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Neutrinos

Mass spectrum
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Neutrino Oscillations —

Neutrinos have a tiny mass mass (eV)
Absolute mass unknown!

Origin of mass unknown!



Neutrino masses

Usual Seesaws
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Unique operator at d = 5
Weinberg: PRL 43 (1979)

Ls=——LLHH --voevovonrononns > my,~ V% 2 0.05x 10~ GeV
NP (H) =v Np The Seesaw Mechanism
Yanagida, Tokyo (1981)
174 GeV
< 10 Gev

UV completions at the tree level — Usual Seesaws (SSI/II/III)

Difficult to probe this NP scale for neutrino masses and lepton number violation



Beyond the usual Seesaws

New Weinberg-like Operators

Augment SM by new SU(2) scalar multiplets— New operators

O\ = LLH®,

New scalars take a VEV — (®;) = v;, (®@;) = v; > Can’t be far from the EW scale

()

Collider searches + EWPTs — More testable than the usual seesaws

p parameter: (CDI-,]-) < (H) — A is parametrically suppressed

Extra suppression possible from the WCs




Genuine Models
UV Completions

UV completions of scenarios — Genuine models — m,, x v,

Do not generate the Weinberg operators with just the SM Higgs

Model Scalar Multiplets Mediators | Op. Wilson Coeflicients
A, ) =45, »=5 | 0P C =y Myt
As ) =45, , F=3F |0 | i =y Mzyh + yuMzy
B, ¢ = 4‘13/2’ Py = 453/2 F = 5", Oég) CEEB) — ylMJ?lyg + YoM
B- ;) =35, &y =5, F = 451/2 0§3) Cé?’) =y M7yl + ya M5
B by =5%, By=5; | F=4al, |0 | C =yMz'yl +pM;
By b1 =5%, &y=55 | F=4F, |0 | Y =yuMyl +1pM;

Scalar multiplets upto the quintuplet representation i.e. N: < 5

Avoid problems with unitarity, non-perturbativity
close to the EW scale due to RGE running

Hally, Logan,
Pilkington (2012)
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S,F
NY

Dimension ,
Hypercharge,
Scalar/Fermion

Kumericki, Picek, Radovic (2012); Babu, Nandi, Tavartkiladze
(2009); McDonald (2013); Bonnet, Hernandez, Ota, Winter
(2009); Cepedello, Hirsch, Helo (2018)



Genuine Models

Loop Contribution
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= Model B;(n=9)
Model B;(n=11)

— Model B,
Model B; 4

= Model A
— Model A2
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Genuine Models

Scotogenic/Generalised Scotogenic Models

Z,/U(1) — m, at one loop only, no tree contribution

(Generalised) Scotogenic models — Minimal DM Candidates O(1 — 10) TeV

Model New Fields Sym. | DM candidates | DM Mass (TeV)
A O, =45, ,,% =5 Z 45, 5, 50 Mg, ~ 3.2/Ms, ~ 10
AIZ (I)l :453/27f:3€1 — — —

/1 (I)l — 4'151/2 ] (I)Q — 453/2 ,.F — 5151 U() 4'13/2 ,453/2 Mq)l ~ 32, Mq>2 ~ 3.0
A O =35 ,P, =52, F =41, | U(1) 35,5, Mo, =~ 2.5 Mg, ~ 3.4
B, 0 =52,,P, =57, F =45, U(1) 5%, ,57 Mg, ~ 3.9, My, ~ 3.4
B/, ®, =5, ,Py =55, F = 4{‘/2 U(1) 51,55 Mg, ~ 3.4,Mg, =~ 9.4)

Cirelli, Forego, Strumia (20006);
Cirelli, Strumia, Tamburini (2007)

Non-perturbative effects




Genuine Models

Low-scale variants

M, ~ O(1) TeV

A1: Majorana mass — Inverse seesaw . Bi: y,v; < y,v, = Rich phenomenology from ®,

A2: Hierarchy among Yukawas/VEVs: y,v; < ygV

f ke 2 ) LM, ~ TeV
yN1_><Y1 ><V1>N1 : 10-8 GeV ) \ GeV
H — — .

