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Motivation

The Standard Model (SM) of particle physics is a theory that describes electromagnetic, weak and strong interactions using

symmetry groups SU(3). ® SU(2);, ® U(1)y. It also classifies all known fundamental particles with specific charges under
these groups.
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Although it’s highly successful in terms of producing experimental predictions, it cannot explain:
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* Observed Dark Matter abundance

« Baryon Asymmetry of the Universe

Besides these problems, there are some hints of new physics:

« Strong CP problem: Lack of a theoretical explanation for the non-observation of the neutron electric dipole moment

which indicates that strong interactions preserve CP symmetry.
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Neutrino masses

The unique lowest-dimensional effective operator that can be added to the SM is the dimension-five Weinberg operator.

This operator leads to Majorana masses for neutrinos after electroweak symmetry breaking.
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Neutrino masses

The unique lowest-dimensional effective operator that can be added to the SM is the dimension-five Weinberg operator.

This operator leads to Majorana masses for neutrinos after electroweak symmetry breaking.

Alternatively, neutrinos could be Dirac particles. This scenario requires the existence of right-handed neutrino

counterparts and the absence of the Weinberg operator, thereby forbidding Majorana mass terms.

_‘CdD?ric — KDirac (L(:NDVR) + H.c.
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The Seesaw mechanism

A straightforward and elegant solution for neutrino masses:

Type-l Seesaw Model

(®) X

>
1% R Ur vV

Minkowski (1977), Gell-Mann et al. (1979), Yanagida (1979),
Glashow (1980), Mohapatra et al. (1980), Valle et al. (1980)
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The Seesaw mechanism

A straightforward and elegant solution for neutrino masses:
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Glashow (1980), Mohapatra et al. (1980), Valle et al. (1980)

 The Type-l Seesaw is by far the simplest solution to the neutrino mass problem.
« However, a major drawback of this model is the large mass scale of the right-handed neutrinos, far away from the reach

of current experiments.
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L ow-scale solutions

Low-scale solutions, such as the inverse and linear seesaws, despite being more complicated offer more testability

prospects at ongoing experiments.
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L ow-scale solutions

Low-scale solutions, such as the inverse and linear seesaws, despite being more complicated offer more testability

prospects at ongoing experiments.

Inverse Seesaw Model

<(I)) Mohapatra, Valle (1986) <(I)> Fields SU(2)L X U(l)Y U(l)L
: : EL (23 _1) 1
: : €ER (13 2) 1
: : VR (17 0) 1
My o Mp o (L. N
> —— > < — < ¢ (2,1) 0
v VR Sr SR VR v
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Low-scale solutions, such as the inverse and linear seesaws, despite being more complicated offer more testability

prospects at ongoing experiments.

Inverse Seesaw Model

<(I)> Mohapatra, Valle (1986) <(I)> FleldS SU(Z)L R U(l)Y U(l)L
, , 29 (2, —1) 1
: : €R (1,2) 1
: : VR (1, 0) 1
: Mp U Mp : SR (1,0) —1
> L—————> < ——1 < o (2,1) 0
174 VR SR SR VR 174
0 MD 0 ?}2
inthe (vp, v, S%)basis, M, = Mg 0 Mgp| —— m, ~ —q),u

m{ Mz u

Aditya Batra — May 27, 2025
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Low-scale solutions, such as the inverse and linear seesaws, despite being more complicated offer more testability

prospects at ongoing experiments.

Inverse Seesaw Model

<(I)> Mohapatra, Valle (1986) <(I)> FleldS SU(Z)L R U(l)Y U(l)L
, , 29 (2, —1) 1
: : eR (1,2) 1
: : VR (1, 0) 1
: Mp U Mp : SR (1,0) —1
> L—————> ———p— < o (2,1) 0
174 VR SR SR VR 174
0 MD 0 ?}2
inthe (vp, v, S%)basis, M, = Mg 0 Mgp| —— m, ~ —%,u
T MR

mg Mg pu

1t violates lepton number and can be naturally small in the t'Hooft sense. Hence, neutrino masses are suppressed and

extremely heavy mediators like in the Type-l seesaw are not required.
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Linear Seesaw Model

