Seesaw scale as a bridge to axions

In collaboration with J. T. Penedo (CFTP, Lisbon) and Y. Reyimuaji (XJU)
arXiv: 2208.03329

Xinyi Zhang (5K %)
Hebei University

The First International Conference on Axion Physics and Experiment (Axion 2022)
online, 2022/11/24



Neutrinos are massive
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Neutrinos in the Standard Model: @_, —— _@, momentum
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How massive are neutrinos?
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Neutrinos :are extrenjely light cbmpared With other férmions.

Hint for distinct mass generation mechanism?
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Force Carriers

Seesaw scale as a bridge to axions, Xinyi Zhang (HBU)



Two key questions concerning massive neutrinos:

@ The nature of massive neutrinos »iac/Majorana

® The mass generation mechanism explain the small mass
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The seesaw mechanism for Majorana neutrinos

Type-l seesaw P. Minkowski,1977; T. Yanagida, ,1979;

o~ —= J. Schechter and J. W. E. Valle, 1980, ...

A — — VL
N L L
. . c . . 0 M,
in basis (v, , N), full neutrino mass matrix .
My My
. . . —1ayT
Light neutrino mass matrix ~ M, = — M My M,

M, ~ 10° GeV,M, ~ 0.1 eV — M, ~ 10" GeV
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The seesaw paradigm for Majorana neutrinos

unique dimension 5 operator Tree-level, high-scale

With only SM fields, Lepton-number violating

1 -
S. Weinberg, 1980 A LCQPRIPR L

Consider different contracting,

[FQPIPRL, LQLRIPRP®P, LQPRP® L

——— —— ———— “~—— —_——— —— Chulia, Srivastava and Valle, 2018
1 1 3 3 3 3
Type I Type 11 Type III

Add new fields to make renormalizable operators Tree-level realization of Weinberg operator

Y
Y
X
A
A
Y
A
Y
Y
X
A
A

Type |, I, lIl Seesaw mechanism:
Neutrino mass suppressed by the heavy mediator mass
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The Dirac seesaw mechanism for Dirac neutrinos

@ With only SM fields (except for vp),

_ 1 - n
y, L®°vg WL<I>C (®'®) vg, n€{0,1,2,3,4...}

@ Introduce more BSM fields,

% LXQY Qg Awnalog of wWeinberg operator

For e.g. X ~ singlet, Y ~doublet X =x Y =&

L ® ®° L o° L o
X R X & VR R VR X X X R X X X VR

1 1 2 2 2 2
Type I analogue Type II analogue Type III analogue

Chulia, Srivastava and Valle, 2018
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The seesaw scale A

@ For Majorana neutrinos,

1 -
From Weinberg operator 1 LQPRPR L

2,2
YV

~— with y,, ~ 0.1,y ~ 100 GeV,m, ~ 0.1 eV — A ~ 10'> GeV

mUN

@ For Dirac neutrinos,

1

From the operator X LRIX®Y Qupg

Hard to tell!
But a “natural” guess of (X) ~(Y) ~ Orw Leading to the same result.

10° GeV < Agg S 101 GeV

Lower Limit determined b Yy how
much “fine-tuning” can tolerate
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The axion decay constant

Tensor-to-scalar ratior
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Hint for connection? Hp [GeV]

Luzio, Giannotti, Nardi, Visinelli, 2020
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Why does it matter?

v Small neutrino mass Ao ~ f v Strong CP problem
v Leptogenesis | ‘ v’ Axion dark matter

Possibility to explain more by adding less to SM

Rich phenomenology:
park matter
Baryown asy mme‘crg
nterplay of the two sectors (U and a)

Enlarged scalar sector
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Agg ~ [, : Majorana case

¥ = —y LHN—M,N°N

2 == y,IﬁN— oN°N DgwamicaL origin of RHN mass
PR field as Majoron model

Kim, 1981; Langacker, Peccei and Yanagida, 1986; Shin, 1987;
Dias, Machado, Nishi, Ringwald and Vaudrevange, 2014;
Ballesteros, Redondo, Ringwald and Tamarit, 2016
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Dirac neutrino + axion PO field

