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Motivation

* Right-handed neutrinos (RHNSs) are highly motivated because of their connection to
neutrino mass via seesaw mechanism.

|
. The RHN Majorana mass, —MyNN + h . c ., violates lepton number L by 2 units and is a

2

technically natural parameter.

 There are various motivations for the scale of M, :

» high mass scale, e.g. My, 2 10” GeV for thermal leptogenesis, challenging to probe
experimentally

 (GeV-TeV scales where low-scale leptogenesis mechanisms can operate
 keV scale at which the RHN can possible be dark matter candidate

* eV scale for active-sterile oscillations, e.qg., to explain neutrino sector anomalies

- Direct discovery of the RHN states with laboratory experiments is only possible if My is
near or below the electroweak scale, v = 246 GeV, and an extensive experimental program
to search for such light RHNs is underway.
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Motivation - Continued

Current Constraints Future Searches and Sensitivity
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[Bolton et al,1912.03058]

Could there be a symmetry rationale for My, S v ?
This Is absent in the minimal type-1 seesaw model.
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RHN Masses from the Weak Scale

Consider a global lepton number symmetry U(1);:

|
e INnSM, (H'H)ONN+ h.c. — EVZNN-I- h.c.,but does not preserve U(1); symmetry.
EWSB

» In singlet Majoron model, RHN mass is generated from spontaneous U(1); breaking:

1 1
52¢NN+ h.c.— EMN NN + h.c. with My, = A(¢), but (¢) is unconstrained.

e Ouridea: Connect the scale of lepton number breaking to the electroweak scale
» Consider a theory with two Higgs doublets @, @, and assign lepton number to the
bilinear operator CDECDI, CDJ{CDZ.

C . C . (P )(D5)
— O O,NN+h.c. or —D'® NN+ h.c. — My~ <
A ] A 2 A

Vv

RHN Masses can robustly be lighter than the electroweak scale.
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EFT Framework

» Lepton number assignments and all possible forms that respect SU(2); X U(1)y X U(1);:

Model | L e N R b, Neutrino Sector

I +1 —1 —1 +2 0 (y,,)z'j Li(I)QN]‘ | CX (I);(I)lNz'Nj + h.c.
I | +1 | =1 | =1 | =2 | 0 | (y)ij Li®2N; + Si®!®N;N; + h.c.

I | +1 | =1 | 41 | =2 | 0 |(yvu)ij Li®1N; + %1®]® N;N; + h.c.

 The scalar doublets @, P, can develop VEVs through a suitable scalar potential V(®, ,):
\/E(CDI) =V, = VCOospf, \/E(CDZ) =v, =vsinf, vi+v:i=v:x~ (246 GeV)*

1
. As @y, ®, get VEVs, —Z D (mp);v; N; + E(MN)ij NiN;+h.c.

Vi Clj | ——==1 Theoretically motivated
(mD)U- = (yy)l-j, (MN)Z-J. = X(V sin f)(vcos f) = MN S | RHN masses lighter than
\/5 ~mmmeeeesd - the Weak scale!
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EFT Framework - Continued

* The tree-level two-Higgs doublet potential:

(@, @) = m{ @ D, + m35,d D 4 (cb*cb )? 4 /IZ(CDTCD )2 + A(PTD ) (D D,) + Ay(DPTD,) (D D)
1> ¥2) = My ] T My, > 11 T SR SIS PN ) 4\ D) (P,
« Lepton number symmetry prevents terms /IS(CDTCD2)2 + [/16(CDTCI>1) + /17(CI>TCI>2)]CI>TCD2 +h.c.

 Expansion of the scalar doublets around VEVs: Goldstone bosons (GO G+ —), charged Higgs (H ),
CP-even Higgs (H, h), CP-odd Higgs (A):

( (ID;r ) (H) _ ( CoS & sina) (:01) A=—nsip+mn,cosp

O, = , 1=1,2 h) \-sina cosa) \P2) H*=_d*sinf+ dEcosp
. 1 2

(v +p; + ”71')/\/5 hey = Hcos(ff — a) + hsin(f — )

+ Massless pseudoscalar A is ruled out. Include soft U(1); breaking term to give mass to A:

SV(®), @) = —mj, @Dy +h.c.