Akhmedov et al. (1996), Malinsky et al. (2005)

Fields | SU(2)L, ® U(1)y | U(1
(@) (xn) ields 2)L®U1)y | UQ)L
[ 1 EL (27_]‘) 1
eRr (1,2) 1
: : VR (1,0) 1
E E SR (1,0) —1
> , < > : < ® (2,1) 0
v Y, VR Mg Sr Ys v XL (2,1) 2
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Akhmedov et al. (1996), Malinsky et al. (2005)
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Linear Seesaw Model

Akhmedov et al. (1996), Malinsky et al. (2005)

(®) (xr)
> : < > : <
1% Y, VR Mp Sp Ys 1Y
0 MD Img
in the (v, v, S¢)basis, M, = | ME 0 Mgzl , mg=
mg MR 0

Fields | SU(2)L ® U(1)y | U(1)L

¢ (2, —1) 1

eR (1,2) 1

VR (1, 0) 1

Sk (1,0) ~1

) (2,1) 0

XL (2,1) 2
Uy Y s I Ve Uy
V2 " Mg

Uy is induced through the mixing term ®'x, in the scalar potential which violates lepton number and hence can be

naturally small. Again, the mediators can be at the TeV scale within the reach of current experiments.
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Dark matter

Particle dark matter candidates must be:
« Electromagnetically Neutral and Non-Baryonic: constraints from searches in terrestrial, lunar, and meteoritic materials
* Non-Relativistic: to allow structure formation in the early Universe

- Cosmologically Stable or Long-Lived: to account for the observed dark matter density, Q2cpmh? = 0.1200 4 0.0012
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Dark matter

Particle dark matter candidates must be:
« Electromagnetically Neutral and Non-Baryonic: constraints from searches in terrestrial, lunar, and meteoritic materials

* Non-Relativistic: to allow structure formation in the early Universe

- Cosmologically Stable or Long-Lived: to account for the observed dark matter density, Q2cpmh? = 0.1200 4 0.0012

Many models beyond the SM employ symmetries such as Z2 to prevent the decay of dark matter into SM particles.

Odd under Zo Even under Zo

Is there a way to incorporate dark matter into neutrino mass models?
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Dark matter seeded neutrino mass

In radiative neutrino mass models, small neutrino masses are induced at the quantum level. Particles entering the loops

may also be viable DM candidates stabilized by symmetry.
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Dark matter seeded neutrino mass

In radiative neutrino mass models, small neutrino masses are induced at the quantum level. Particles entering the loops

may also be viable DM candidates stabilized by symmetry.

Scotogenic Model  Tao (1996), Ma (2006)

Fields SU(3). @ SU((2), @ U(1)y Lo
L (1,2,—3) +1
14 (1,1,-1) +1
d (1,2, 3) +1
N (1,1,0) —1
Ul (12:%) —1

(@ (@)
n -"‘:’::‘*. n
v N N v
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Dark matter seeded neutrino mass

In radiative neutrino mass models, small neutrino masses are induced at the quantum level. Particles entering the loops

may also be viable DM candidates stabilized by symmetry.

Scotogenic Model  Tao (1996), Ma (2006) Dark Inverse Seesaw Model Mandaletal. (2021)
Fields SU(3)c ® SU(2), ® U(1)y Zs Fields | SU2)L @ U(l)y | ULz | 2o
L (1,2, =3) +1 ‘r (2,-1) -1 | +
b 022) i en |2 |1 | g
N (1,1,0) —1 VR (1,0) 1 +
n (1,2,3) —1 S (1,0) —1 +
@ @) / (1,0 .
o (2,1) 0 —
¢ (1,1) 1 —
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The dark linear seesaw

We propose a model where the low-scale linear seesaw neutrino mass generation mechanism is seeded by cosmologically

stable dark matter particles accounting for both neutrino flavour oscillations and the observed dark matter abundance.
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The dark linear seesaw

We propose a model where the low-scale linear seesaw neutrino mass generation mechanism is seeded by cosmologically

stable dark matter particles accounting for both neutrino flavour oscillations and the observed dark matter abundance.