Gu, 2016 G- "
W e () R © e @
s o
Vgp > 6 ]\‘}I/% L ;\,R 6 > lL Vg , lL Vg > L Tl 5 f;"L L > lL
Baek, 2019 Peinado, Reig, Srivastava and Valle, 2020
(0. AS)
o (@) ()
~\!£<// i E
VRi > > i > L+ - % :
Ty B L Fr F VR
Vega, N. Nath and E. Peinado, 2020
H,(2) o (4)
®,(6)
. L, Andl many loop-generated U mass wmodels...
L(1) vr(—5)

Seesaw scale as a bridge to axions, Xinyi Zhang (HBU)

13



Agq ~ [, : Dirac case

Gu, 2016 Dias, Leite, Valle and Vaquera-Araujo, 2020
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Aqq ~ [, : Dirac case —Our construction

Extenod SM mlwimaLLg to get Agg ~

H Ay
! Y Scalar A, ~ 1,3 in SU(2)
[, —————p — VR Vector-like fermions A , A ~ 1,3
Ar, 1 Ap fo =
A PQ field: o
" Forthetriplet Ay, X = y, Fp, F)
m, ~ Uy U sub-eV m,: v, /v, ~ 10712
Vo p:v, ~ 5.4 GeV

Axion DM: £, ~ (10° — 10'%) GeV
Yukawa ~ O(1073 — 1)

J. T. Penedo, Y. Reyimuaji, XYZ, 2208.03329
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PQ symmetry enforces lepton number

Field L €ER Vr AFR AFL QR QL H o AX H AX
SU(3). 1 1 1 1 1 3 3 1 1 1 : :
su@, 2 1 1 3 3 1 1 2 1 3 ! !
1 1 [, —— A' . A. — VR
- _ - Fr Fr,
U(l)y > 1 0 0 0 01 (1) 5 00 i
U(1)pq a o a+l o a+l1 ~5 3 0 1 0 :

a # — 1 forbids Tgvp , TgpA)

a # k/2 forbids U_Rvg(a(*))”, (c— H,A)

No other symmetries besides PR
PR enforces Lepton number

J. T. Penedo, Y. Reyimuaji, XYZ, 2208.03329
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- . Kim, 1979
AXIO“ INn Oour mOdeI Shifman, Vainshtein and Zakharov, 1980
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The following Lagrangian is adding to the SM one
L= ckin — LYuk — V(H7 Ax: 0) 9
Ekin — |8u0-|2 + Tr |Dpr|2 + ﬁiaVR T QZEQ T A—FZEAF )
Ly = Y0 @QRU +LH Y., Ap, +Tr (AFL Yr AFR) o+ 1r (AFLA;) Yrvr + Hec.

U wmass

The most general scalar potential is

V(H,0,Ay) = — g HUH — 12 Tr (A2) — p20™0 + kHIAVH  chavged Higgs

A \ A, ,
+ SHMHY + 2T (A) + T (0%0) mASS § wixing
A A A

+ 2 (H'H) Tr (A%) + E(HTH)(U*U) + 5 (070) T (A%)

2

with presence of both fermions and scalars, there Ls wo a priori conclusion about
thetr effect on stabilizing the vacuuwm — a detailed study is necessary!
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Mass spectrum

1 1 1
2
( AV 5)‘a“”x — 5/4,’1} §Abvva \
1 1 D W |
Mép_even = | =AUV, — =KV RY 4 XX AcUsUsy Three CP-even mass eigenstates
2 2 dvy . 2 with masses m;; < m; < my
1 1 ) 1 2 3
\ 5)\()1}1}0 iAcUUUx AoV /
Heavy spectrum: my = my < my,
/m) KV Light spectrum: my < my = my
X 9 2 2
M2 _ 2 2. = (v + 4v3)
charged KU  KU? H~* — Av
X
\ 2 4vx)

Vacuum stability constraints

Theoretical constraints:

perturbativity, unitarity, copositivity, global minimum
Experimental constraints:

Electroweak precision: p, S, T, U
Collider: LHC for charged Higgs, LEP for neutral Higgs
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Viable parameter space J. T. Penedo, Y. Reyimuaji, XYZ, 2208.03329
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Summary

Build a model which features
® Agg ~ f, for Dirac neutrinos — 10° GeV < £, < 10 GeV
@ PQ enforces L number conservation
® A)( — My,

@ Desired vacuum (v, Vs v_) can be the global one (heavy spectrum)

It can be extended Ln many ways:
Flavors, singlet, Dirac leptogenests, collider phenomenology, ete

Most importantly, Agg ~ [, s worth exploration!

Thank you for Your attentlon!
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