)
» Parameters:  my,, mzz» A5 Ayy A, Ay, m12 — tan f, cos(ff — a), my, my, my, v, ny,

. For the SM Yukawa sector, —Z D deCDEd + v QD1 + ylLCI)zl + h.c. (lype-12HDM)
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Neutrino Masses Generation (Type-1 Seesaw)

0
—F O N)ﬂ(y)+h.c.with%=( mD) (3+n) X(3+n)

N mg M, complex symmetric matrix

The mass matrix . can be perturbatively diagonalized by a (3 + n) X (3 + n) unitary matrix %

Ul (—mpMy'mb)U 0
diag _ qyT ~
M = U MU ~ PR T seng]
L[ — MMy mp)U miMy! U o (Y
- —MmlU laon — =M mImEM! N ~ N
N Mp 3x3 — 5 My MphipVy

Casas-Ibarra Parameterization of my, : m,, = iU*\/M R'/M,, with U = PMNS matrix

R = complex orthogonal matrix satisfies R'R =1 |J. Casas, A. Ibarra, 0103065 |



Model Constraints and Self-Consistency

1. Condition on EFT Validity:

c V2 ; TeV GeV
tan f < ~ 10
AM 47r A M

2. Theoretical Constraints from 2HDM scalar potential:

Vacuum Stability: 4,4, >0, 43> —\/A4i4,, K+ 4 > —/4i4, The mass spllttlng between

H and A Cannot be Iarge
Perturbativity: |4;| < 4nx e s oo
3. From neutrino oscillation data:

™ mixing matrix among the

oL W

active (SM) neutrinos,
9 — D should fit the neutrino
- 1o T | _1 oscillation data
_MN MpU L33 — EMN MpMiMy

4. From radiatively-generated Weinberg-type operator and other loop effects.
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Radiative Correction to Neutrino Masses

One-loop contribution

1. Radiatively generated Weinberg-type operator (L®,)(L®d,) which also preserves lepton number
L1

(1 +a)(L;Dy) (MD)iI(MT)IJ(Mg)f (LD,)
16722 visac N 4
field redefinition of — a

D, T by EOM a = cotf (Model II), tan f (Model III)

2. Correction to RHN masses from XCI)ZTCDJ-NN + mj, @',
2
e 2

P , R
1 \ C m 1 C .
o\ j o T s <oyvisinfeosp = [mh < 4m” |

\

N, / N

i The 1-loop correction to RHN mass term can be small.
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Interactions of Scalars and SM Fields

* Couplings of scalars to SM leptons and gauge bosons take the form of the type-1 2HDM:

m 2 K. = sin(f — a) A
¢ v (f—a) an
V Y

- My
K ), —hff+ K —hV"V,
L fmudl Ky = Nysin(ff — a), with Ny, =2 (1) for V=W (Z)

me m> B - sin(f — a)
K Y —HIf +rk—HV, V¢ K= cos(Pma) =

- feudl K, = Ny cos(f — a), with N, = 2 (1) for V= W (Z) |

K Z —Aff Kp =T 1 3’ (+ foru, — ford, [), |

* In the alignment limit (sSin(f — a) — 1, cos(f — a) — 0), his the 125 GeV Higgs and its
couplings is SM-like. The couplings of H, A to SM fermions scale as 1/tan /.

10



Interactions of Scalars and RHNs

A unique feature of the dimension-5 operator is the direct coupling of 2HDM scalars to /V :

My |1 1 1
N.
_ l _ . . . * +
lj k) J % & W R U
Coupling Models I, II Model III b3 44 NN
3 “Bte _ 9g — | tg — 1 C
hNN — = 48B—q A s B—a B
3 \
SB+a 1 T \
§HNN =(tg — — ) sg—a +2¢s—a T 1071+ . .
SBCpa 1 = - .
1 1 \
fANN —61,11,1118 5 — —ELILII tﬁ | P 3
e : mg=200GeV \
My =1 GeV
gH‘*‘eN _1/tﬁ tﬁ c];;_azO.l
10—2L_/ 1 .1..11: (
For Model LIIl (Model Il), & iy = + 1 (e = — 1). 107! 10
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Constraints from h Invisible Decay

= From the dim-5 operator
N

1 My
2 v

Evn RINN

N
* Coupling modifier:

1
vy = 2sIn(ff — a) — cos(f — a)(
tan

5 tan )

* RHNs are long-lived at collider scale, the
signature is thus invisible.

