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Neutrino masses

Two ways to generate netrino masses

Dirac mass: Majorana mass:
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Neutrino physics

Open questions:

o 4\Iormal or Inverted (sign of Am3,?)
1 e}o Leptonic CP Violation (& = ?)
OQ ® Octant of 0,; (> or < 45°7)
N ® Absolute Neutrino Masses (mighest = 07)

® Majorana or Dirac Nature (v=v¢ ?)

® Majorana CP-Violating Phases (how?)

\cﬁ? Extra Neutrino Species ® Origin of Neutrino Masses J
D s
@)

&7| @ Exotic Neutrino Interactions ® Flavor Structure (Symmetry?) ’>®'

$

NS ® Various LNV & LFV Processes ® Quark-Lepton Connection

® Leptonic Unitarity Violation ® Relations to DM and/or BAU

credit: Shun Zhou
neutrinos as a window to new physics



Neutrinoless double beta decay

OvpBB decay and Majorana nature of neutrinos

Majorana mass: OvpB6 decay:

(A,2) = (A, Z+2) +e +e

M. Goeppert-Mayer, Phys.Rev. 48 (1935) 512
W.H. Furry, Phys. Rev. 56 (1939) 1184



Neutrinoless double beta decay

OvpBB decay and Majorana nature of neutrinos

Majorana mass: Ov(B6 decay:

- Q@

7 -

Schechter, Valle, Phys.Rev. D25 (1982) 774

(A, 2) = (A, Z+2)+e +e

An observation of Ov3 decay would undoubtedly imply
the Majorana nature of neutrinos and AL =2 LNV
interactions in the “black box”



Neutrinoless double beta decay

No magic isotopes

Z+1
0+
Z
BB o
2+
0+
Z+2
2v3p
e
G
=
= 0v8p
Energy Qag

5 e e e T T e e e
48(5 35 naturally occurring isotopes with 8~ B ~ decays
al? (A, 2)(A, Z +2) + 2~ + (20, ]
967 150N g ]
- [ 3 J 00 ]
23 -llﬁCd.‘lazg'leo g
= 124G, 9136Xa o°Te
%2 +e elde
< 148 "6Ge #6054
¢ i
¢ d
1fe oo ¥V P o
‘o ¢ 21y 4
N ¢ ‘
0 1 &1 .4 1 1 ¢ 1 1 1 1 N
0 10 20 30 40 50 60 70 80 90 100
Natural abundance[%]
J.M. Yao, et al., 2111.15543 (PPNP)
Phase Space Factor vs. Q—Value for 0v3p Isotopes
i 2
lSONd
6
8
4
3 ]
“Ca
SSZr
2 116ed 100) 10,
e @ ”
lZJSn .. lSOTe
: lmpd BZSe
[ ]
® "°Ge
’ 20 25 3.0 35 4.0 4.5
Qpp [MeV]

D. Stefanik, R. Dvornicky, F. Simkovic,

P.

Vogel, 1506.07145 (PRC)



Neutrinoless double beta decay

Global experimental efforts

Phonon

Electron S TN Photon

Current limit:

Laboratory searches for 0vgp versus time:
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mgpp 99.7% discovery sensitivity [meV]

Neutrinoless double beta decay

Effective Majorana mass

(Gp,:  phase space factor (atomic physics)
(7{1)72) 1= GOuMoy2<m55> My,:  nuclear matrix element (nuclear physics)

(mggp): effective Majorana mass (particle physics)
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Neutrinoless double beta decay

Standard mechanism

Parameter space vs. mass of lightest v:
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Neutrinoless double beta decay

Standard mechanism

Parameter space vs. mass of lightest v:
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C. Adams, et a., 2212.11099

zmy [eV]

Z’mu:m1 + mo + m3

Planck 2018: ¥m, < 0.12 eV

DESI 2025: YXm, < 0.064 eV

DESI, 2503.14738

0.50
— NH
— [H
0.20+
__________________________________ Planck 2018
0.10
_________________________ DESI2025 |
0.05¢+
0.02 L ! ! !
0.001 0.005 0.010 0.050 0.100
Min [eV]

Can tonne-scale experiments discover Ovf3( decay in the NH?
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Non-standard mechanism

Standard vs non-std. mechanisms

dy == T £ up d u
;’/:LL_VA -

p——————— €] e
p ~ 200 MeV Xm,
dy NS > u d i
2, ee /., 2 5
~ GErm’ [p ~c/A

Naive estimate: W. Rodejohann, 1106.1334

c/A° c< 3.3 TeV)5 0.1eV c: new coupling
Gime /p? A my’ A: new particle mass

v
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Non-standard mechanism

Chiral perturbation theory

quark level: d =9

d u
° —>

o, &

d u

ul'1d ul'ad el'se”