Significant Yukawas — Large contribution to D = 6 operators

2

= 7\ 7 V] _
05 = (L) in,0* (1) = (ylM—%yf) < 6(107)
af

T

LFV, Modified couplings of Z/W to leptons, Non-unitary PMNS, FCNCs, Universality violation




Scalar Sector
Bounds on VEVs

New SU(2) scalar multiplets — Violate Custodial symmetry — Contributeto p — p # 1

Electroweak precision measurements - Ap = p — 1 < 1

Class A models: v; < 0(GeV) <K v
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Scalar Sector
Induced VEVs

New VEVs induced by the Higgs doublet — Naturally suppressed for Mg > v

u®H? A ®H> A ©DH’

Present for
Pre_sent for Present for all B
triplets: quadruplets: Models
type models
Model B2 A1 & A2, B1

Models with just quintuplets — Both VEVs cannot be naturally suppressed

New scalars get induced VEVs — Integrate out the heavy scalars — Higher dimensional operators
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Scalar Sector
Induced VEVs

New scalars get induced VEVs — Integrate out the heavy scalars — Higher dimensional operators (n > J)

00 = (LH),(LH),(H H)"T (H)
(Hy,
(H) oo
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Collider Phenomenology

Production of multi-charged scalars

Pair production and Associated production at the LHC
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Collider Phenomenology

Doubly-charged scalar decays

/ -eadstom,

+ 1At H0 Effective interaction between doubly
[~ DD .
l J charged scalars and a pair of leptons

LLO®,

> CsVvil A
| (I)ii D. (my)aﬁ
l haﬂl - Kl
Vi g=—— Decays suppressed
for large v;
Free of SM

Decays of doubly charged scalars — Same-sign Dilepton signatures background

13



Collider Phenomenology

Doubly-charged scalar decays

Wi
a4 Proportional to vl-2
| (I)i Dominant channel for large VEVs
Wi
b+ O > OT g Cascade decays
- ++ +7+
1l (I)i O+ — O Vi Proportional to AM, the scalar
_ mass splitting
(I)ii N (I)iqq/
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Collider Phenomenology

Doubly-charged scalar decays
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Collider Phenomenology
Triply/Quadruply-charged scalar decays
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May lead to

Displaced vertices
Ghosh, Jana, Nandi (2018)
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4 body decays — Phase space suppression — Smaller decay widths

2
> Ftot(q)iii)

Phase space suppression: f(n) = 4 (4z)*" 3 (n — 1)!(n — 2)!

Displaced vertices at the LHC for Mg < O(1) TeV

Arbelaez, Helo,
Hirsch (2019)
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Collider Phenomenology

Signatures

Production + Decays of multi-charged scalars and Wt - Signatures of new physics at the LHC

Observation of [FI*WFWT¥ events — Experimental evidence of LNV Aguila, Chala, Santamaria,

Wudka (2013)

Diagonal/Off-diagonal elements of (11,),; — LFV 4-lepton events liill.iljilji; liiéié.ilj.i(i * )
Decays P2 527 | BT s 2W | 3T s 200W | 3T 5 3W | B 2 2W | D AW
2t — 21 (20t207) | (2072w ) 20T 21" W ™ 20T3W ~ X X
P2t s 2WT QW 21~ QW T2W ~ QW TW =21~ QW T3W X X
&3t s ATWt | AT2AWT | AT2WWT | AT2AWITW T | 2AT3W W 2+ 2A—2W ATAW W
®3t 5 3WT SWT2l~ SWT2W~ 207 3WTW ™ SWT3W ™ 20" 3WT2W SWT4W ~
ot 5 2towt X X A 2WHW | 2AT2WFIW |(20F 20 2WF2W T [ 20T 2W T AW )
o4 — AW X X 2~ AW T W AWH3W— | 20 4WT2W - AW AW~