With ATLAS, CMS bounds BR(h->inv) < 0.10-0.20
IATLAS, 2303.01214: CMS, 2301.10731]
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Signature from Additional Higgs Bosons (H)
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Signature from Additional Higgs Bosons (A, H™)

As for the searches for the interactions of the pseudoscalar A with RHNs, a promising
example is to consider g5’ — W= — H>¢ where p = A, H.

NALVH N
Thus, electroweak production of HH and H*A will lead to a mono-W signal
(W*+Missing ET).

e This is very similar to the slepton NLSP-sneutrino LSP scenario (analogous to charged
Higgs, neutral Higgs)

(electroweak production of slepton and sneutrino is followed by a slepton decay toa W
and a sneutrino, yielding a mono-W signal) [Carpenter et al, 2007.10360]
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UV Completions

C
Here we present three example UV completions of — & D XCD;(ENN + h.c.(Modell, Ill)

T ‘r
(I)l.~~~ ‘o"q)?" (I)]‘s 0'(I)2

o2l ' " - f
([) ¥ @ = . qD
J b L 4 s
’ ‘
' ’ ]

It (% (" A v /\ , /T)(T\
N NN N

A new vector-like pair of fermions

(y, W) with quantum numbers
~ 4\ 5 1 scalar singlet field ¢
y~ (1,2,—2),p ~ (1,2, )

a gauge singlet Majorana

fermion y which does not carry
lepton number and a gauge

singlet complex scalar ¢

with an additional complex

* These possible UV completions parallel those for UV completing the usual Weinberg
operator for light SM neutrino masses.
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Summary and Outlook

 \We have proposed a simple mechanism to spontaneously break lepton number and generate RHN
masses from electroweak symmetry breaking. The mechanism predicts RHNs to be lighter than the
weak scale.

* (Correction to RHN mass at 1-loop level can be small, which avoids spoiling the Type-1 seesaw
mechanism.

» We show that an upper bound ~ ©O(1) GeV on the RHN mass can be derived from analyzing
h — NN invisible decay. Together with the Higgs couplings measurement, large region in the
tan ff — cos(ff — a) parameter space can be constrained.

« A/H — NN becomes the dominant decay channel of A/H at large tan / in our models. Signatures
from these additional bosons decay can provide constraints on the 2ZHDM and RHN parameter
space.

* We also showed that our model can have novel enhancements in LFV such as 4 — ey and LNV
such as Ovfp.

* There is wide scope for further studies: sterile neutrino dark matter, leptogenesis, UV model building, ...
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2HDM Physics Spectrum (in Physical Basis)

oF\ 1 1
Z>— (D] D7) ﬂ%( 1) = (1) A (m) —5 (P1 P) M, (pl) + Lin

X fp) P2
S5 —CpS 52 —CpS m2 . m2
ﬂi — m}r b PP . /%f‘ — mj p Pop . /%I% _ ni1 Mp12
() — - 2 Y, 2 o 2 2
P —CpSp O My My
1 m#, + mz* 1 1 m#, + mz*
o mi — = 14\/2; mj 12
2 C,BS,B 2 2 C,BS,B

m,%ll > (m12 + m )tanﬁ + /llvo cos 3% m;%zz > (m12 + m )cotﬁ + /lzvg sin f3°;

mglz = — E(rnf2 + mlzz) + (A3 + /14)\/3 sin f cos f
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R Matrix (for n=3 RHNSs)

A convenient way to parameterize the orthogonal matrix R:

1 0 0 cos@; 0 sinb;)( cosb,, sind, O
1o 0 o , 0,; can be complex,
R = CO5 a3 SINU3 0 1 0 —sin6,, cosb,;, o 0. = .+ ib
0 —sinf,; cosb,)|—sinf; 0 cosb,, 0 o 1) "TViT T

Benchmark scenario: 0, = ib,,0,3, = 6,; =0

coshb, isinhb;, 0O
0 0 |

For b, > 0, both cosh b, and sinh b,, are monotonically
increasing function. (They can grow way beyond ©(1) value.)