Prezeau, Ramsey-Musolf, Vogel,
PRD 68 (2003) 034016

hadronic level: organized in Weinberg power counting

S. Weinberg, Phys. Lett. B 251 (1990)
288; Nucl. Phys. B 363 (1991) 3

’7Ti e e e
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p° —5 ~25 chiral enhancement
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Non-standard mechanism

e However, this formalism depends on low-energy constants (LECs) from
non-perturbative QCD effects

(mgp) ~ LECs x Wilson Coeffs LECs: gy, 4 (std. mechanism)
e Lattice-QCD calculations: e~
o
n P

Nicholson et al., Phys. Rev.
Lett. 121, 172501 (2018)

n p
LEC Vale Naive dimensional analysis:

gF™ 0.36 4+ 0.02

g3 2.0 + 0.2 GeV? gim' — 0(1) A. Manohar, H. Georgi, Nucl.
ggrrr *(062 + 006) G6V2 Phys. B234, 189 (1984)

T _ 2
gF —(1.940.2) GeV* 923,45 = O(Ay)
gr™  —(8.0 4+ 0.6) GeV*
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Effective field theory approach

Minimal left-right symmetric model

d N R . . ) ) 7
W § (4,7) = (R, R) UrY,.drurY,dreres ~ Oleres
-, ep \
A 1 M
VR % AOI/ ~ ( W ) p()
Y 6E ﬁﬂ mN MWR

W § . _ _ _ _
p . (4,7) = (1,2) UL%dLUR’deeRefq thed O4€R€CR

4
r . My _
./40,//35 ~ m—N S111 26 (MW ) Aip 2
R

G. Prezeau, M. Ramsey-Musolf, P. Vogel,
Phys.Rev.D 68 (2003)

O} = @y adany rrd

Left-right mixing: Oy = C_?%’YMT+Q%CL%’Y“T+Q§

14



Minimal left-right symmetric model

10

Effective field theory approach
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GL, M. Ramsey-Musolf, J. C.
Vasquez, 2009.01257 (PRL)

Leading contribution

Type-ll seesaw:

My, = (vr./vr) MR

charge conjugation as the LR
symmetry

VrR=V;

Input parameters in the NH

{MWR7 m4(m1)7 m6}
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Effective field theory approach

End-to-end framework

)
2 standard non-standard
w
X mechanism mechanism
Fd
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LL e e
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E ~ - ~d4 J -
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V. Cirigliano, et al., 2203.12169
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Effective field theory approach

Master formula for inverse half-life

—1
(T{%) = gfﬁ{Gm (4% + |ARI?) — 2(Go1 — Goa)ReAL AR + 4Gz | Ap|?

+2GU4 “Ame |2 + Re (A:(ne (AU + AR))}
—2Go3 Re [(Ay + AR) A%y + 2Am. AL]

+Gog |Af\,{|2 + Gos Re [(A, — Ar)A)y] } .

Bulding blocks:
 For the standard mechanism, 1 phase-space factor, 9+1 NMEs

* For non-standard mechanisms, 6 phase-space factors, 6 NMEs

V. Cirigliano, et al., 1710.01729 (PRC); 1802.10097 (PRL)
V. Cirigliano, et al., 1708.09390 (JHEP); 1806.02780 (JHEP)
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Effective field theory approach

e Fundamental NMEs:

NMEs TGGL. 8280 13()'1’c l.'i(ixc

Mp -1.74 059 -0.68|-1.29 -0.55 |-1.52 -0.67 [-0.89 -0.54
Map 548 3.15 5.06| 3.87 2.97| 428 297| 3.16 245
MAE | -2.02 094  -092(-146 -0.89|-1.74 -0.97 |-1.19 -0.79
MEF 0.66 0.30 0.24| 048 0.28| 0.59 0.31| 039 0.25
MMM 1 051 0.22 0.17| 037 0.20| 045 0.23] 0.31 0.19
M4 = - - - - o
MPF 1035 001 -031[-0.27 -0.01[-0.50 0.01]-0.28 0.1
MEP 1010 0.00 0.09| 0.08 0.00| 0.16 -0.01| 0.09 —o.mi
ap™ |01 000 T 001|008 0,00 |-0.06 0.00 [0.08 0.00
Mpsqa | -3.46 -1.46 -1.1|-2.53 -1.37 -297 -161(-1.53 -1.28
MER | 111 487 3.62| 7.98 4.54| 10.1 531| 571 4.25
MAL || -5.35 226 -1.37|-3.82 -2.09 |-4.94 -2.51|-2.80 -1.99
MEE | 199 0.82 0.42| 142 0.77 | 1.86 0.92| 1.06 0.74
MpL, 085 005 0.97[-0.65 -0.05|-150 0.07[-0.92 0.05:
MEE, 10.32 002 0.38| 0.24 0.02| 0.58 -0.02| 0.36 -0.02,