Bambhaniya, Chakrabortty, Goswami
Konar (2013); Ghosh, Jana, Nandi (2018)
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0-8 lepton events: SS2L, SS3L and SS4L




Collider Phenomenology

Searches for Doubly-charged scalars

ATLAS & CMS search for doubly-charged scalars in multi-lepton final states

Br(¢**— F*1*)=100% Br(¢** - W*W*)=100%

—— Observed 95% CL
- - . Expected 95% CL ATLAS s =13 TeV, 139 fb™

= Expected limit+ 10 I Expected limit+ 10

Expected limit+ 20 Expected limit + 20
o(PP > ¢7¢7) o(pp - ¢**¢™)
— 4412

— Observed 95% CL
- - - Expected 95% CL

10N ATLAS /s =13 TeV, 139 fb™

300 1000 1200
M¢ﬂ[GeV]
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Electroweak Precision Tests
At Loop-level

New SU(2) multiplets = Modify the oblique parameters S, T, U Pesl_k;i‘/i?zeﬁfgiégjfa;

Custodial symmetry broken — Complications with computation of S,T,U at one-loop level
Jegerlehner (1991); Gunion,

Vega, Wudka (1991); - 7
Albergaria, Lavoura (2022 . 04
7 2022 Corrections to W-boson mass ~ my =~ my)" |1 (S —2(1 = sy)T)|  Maksymyk, Burgess,
4(1 — 2SW) London (1994)

PDG 2022 | CDF 2022

S | —0.01+0.07 | 0.14=+0.08 [ Assumptions ]

T | 0.04+0.06 | 0.26=+0.06

pST 0.92 0.93

New scalar VEVs v; << v — Taken to be negligible

Scalars do not mix among themselves or with other scalars

Take U = 0 — Improves the precisionon Sand T

(I) — (q)l, (I)I—l’ cees q)_I)T M(I)—I =m, M(I)—I+1 =m -+ Am, ...,M(DI =m -+ 21Am
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Electroweak Precision Tests

At LOOp'Ievel 2 parameter y* analysis

[31141/2,4-3/2] vz
l Am~ 0(0.1)1 —
m

800 1000 1200 1400
m [GeV]

[Bm : 54, 5-2]

800 1000 1200 1400 800 1000 1200 1400 800 1000 1200 1400
m [GeV] m [GeV] m [GeV]




Conclusions

New scalar multiplets at EW scale — New Weinberg-like operators

New scalar VEVs suppressed — Neutrino masses can be generated for lower LNV scales
EW scalars — Production at colliders, contribution to W-boson mass

Collider signatures — SS2L, SS3L, SS4L, LNV + LFV events

Small VEVs ( < O(100) keV) — Neutrino mass matrix can be reconstructed from doubly
charged-scalars decays

21






Neutrino masses

The Weinberg Operator: LLHH

09 = (HL),(HL),

05, = (HL);(HL);

UV completions at the tree level — Usual Seesaws

Fermion singlet: N

Minkowski (1977); Yanagida (1980); Gell-

Mann, Raymond, Slansky (1979), Mohapatra,

Senjanovic (1980)

Scalar triplet: A

(H) . L. (H)
§'¢'
v A
G —
vy vy

Schechter, Valle (1980); Lazarides,

Shafi, Wetterich (1981); Mohapatra,

Senjanovic (1981)
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Fermion triplet: 2

Foot, Lew, He, Joshi (1989)



New Weinberg-like Operators

Extensions with 1 Scalar multiplet

Possible SU(2) representations for @
@gl) — (LH)N(L(I)I)N 1 / @
HLaLﬁ~2®2®2:4€BZEBZ’

Recovers 2HDM

UV completions:

H D Usual seesaws
< > <,1> @ Quadruplet @

UV Completions

..
L}
L
~
L
..
y

(LH) 3(LD));3 5 (LL); 3(HD))1 35

~
hwm

Scalar triplet,

Scalar-Strglet

Fermion triplet
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New Weinberg-like Operators

