 40 GeV
2. pparameter:
mf.v v§ +2v2
P=—3 = 2

mzcos2 By vs + dvy
3. LFV decays:

o — lzy@1-oop and

lo = Il l;@tree-level.
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Scalar potential

A
riston Yoo o' AR

A1) Tr(ATA) + Xy [Tr(A*A)] e ["n(ATA)?] © aotante

Triplet Yukawa

E WSB

JHEP 03 (2022) 195

;\Hh anujjaman, KG,
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Search for light (within 84-200 GeV) H** — W* W=t

€51y (%)

[Ashanujjaman, Ghosh, Sahu, PRD

Wt
—————— o -~ )
HY jet
w- / W+
q
BDT classifier for tagging boosted hadronically decaying HEE
R T T T T T T
160
q 50 discovery
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Such a low-mass triplet

Motivation

Lt

, slightly heavier

singly-charged and neutral components can
explain the CDF measurement of the
W-bosoon mass. [Kanemura and Yagyu;
Heeck; Bahl, Chiu, Gao, Wang, and Zhong;
Cheng, He, Huang, Sun, and Xing]

cross section (fb)
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o Large Prod. Cross section
e Soft leptons and jets in the final state
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@ Ls at tree level — classical seesaws

. o for y ~ O(1), A ~ (10* — 10%5) GeV
b @i ) = direct tests impossible.

0 s« %LLHH:- o for A~ O(1) TeV, y ~ O(1012)

= philosophically displeasing.

1
©Q Lsizn o< g LLHH (HTH)" @ Lo at tree level
~ _ s 0(01) e 0(1) i

Ls@tree-level:

Ls@loop-level
Type I, Type Il and Type Ill seesaw
RN/ L=Lsm+ Lda=s + Lda=z + Ld=9g
77// ™ S~~~ N~
| @ \ dominant  subdominant  subsubdominant
v \N 2 ’ v How to make Lg contribution to m,, dominant?
@ Introduce a discrete symmetry
o Without additional symmetries: @ Choose the particle content such a way
Interesting Collider Signatures that it doesn't allow to complete lower
o With additional symmetries: order operator =
Candidate for dark matter.
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Higher Dimensional Neutrino Mass Models

o‘m
/"’
Y A —
\ m

g UV completion of generalized

Weinberg operator at dimension-7
Babu, Nandi, Tavartkiladze, Phys. Rev. D
80, 071702 (2009)

-
b

A\ f4§/2

Dimension-9
Anamiati, Castillo-Felisola, Fonseca, Helo, Hirsch, JHEP 12 (2018) 066

HT_ i H H 13 f.fHT H L HY I /Hf

i 1 Lo { . 7
3 af, sf 4, 3F H> R
F 2 Y9 Gz 91 4 57 4, 35 w
/ ‘-.\
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A Genuine Quintuplet (Type-V) Seesaw

Exotic fields:
ZL,H = (++7+» O)L,Ff ~ (1737 1)

1
AL,Ff = (++7+707 _)L,Fl ~ (1747 5)
(DH = (++7+7077777)H ~ (175’ 0)

Relevant Lagrangian:

Ly = Yo3 in-i— Ya4 THZLHT + Ysl.4 EZHHT
+YusA OpH + Y)s AgbrH

_ _ 1 =
Ly =MsXpY, + MaARAL + §M¢‘DFI¢H

2
v _
== VLMY

ko __
Yo3 =

<[%

6
v —1 —1 —1 —1 e g1 vk
My~ e YasMs Y Ma " YisMg T Vg My Y M Vg

UmV MRV, Ufyns (RTR=1)

A Simplified Model:
Ms = diag(ms, ms, ms)

Mp = diag(ma, ma, ma)
My = diag(me, Mo, Me)
Y34 = diag(yas, Y34, ¥34)
Yis = diag(yas, Vas, Yas)

R=l3x3
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Bounds: Lepton Flavour Violating Decays: I, — /g7y

7 ¥ r
:
H:"§'~.H' H',—'gVng- HY T HT HTo W=
tq : n : [T : n ty fa & L ks fa
v v ¥ ’
g‘g :W%% ;\é ﬁ Plus 14
wbV - we W W, CLHt W we
£y n : £y £y n & e & L & £

self-
energy

, diagrams
T ,"’{'\ LJ

In the limit Ms >> my 7 p,

. 2
3a |51 + 165sin? 6, _
Br(lo — l57) = o P Aga| X Br(la — lgrpry)
V2 T pg—2\ %
Bounds from MEG Peuteriurt] = |{ 5 YsMz " Y35
collaboration epu(er)[ur]
<

2.3 x107°% (1.5 x 1073) [1.8 x 1073]
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@ Drell-Yan: g ¢/ = ~v/Z — x"x 7 /x T /3",