As a consequence, M, = iU*\/M_R'/M, can go beyond the seesaw relation and become large.

However, R and M/, cannot be arbitrary large.

20



Lepton Flavor Violation (Specifically i — ¢y)

4
In our models: HE. /
\lH

€

In SM:

In particular, in Model Ill the charged Higgs contribution is tan / enhanced:

2
3a M? B 0 3 L2
Br(u — ey) & o tan* A Z VEV, Ly ( ) where I,,.(x) = x(1 —6x+4+3x“+2x" — 6x°In x).
T + 6(1 — )C)4

Assuming nearly degenerate RHN mass in the limit M; < m..:

Q MI4 ~ tan f ) ‘zlvjlvﬂl‘ M, */150GeV \"
Br(u — e) = 5 tan'/ ZV>‘}VM Y <10 13(4()()) - (1G6V> ( — )

The current experimental sensitivity is given by MEG combined analysis: Br(u — ey) < 3.1 x 1071 (90 % CL)
For future sensitivity, Br(u — ey) < 6.0 x 1071* (90 % CL) [K. Afanaciev et al. (MEG Il), 2310.12614]
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Lepton Flavor Violation (Specifically 1 — ¢y)
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Neutrinoless Double Beta Decay

n p The Ovff decay rate or the inverse half-life in seesaw models is given by
0 3 772 6
w _ I o _ 1 _ GOI/ 4. 72 %OI/ 2 Ueimi n
N € 70y gAmp‘ N | 2
v, In?2 I7h - (p?) o (P

o
14
/é\ (GO” = phase space factor, g, = axial coupling strength,
" p %]Q]” = nuclear matrix element, (p*) ~ 100 MeV )

[Bolton et a/,1912.03058; Mitra et a/,1108.0004]

In the past decade, several experiments, including CUORE, GERDA,
MAJORANA DEMONSTRATOR, and KamLAND-Zen, have derived

lower limits on the OvBf half-life in the range of 10%> — 10%° yr for
multiple nuclear isotopes.

1O

NO

Future experiments, including PandaX-Ill, nEXO, LEGEND, and

W s e BB BT CUPID are aiming to probe half-life in the 1027 — 10%° yr range.

Might (eV)

[PDG, 2023]
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Neutrinoless Double Beta Decay
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UV Completion 1

Vector-like fermions (tree level)

Both y/, y carry lepton number: The lepton number
assignment for Model | (Model lll) is

.‘.
(I)l: :(I)Z Lyl = -1, Lly] = + 1 for Model |;
5 5 (Lly] = + 1, L[{7] = — 1 for Model Ill
'w @' — LI my e+ Iy ® N+, F® N+h.c.
N N Upon integrating out the heavy vector-like fermions,
c it
A new vector-like pair of fermions — =

A m

(y, W) with quantum numbers

1y - 1 .
y~ (1,2,—2),p~ (1,2, The structure is analogous to type-l and type-II|
seesaw mechanism for light neutrino masses.
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UV Completion 2

Complex Scalar Singlet (tree level)

with an additional complex
scalar singlet field ¢

@ carries lepton number: L[¢p] =2 (L[¢p] = — 2)
for Model | (Model Ill).

A
—SZ:>m2\¢\2+5\gb\4+(A¢*cbch>1+/1quN+h.c.)

Upon Integrating out the heavy scalar singlet,
c AA

A m?

The structure is analogous to type-ll seesaw mechanism.
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UV Completion 3

Radiative generated RHN mass model

b @T y does not carry lepton number while ¢ carries
1. P lepton number: L|¢p] =1 (L|¢] = — 1) for Model
| (Model IlI).
\‘ 'l 1
\uo P
b TN b —SFDm;M\ + > %)()(+y¢)(N+/l¢*gb*CD§CDl+h.c.

: . Assuming a common heavy mass scale for the new scalar and

/X X N\ fermion for simplicity, my ~ m, ~ m
N N

C 1 y°A

a gauge singlet Majorana A 1622 m
fermion y and a gauge singlet

complex scalar ¢

The structure parallels the generation of the Weinberg operator
INn the scotogenic model.
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