Extensions with 1 Scalar multiplet

2 Possible SU(2 tati for ®
@g ) — (LD,)N(LD))N ossible SU(2) representations or/l' Doublet @
2N, +1/2), 1 <N <2
Recovers 2HDM
l UV completions:
Usual seesaws
Quadruplet
UV Completions
/ ..... y
(L(Di)S,S(L(Di)&S (LL)1,3((DZ'(D,')1,3,5,7
124 Ui Fermion triplet Scalar tr.iplet,

Fermion quintuplets Scalar Singlet
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New Weinberg-like Operators

Extensions with 2 Scalar multiplets

@?) = (LO)N(LD)y Possible SU(2) representations for @, and @,: (N, ¥;), (N, 1,)
N1®N2CIOFN1®N2C3 |Y1+Y2|:1

@) @) <N

X ) N1:N2 N1®3=(N1—2)€BN1@(N1+2)
R Rt Two consecutive even/odd representations
. R zil/za Zim 33» 35:1 4:9:1/23 45:1/2 1°. 3% 3033 25 4°
0> ~+1 0> ~+1 +1/2° "x1/2
S =5 \) S \) \)
30> O i Si i 413 31, 5; 30, 55, 25 1 s
UV Completions
I/L Ui / ..... R
(LP)N, 02 LP)N, 22 (LL)1 3(PP)N,en,

Scalar triplet,

Scalar Singlet
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UV Completions

Extensions with 1 Scalar multiplet

Possible scalar multiplet: Quadruplet Interesting UV models — Fermion mediator

[ Majorana (Y = 0) J ( Vector-like (Y # 0) j

(@) (D) (H) (@)

3 X  Fp T
——0 > 0 < b—«— ——b > 0 > b—«——
95 MZ vy vr Mg; vy

- o~ 1 —

Singlet/Triplet Triplet/Quintuplet 9 @

0 = (LH)y(LD))

0 = (LO)N(LD)y
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UV Completions

Extensions with 2 Scalar multiplets

@gz) = (LO)N(LD))N > N, =N;+2 O Ny=N, Interesting UV models — Fermion mediator

[ Majorana (Y = 0) ] ( Vector-like (Y # 0) j

Both even/odd
1Y+ Y, | =1 reps. allowed

Only even

L > ~{Ly,®,F )~ ([[y,®,F; - FMzF +H.c.

2 > —(Ly,®,5)~(Ly,®,5)- % M2 +H.c.

4S

\)
2 —1/2

—1/2°

\) S
4— 1/2° 6— 1/2
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Scalar Sector

Potential

New scalars carry lepton number L — Scalar potential terms may violate U(1); symmetry

VAH, @) = VMH, ®)) + V)(H, D))

A"y
VOH, @) = 2 ©*H® @, + 1, HD HD, +[,18H*c1>1HHJ+H.c. Me, =~/ A"-v|1+ Fa

A _
Vi, @) = (’16(D1HHHJ+ H.c. 20 < 4z — My < 10°TeV

Two new scalar multiplets — Scalar potential can have an accidental U(1)y symmetry
VB(H, ®,,®,) D VE(H, ®,, ®,) + VEH, ®|, D))

Symmetry breaking — Implications for two different pseudo-Nambu-Goldstones

Massive pseudoscalars (M < 45 GeV) — Constraints on the LNV couplings
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Collider Phenomenology

Triply-charged scalar decays

May lead to
Displaced
vertices

Normal

Inverted

1073

Ghosh, Jana, Nandi (2018)



Phenomenology
LFV Constraints

Upper limits

A1

vy 7 |(TeV/My)”
| Ax | I yPI(TeV/ M)’

Ve — 059 5 |(TeV /M)
By | iyt~ 5005 51TV
VI — 2127 431 (TeV/ L)
" Ba | Iy 4+ 6635 451(TeV/ M)