@ Photon-photon fusion: vy — YT 'y 77 /xTx ™

qq’ — W* = T /0

® Heavy state transition: Y — 9 1nt, yO KT Oty 9T
@ SM 2-body decays:

X W

XF o 6 Z R oWt

XP = CEWT wZ/h

Xt —eTwT xT = vWT ¢7Z ¢Th X' — ¢(EWT vZ vh
X =W W WT oW WT W Z e rTWh - - -
X~ —vW- vOCW WS [wwW W™ vitWZ vi"Wh vEW-WT wW-2Z wWh
x ¢ Z T ZWT CvZWT etzZ it Zh I ZWT tvZZ tvZh
x~ — £ h £ hW vhW+ (~0thZ  £~tthh =AW ¢~vhZ  (~wvhh
x° — (EWT - CFoWWE ECWTZ O WTh | EEFWTWEE (R WTZ Ry W
X’ —=vZ v ZW+ vitzz vt Zh vIEZWT 94 vvZh
x® = vh vvhW+ vlThZ vethh vIERWT vvhZ vvhh

-, respectively from CMS 3/4 lepton final state search [JHEP 03 (2020) 051].

o _ final states@LHC

signature, etc. may result for smaller
values of the lightest neutrino mass i.e. m;(ms) — 0 for NH(IH).

34T [57 7| 37] (5 4 /377475
CTmax (in mm) | 0.04 (0.22) {0.43} [1.0] 3.6 (16.0) arbitrarily large
where to look for LHeC, FCC-he HL-LHC, LHeC, FCC-he MATHUSLA
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Radiative Neutrino Mass Generation

Symmetry The SM fields Exotics
QF | ug | dg | LY | eg | H | N, | @
SUQ3)c 3 | 3 | 3 1 1 1 11| The model features a
SU(2), 2 1 1 2 1|2 1|1 dark matter
vy | B3 |-y|-3|ali]o |} - -
7 s S R S candidate, but its
collider detection

remains challenging.
L3 —py® @10 = Ao(¢T0)? — Ay (HTH)(@T®) — Ao HT O
— 3[(H'®)? + hc] + IMy, NEN; — [Y*' L7 & Nj + h.c]

(YL ()
- Av? ~1yT
¢57(If3/ 2 \?\sﬂpp MV =~ 3072 (YM Y )
v l N; N; l v
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Gsm = SUQ)c x SU(2) x U(1)y Loop-induced Weinberg
Fermions: Qu; = (Z“) ~(3,2,2), Lar= (‘;a) ~(1,2,-1) operator
/L /L
uﬁﬁw(3’1’%)’ daRN(37177%)v eaRN(lzlvfl) <I:I>_ W / _<£-I>
Enim~(1,1,2) "T/;::l'{"
h* ! \
Scalars:  H = | ntin | ~(1,2, %) <HZ £H> __) v
V2 SaALT 31 \‘¢5
o§+ 2 2 ,' v
b3 = % ~(1,2 §) . Y\ ! ‘\
3 12,5 __ __
2 ¢% b3, “¢g v E—— L
o5 AN
o5 = 2, [~(1,2,3) i -
g OE+ )4y 5 y = )

2
kt+~(1,1,2)

r—— — c . * —_— C
LD mg'B E(;HFE;}rJr + ygﬁ Lot q)% (Egﬁ) + yg’e Lypion ¢’g Egg + y;(lB e.r k (eth) -

+ (HT,'@cb%) k== + W (Hchg) k= + ,\(HT,'@@%) <H7<b*g> + cc.
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Collider Signatures (Exotic Fermion)
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|
Summary

® Tree-level realizations of the Weinberg operator:
The effective dimension-5 operator Ly—5 = 3 (LH)(LH) can arise at tree level through
three possible seesaw mechanisms:
@ Type-l seesaw: exchange of heavy Majorana singlet fermions (Ng)
@ Type-ll seesaw: exchange of scalar SU(2), triplet (A)
© Type-lll seesaw: exchange of fermionic SU(2), triplet (X)

These generate small Majorana neutrino masses m, ~ v2/A after electroweak symmetry
breaking.

® Higher-dimensional tree-level operators:
Extensions of the Weinberg framework involve dimension-7, 9, or higher operators such as
(LH)(LH)(HT H)/A3, which yield further suppression of neutrino masses and often predict
rich scalar or gauge structures.

In radiative neutrino mass models, the Weinberg operator is realized at one or more loop
levels. New scalar and/or fermion fields running in the loop generate
1 v2
my ~ ———— —
Y (16m2)n A
naturally explaining the smallness of neutrino masses and often introducing a stable dark
matter candidate protected by a discrete symmetry.
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Thank You
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