long-range

short-range

18



Effective field theory approach

Standard mechanism

A, = 222 M)

1 m2 VN _—
M1(/3) — V2 —— My + Mer + Mg +2 7r92u Mo leading-order
9 94 contact term
M — MAA + MAP + MPP + MMM
oT GT GT GT GT V. Cirigliano, et al., 1802.10097 (PRL)
Mg = Mp" + M7" + Mp™ N )
o
: . 0 5
of Weinberg power counting, = p

since the NME is an integral of p
n p

 The effect of LO contact term can also be rigorously
established in the relativistic framework

Y.L. Wang, P.W. Zhao, 2308.03356 (PLB)
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Effective field theory approach

Standard mechanism

| EDF ¢ a I I
7 BM T
AN(Em?) A (MeV) aren T . .
6 N NsM T T * i ~ .
0.67 450 e TT |8 s B
-1.01 550 5p cc T N ]: ]‘ s BY o0
-1.44 465 5 af ! .= * | © factor of 2-4
-0.91 465 3 I i : K - I
-1.44 349 + 1 n | & '*.
=1.03 349 2 ) | =1 k& | -]
F U S
" 1 Conr?;germ Ab initio Including contact term
L. Jokiniemi, P. Soriano, J. @ 8c,  T5Ge 32:39 molMo 116ICd 1807, 136y, 150|Nd

Menéndez, 2107.13354 (PLB)
M. Agostini et al.,, Rev.Mod.Phys. 95 (2023) 2, 025002

48Ca: R. Wirth, J.M. Yao, H. Hergert,2105.05415 (PRL)
6Ge:  A. Belley, J.M. Yao, et al., 2308.15634 (PRL)

Contact term enhances the NME and decay amplitude by 30% — 50%

20



Effective field theory approach

Non-standard mechanisms

2

A, = MG L TN A6 L TN @) Ap = MPp+ MYy,
me me mev A B M(G) N M(ﬁ)
m Me = me’L me,R’
Ar = NMR , ;
m m
e A = ZE M+ DR

Many combinations of NMEs, which might cancel among each other

1 1
M;(jg) = —2m 7r7r)L (2MGT sd T MGT sd T 2M T.sd T+ M:ﬁ,fd)
N
2 m?2
mz (o A A 7 (9
2mN C7(r]\)/'L ( G’_Ilfsd MT,];d) A mN CJ(VJ)VLMF,sd
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Effective field theory approach

Three types of diagrams:

Vi,

VL

long-range
(d =5, standard)

long-range
(d =17, non-std.)

short-range
(d =9, non-std.)
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Effective field theory approach

NMEs categorized in diagrams

4
[]SM [> sQRPA <] IBM2 O CDFT
? =
e — % -------------- = L — & = il = = & <] =
5 s
) P=
&
—4 O
—6

I.NN IxN Ixx IT.NN II.NN II.NN II.NN IIxN IIxN I AAIE III.NN IIT.xN Iifmr
JML *ML -ML ‘Mﬁ_l -M;:_z Mm,..l -Mmr.z *ML 'Mn:. -’ML *Mmr M;,U?__-\H ‘ML(R..U] ‘ML(R}

* Uncertainties of NMEs in different diagrams are quantified
e For both standard and non-standard mechanisms, the uncertainties are

a factor of 2-4
C.R. Ding, GL, J.M. Yao, 2403.17722 (PLB)
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Effective field theory approach

NMEs in 77 and 7wV diagrams

Mo =L

L

N N
EAfP,sd

MPS sd 76Ge 82Se 130Te 136Xe

’ 76 82 130 136
QRPA | —0.79 —0.575 —0.78 —0.44 Mp sa/Mpssa | “Ge “Se "“Te “Xe
Shell | —0.315 —0.28 —0.32 —0.25 QRPA 78 78 83 85
IBM | —0.37 Shell 73 76 76 7.8