Fields | SU2)L @ U(1l)y | U(1)L | 22

lr (2,-1) 1 +

: €R (1,2) 1 +
Fermions

VR (1,0) 1 +

Sk (1,0) ~1 +

fL.r (1,0) —1 -

o (2,1) 0 +

Scalars n (2,1) —2 —

X (1,0) 0 —

()
|
77 /’-L‘\\ X /’—-X.—\\
y 2 N\ s N
/ \ / \
/ \ / \
) \ / \
3 - o = . T = = L
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The dark linear seesaw

We propose a model where the low-scale linear seesaw neutrino mass generation mechanism is seeded by cosmologically

stable dark matter particles accounting for both neutrino flavour oscillations and the observed dark matter abundance.

Fields | SU2)L @ U(1l)y | U(1)L | 22

lr (2,-1) 1 +

: €R (1,2) 1 +
Fermions

VR (1,0) 1 +

Sk (1,0) ~1 +

fL.r (1,0) —1 -

o (2,1) 0 +

Scalars n (2,1) —2 —

X (1,0) 0 —

P
|
1 X
77}/ \\\X //’ \\\
/ \ / \
/ \ / \
[ \ ! \
> > 5 > T » | < < L«
‘r Ir Iz Sk vr IR /L Sk
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The dark linear seesaw

We propose a model where the low-scale linear seesaw neutrino mass generation mechanism is seeded by cosmologically

stable dark matter particles accounting for both neutrino flavour oscillations and the observed dark matter abundance.

Fields SU(Q)L & U(l)Y U(l)L Zo d
lr (2,-1) 1 + |
1,2 1
Fermions | (1,2) - ' X
VR (170) 1 + 77 /'_/J%"'\ X - 7 T~
Sk (1,0) —1 + S AN 7 N
fr.r (1,0) —1 - / Y J Y
o (2,1) 0 + 1 p—l —t
Scalars n (2,1) —2 — lr IR fr SR VR IR fr Sk

—L =Yl Per + YDEL&)VR -+ YféLﬁfR +YsfrSry + YRf]%VRX + MBI/JC%SR + MffoR + H.c.

The lepton number symmetry is violated by the scalar potential term:

Vit = ¢ (1) x + He.
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Dark matter

The fermion f and the scalar ¢; (which is a mixed state of the inert scalar doublet nand singlet x) can be viable WIMP DM

candidates. We focused on the scalar DM phenomenology.
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Dark matter

The fermion f and the scalar ¢; (which is a mixed state of the inert scalar doublet 7and singlet x) can be viable WIMP DM

candidates. We focused on the scalar DM phenomenology.

Relic abundance
4

10" g N ————— :
10°f
107
0 f -
| 3 3 57-/
e 10"} i -
-é Planck s 3
T 3
10° f : =
10} ; 2
=
10° 1
10_6§Z-(:‘leclayLlEl?.””I o
10 10° 10’ 5000
mg (GeV)

Direct detection is mediated by the SM Higgs boson and the Z-boson.
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Charged lepton flavour violation

The new particles can mediate charged lepton flavour violating decays with sizable branching ratios.

/7/
W= W=
l? Vka]\rk []
7%
AN +
C// \\C
/ \
/ \
| |
{; f ¥
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Charged lepton flavour violation

The new particles can mediate charged lepton flavour violating decays with sizable branching ratios.

BR (ga — @5 VQW) 27 ¢*
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O i MEG 11
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| 1 AL Seesaw 1
l?- f [] 1 0']0 i /I PR LTY!| ST TTeTY LT TTTTY MR SWeTTTT RTATWTTTT EErArETTTTT TSR TeTT MArArwrTTT W _
10" 10°  10° 10" 100 1
G,

Therefore, our model can be probed through these processes at various current and upcoming experiments.
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The Strong CP problem and axions

Strong CP problem

7 o b b,
»CQCD DQ%GWG Hy

0] < 10719
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The Strong CP problem and axions

Siliy C1 pIOIE Axion et (1016 s 1576
»CQCD DY) g—;GZVGb"uV Q
B U(]-)PQ a---- Q Legg D g‘_;}%GZVGG,UJV
o] <1077 ° a(z)+ 0 f, — a(z)
g = Vo + p "
\/§ KSVZ (1979, 1980 geﬁ-' =0+ <J%> =0
Vector-like quarks
ViR
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The Strong CP problem and axions