IBM 6.3

Mp sq 6Ge 82G5¢  130me 136%e

QRPA | —6.2 —4.47 —-64 3.7
Shell -2.3 21 —-24 -1.9 M. L. Graesser, GL, M. J. Ramsey-Musolf, T.
IBM _9.34 Shen, S. Urrutia-Quiroga, 2202.01237 (JHEP)
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Effective field theory approach

End-to-end framework

&
2 standard non-standard
w
X mechanism mechanism
— - N
L _— _— e
7 dim—5 |) dim —7 dim—9 |,
% reyeradiieny v 1=
~ 100 GeV v o e : v
t dim — 3 dim — 6 dim — 7 dim — 9
U_IJ mgs v —+ v d — e (d = uer) @ d, did — wuee
. 1 1 |
~1GeV | i "" £ """ [ v o v oo
o - n — pev T —* ev nn — ppee n — pmee T — ee
~
(=] 1 1 1 2 1 ]
+100Mev | SRR e,
g t (w3 operators O operators
5 w (Long- and pion-range) (short-range)

~ 1 MeV

Mg,

AA AP PPMM AAAPPP . AP PP
Mopp ™ Mp i, Mop oy Mg

GT.T

GT.sd ey

body
Methods

l

|

v

T/, (0% — 0%)

sterile
neutrinos
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Ov33 decay with sterile neutrino

EFT with sterile neutrino

 SMEFT
Y. Liao, X.-D. Ma, 1612.04527 (PRD)

e VvLEFT
T. Li, X.-D. Ma, M. A. Schmidt, 2005.01543 (JHEP)

e NMEs with vp

Interpolation:

—_— 136Xe
- 2

> m

© T

s Mpint(mi) = Mp,sq———;—

.S

o T T

E"Z
2 lim MF(mz) == MF

= — caleulated : m72|'

E - iclftg?pgizting formula ]'lm MF(m’L) — _ZMF,Sd

0° 10> w0 1 1w’ 10 1w 1w 10
my [GeV] m [GeV]

W. Dekens, et al., 2002.07182 (JHEP)

A. Faessler, M. Gonzalez, S. Kovalenko,
F. Simkovic, 1408.6077 (PRD)
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Ov33 decay with sterile neutrino

EFT with sterile neutrino

e ChPT with VR W. Dekens, et al., 2002.07182 (JHEP)
- 9ir(0)
gLR(mi) - 2 497 (0) :WR T -1
1 —mg =5=0(mo — mi)gy™ (mo) + 0(m; —mo)gy™ (mi)]

o8 —— Interpolation
| Lattice + RGE running
' W Lattice: This work -6
06 107" — complete
4= os = 107
= =
E o4 = 0—8
I:t;f" %
0.3f E 1 0—9, .
02 1 0—1 0[ ‘ %3
10 100 1000 10° 10° 10°
0 00 1000 10 0 0
0.0 05 1.0 m.,(ESeV) 2.0 25 3.0 me [MeV]

GL, M. J. Ramsey-Musolf, S. Su,

X.-¥Y. Tuo, X. Feng, L-C. Jin, J. C. Vasquez, 2109.08172 (PRD)

2206.00879 (PRD)
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Ov33 decay with sterile neutrino

Minimal left-right symmetric model

* Type-ll seesaw:

~ 100f
My, = (vr/vr) MR
3
BENOER * charge conjugation as the LR
Ea: symmetry
E k
~ 001 VR =Vg
W mg=1TeV
W me=100GeV  NH * Input parameters in the NH
B mg=10 GeV
10—4_—5 T : : :
10 10° 10™* 0.001 0.010 0.100 1 { My, ,ms(my), mg}
m, [eV]
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Ov33 decay with sterile neutrino

Minimal left-right symmetric model

my [GeV] my [GeV]
0.1 1l 10. 100. 0.1 1= 1?. _10.

NH NH
1 030 L 1 030 L N |
Mymax=1 TeV Mymax=1 TeV
my,=15TeV mw,=25 TeV

= =
SR I gy - R - 00 e T _ _ R —
_— —_

Q [+]
3 g
s #" KamLAND-Zen s KamLAND-Zen

A 426 =026

=10 o =10

E R

m£=03
m $=0
102t m standard

m =03 B
m §=0 .
1020 m standard

10°  10°  10° 0001 0010 0100 1 10°  10° 10° 0001 0010 0100 1

my [eV] m; [eV]

Future tonne-scale experiments are sensitive to My, up to 25 TeV

J. de Vries, GL, M. J. Ramsey-Musolf,
J. C. Vasquez, 2209.03031 (JHEP)
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Sub-GeV sterile neutrino

Minimal left-right symmetric model

my, [TeV]

. Visible Searches
15+ . Invisible Searches B

2 g Meson Decay Ratios
R = 8L

[ L ‘ . ‘ | L
2(9.05 0.10 0.50 1

my [GeV]

G. F. S. Alves, et al., 2307.04862 (PRL)

The calculation of 033 decay rate is based on the traditional

method, using NMEs that were obtained 27 years ago!