Siliy C1 pIOIE Axion et (1016 s 1576
»CQCD DY) g—;GZVGb"uV Q
B U(]-)PQ a---- Q Legg D gé_;%gzygaw

0] < 1010 Q

UUJFP a(x) +0 f, — a(x)
ag = (S — _
\/§ KSVZ (1979, 1980 geﬁ-' =0+ <J%> =0
Vector-like quarks
ViR

Our approach:

New class of models where neutrino masses are radiatively generated by coloured particles which
simultaneously solve through the PQ mechanism the strong CP problem. The predicted axion particle accounts

for dark matter.
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Axion paradigm with colour-mediated neutrino masses

Fields | SU(3). ®SU(2)r, ® U(1)y |U(1)pg| Multiplicity
Uy ((p,q),2n£1,0) W Ny
Vg ((p,q),2n£1,0) 0 Ny
o (1,1,0) W 1
77 ((p,q),2n,1/2) 0 T
X ((p,q),2n +1,0) 0 My
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Axion paradigm with colour-mediated neutrino masses

Fields | SU(3). ®SU(2)r, ® U(1)y |U(1)pg| Multiplicity
vy, ((pa Q)72nj: 170) W Ny
Vector-like quarks {
\IJR ((p> Q),Q’I’Lﬂi 170) 0 Ty
o (1,1,0) W 1
n ((p,q),2n,1/2) 0 Ty
X ((p,q),2n£1,0) 0 My
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Axion paradigm with colour-mediated neutrino masses

Vector-like quarks {

Complex scalar singlet —
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Coloured scalars {
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Axion paradigm with colour-mediated neutrino masses

Fields | SU(3). ®SU(2)r, ® U(1)y |U(1)pg| Multiplicity
vy, ((pa Q)72nj: 170) W Ny
Vector-like quarks {
VR ((p> Q),Q’I’Lﬂi 170) 0 ny
Complex scalar singlet — o (17 1, 0) w 1 —— : peiaa/’“o
n ((p,q),2n,1/2) 0 Ty
Coloured scalars {
X ((p,q),2n£1,0) 0 My
. — 1 -
Yukawa Lagrangian: —Lyu D Yy, Wro + EYJc’j‘P:gCZijR + Y, Lyf¥y + H.c.
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Axion paradigm with colour-mediated neutrino masses

Fields | SU(3). ®SU(2)r, ® U(1)y |U(1)pg| Multiplicity
vy, ((pa Q)72nj: 170) W Ny
Vector-like quarks {
VR ((p> Q),Q’I’Lﬂi 170) 0 ny
Complex scalar singlet — o (1,1,0) w 1 — O : peiao/va
n ((p,q),2n,1/2) 0 Ty
Coloured scalars {
X ((p,q),2n£1,0) 0 My
: — 1 -
Yukawa Lagrangian: —Lvu D YyW; VYo + EYZJ‘P};C;(J-‘PR + Y, Ln;¥Y; + H.c.
Scalar Potential: VD pinxixixe + Ki.jﬂj.q))(j + lijkq)Jrﬂz%j)(k +H.c.
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Axion paradigm with colour-mediated neutrino masses

: : P
Neutrino mass generatlon | o b
|
(D\ Y \\ ,/
‘ X Noox x *
Two-loop colour- AN Sk i NN e e NG
: : y7 o I
mediated Majorana . ’/ ¥ X \ ; / ¥ X \ .
. \ .
neutrino masses / ' \ [ l \ Cheng,Li (1980), Zee
I EEEEE— <1 (1986), Babu (1988)
L Up Up L L Uy Vg
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Axion paradigm with colour-mediated neutrino masses

Neutrino mass generation ? o o
|
d Y \\ ,/
" Y | Noox x *
Two-loop colour- AN Sk i NN e e NG
: : y7 o I
mediated Majorana . / ¥ X \ ; / ¥ X \ ]
Ny . . ,
neutrino masses / ' \ [ l \ Cheng,Li (1980), Zee
I EEEEE— <1 (1986), Babu (1988)
L Up Vg L L Uy Vg
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Colour-anomaly factor

N =2ngw(2n £+ 1)T(p, q)
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Probing the axion-to-photon coupling

Axion-to-photon coupling:

Cortona et al.(2016)
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Axion-to-photon coupling:

@7

ga’y'y — 27Tf

{ff - 1.92(4)]

Model dependent contribution to the electromagnetic and colour anomaly factors:

Cortona et al.(2016)

E_ dpa) z”i‘l(%il—l_jf
N @Cn+1)T(pq) = 2
SU(2),
ViR — E/N 3 5 7 9 11
q),2n+1,0 3 4 12 24 40 60
((p.q), 2n ) 6 8/5 24/5  48/5 16 24
SU(3). ® SU(2), ® U(1)y SU(3). 10 8/9  8/3  16/3  80/9  40/3
15 1 3 6 10 15
15 4/7 12/ 24/7  40/7  60/7

Aditya Batra — May 27, 2025




Probing the axion-to-photon coupling

The different models can be probed through the axion-to-photon coupling at helioscope and haloscope experiments.

/, (GeV)
10" 10”% 10° 10" 10° 100 10° 107 10°

----------------

g | (GeV™)

DFSZ 1I: E/N=2/3
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Axion dark matter and cosmology

Axions are naturally light, weakly coupled with ordinary matter, cosmologically stable, and can be nonthermally produced in the early Universe

being an excellent DM candidate.
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being an excellent DM candidate.

Coloured scalars Vector-like quarks Potentially dangerous stable

N ((p,q),2n,1/2) Urr ((p,g).2n+1,0) : coloured/baryonic and electrically

X  ((p,g),2n%1,0)

charged relics

Axion dark matter via the misalignment mechanism in the pre-inflationary scenario:

2 9(2) fa
2.152 \2 x 10" GeV

Callan et al. (1978); Gross et al. (1981); Dimopoulos et al. (2008)

[N BN

Qa h2 =~ QCDMh
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[N BN

Qa h2 =~ QCDMh

Isocurvature fluctuations are constrained by CMB data setting a bound on the inflationary scale:

0.9 x 107 0
HS—r— (2 “f a GeV
Qah /QCDMh' T 10 GeV

Di Luzio et al. (2017)
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Axion dark matter and cosmology
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For 6y ~ (1) axions can account for the full CDM budget, provided f, ~ 5 x 10'! GeV, a region currently under scrutiny

at haloscopes.
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Axion paradigm with colour-mediated Dirac neutrino masses

Fields SU(3)C® SU(Q)L ®U(1)y U(l)PQ
tr (1.2,-1/2) 1/6
Leptons eRr (1,1,-1) 1/6
VR (1,1,0) 4/6
Vector-like quarks V1o V12R (3, ny, yv) Qpq: Qpg — 1/2
o (1,2,1/2) 0
Scalars
o (1,1,0) 1/2
n (3,n, =ng +1,yy +1/2) Qpq —4/6
Scalar Leptoquarks
X (3, ny, yw) Qpq — 4/6
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V ok (n®)y+ He.
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Ny yo | Qpq | ny Heavy-light quark mixing terms Other decay terms
1/2 qLPVR, Viodg Iridg
~1/3
0 Vidgr qLNVR
1 2
1/2 q_Lé\I’Rﬁ‘IfiLO'?LR Eﬁ?LR,q_LneR
2/3
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1/6
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2 1,3
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0
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Axion paradigm with colour-mediated Dirac neutrino masses

There is aresidual Z3 symmetry under which,

(€L7 €R, VR) — UJ(eL, €R, VR)

(7, x) = w?(n, x)
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Axion paradigm with colour-mediated Dirac neutrino masses

There is aresidual Z3 symmetry under which, This forbids all Majorana type operators,
(Yp,er,vr) = w(lL,eRr,VR) L, = —Ma (Led*)(®T¢L) o™o™ + H.c
L,CRyVR LyCRyVR Maj. Antn/+1 L -C.

(7, x) = w?(n, x)

Aditya Batra — May 27, 2025




Axion paradigm with colour-mediated Dirac neutrino masses

There is aresidual Z3 symmetry under which, This forbids all Majorana type operators,
(Yp,er,vr) = w(lL,eRr,VR) L, = —Ma (Led*)(®T¢L) o™o™ + H.c
L,CRyVR LyCRyVR Maj. Antn/+1 L -C.

(7, x) = w?(1,X) |
But allows Dirac type operators,

KDirac ,; % !

Aditya Batra — May 27, 2025




Axion paradigm with colour-mediated Dirac neutrino masses

There is aresidual Z3 symmetry under which, This forbids all Majorana type operators,
(Yp,er,vr) = w(lL,eRr,VR) L, = —Ma (Led*)(®T¢L) o™o™ + H.c
L,CRyVR LyCRyVR Maj. Antn/+1 L -C.

(7, x) = w?(1,X) |
But allows Dirac type operators,

KDirac ,; % !

The scalar leptoquarks 77 and X lead to lepton-quark interaction terms.

However, there is an accidental baryon number symmetry under which the SM quark fields and the new colored ones are

equally charged forbids dangerous proton decay operators such as the dimension 6,

duuce® /A2, ecucqq/A?, deucql/A?, qqql/A?

Aditya Batra — May 27, 2025




Axion paradigm with colour-mediated Dirac neutrino masses

: : o
Neutrino mass generation I
l
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I
One-loop colour- !
mediated Dirac et N X
7 N
neutrino masses / \\
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Axion paradigm with colour-mediated Dirac neutrino masses

Neutrino mass generation ¢
l
\
|
One-loop colour- !
mediated Dirac e N X
7 N
neutrino masses / \\
/ A
lr p ! v VR
A
|
l
a

(~n)aj(5~/x)j5 K M\I’j 1010 GeV'\
M,)as ~ 0.1 -
(My)ap ~ 0.1eV < 102 (102 GeV) 1012 GeV me,

Axion dark matter

The initial misalignment angle is no longer a free variable in the post-inflationary scenario and by performing a
statistical average one obtains, <9%> ~2.15%2 = fo $2x 10" GeV
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Probing the axion-to-photon coupling
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Flavour-violating axion couplings

Mixing between the heavy VLQs and the ordinary SM quarks induces flavor-violating axion-quark couplings:

0,a ~
[’%‘V — ULQaX ’Y'UJ QX(Gg()aB 4pXx

g
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Flavour-violating axion couplings

Mixing between the heavy VLQs and the ordinary SM quarks induces flavor-violating axion-quark couplings:
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ny| yy | Qpq | Heavy-light quark mixing terms ©% mixing parameter
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Flavour-violating axion couplings
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Concluding remarks

 We introduced a series of theoretical frameworks for neutrino mass generation that not only address the lightness of

neutrinos but also offer rich phenomenology as well as a connection to dark matter.
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mass scale of the right-handed neutrinos makes it far away from the reach of current experiments. Low-scale solutions, such

as the inverse and linear seesaws, despite being more complicated offer more testability prospects at ongoing experiments.
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* Finally, we explored axion dark matter frameworks in which colored mediators act as neutrino-mass mediators. In one
realization, colored fermions and scalars act as two-loop Majorana neutrino-mass mediators. Alternatively, these exotic states
generate Dirac neutrino masses where the global Peccei-Quinn symmetry that addresses the strong CP problem also ensures

the Dirac nature of neutrinos.
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« We first looked at the Type-lI Seesaw which is by far the simplest solution to the neutrino mass problem. However, the large
mass scale of the right-handed neutrinos makes it far away from the reach of current experiments. Low-scale solutions, such

as the inverse and linear seesaws, despite being more complicated offer more testability prospects at ongoing experiments.

« We then proposed the dark linear seesaw in which a dark-sector induces the small lepton number violating parameter that
generates neutrino masses via the linear seesaw mechanism, without contributing to any other mass term which could

generate light neutrino masses through another mechanism.

* Finally, we explored axion dark matter frameworks in which colored mediators act as neutrino-mass mediators. In one
realization, colored fermions and scalars act as two-loop Majorana neutrino-mass mediators. Alternatively, these exotic states
generate Dirac neutrino masses where the global Peccei-Quinn symmetry that addresses the strong CP problem also ensures

the Dirac nature of neutrinos.

Thank you!
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