J. D. Vergados, H. Ejiri, F. Simkovic, Rept. Prog. Phys. 75, 106301 (2012)
G. Pantis, F. Simkovic, J. D. Vergados, A. Faessler, Phys. Rev. C 53, 695 (1996)
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Sub-GeV sterile neutrino

Minimal left-right symmetric model

e Compared to the traditional method, addtional short-range contribuions

arise from the calculation in the cutting-edge EFT approach:

my; 6 2 v
Ax(mg) = == (My + M) (O) -+ AL (m)
N 6) 2 )
Ar(mi) = == (My + Ma)(OfRw) o+ AR (m)
fmmmms . 2 NN
o Mg mag,) (my) (6 )2
| AL (mi):— " om 2 (CVLL)eZ.MF,Sd W. Dekens, et al.,
| | © 1%3 —~ 2002.07182 (JHEP)
E (v) _ i_ o m; Mg, m; (6) 2
|\ f{%_ _(Ti = om Z <CVRR) . (i_3)MF,sd
14 (mi/Ay)? W. Dekens, et al
NN NN X . Dekens, et al.,
i) =g, (0
9v (m ) g ( ) 1+ (mi/Ax)z(mi/mn)z 2402.07993 (JHEP)

L. Jokiniemi, P. Soriano, J.

g"V(0) = —(1.055 + 0.385)fm> Menéndez, 2107.13354 (PLB)
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Sub-GeV sterile neutrino

Supernova bounds:

decay or get absorbed

in the stellar envelope
\ /
/ \

escape

Production: e +p—vs+n Decay: vy — mreT

e The SN1987A cooling bound: sterile neutrinos should not take away too
much energy

R. Barbieri and R.N. Mohapatra,

M, > 23 TeV for my4 <10 MeV Phys. Rev. D 39 (1989) 1229

e The energy deposition bound: sterile neutrinos should not inject too
much energy inside the stellar envelop
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Sub-GeV sterile neutrino

Innovative assessment of the type-ll seesaw mechanism

=

20 . r
50l 15F . ol
¢ S \
: * ”‘,{.’-. |
10 L L L ag=° f_,"‘ A "
600 700 800 900 1000 =

Cooling I \ v~
=] tonne scale

il U YKLZ-800 A
o I"I Vo h A T \

4 A
Y
BBN /7 meson

decays

M- Wg [TEV]
=

1 1 I 1 of L
10 20 50 100 200 500 1000

m,, [MeV]

Purple bands: uncertainties from NMEs

GL, Ying-Ying Li, Sida Lu,
Ye-Ling Zhou, 2508.15609

New constraints from SN1987A

cooling: m,, < m,
energy deposition: m,, < 650 GeV

New constraint from BBN

sterile neutrino lifetime 7 < 0.023 s

A unique window 700 MeV <m,,, <
1 GeV and My~ 20 TeV,

exclusively probed by the future

tonne-scale Ovf3[3 decay experiments
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Effective field theory approach

End-to-end framework

)
2 standard non-standard
w
X mechanism mechanism
— - N
L
Lt dm—5 |} dim — 7 dm—9 |,
z Sy vo 1=
~ 100 GeV v v v : v
t dim — 3 dim — 6 dim — 7 dim — 9
U_IJ mag 1 v — U d— uer}t_g (d = uer) ®d, dd — uuee
. 1 1 |
~1GeV | i — ¢ """"""""" voow o v oo v
o - n — pev T —* ev nn — ppee n — prwee T — ee
o
(=] 1 1 & 1 2 | |
~100MeV | Y
g t Ow33 operators L 038 operators
6 wl (Long- and pion-range) (short-range)
......... %¢_*-_
%u 'é- E Mp, ﬂjéq;,;tp,PP,MM Mp o, M,g;ﬁapp‘ M,;Li,gpp
228% 1 l
~ 1MeV = T
0
v TJQ(U+ — 01)

vDoBe: A python program from SMEFT to half-life
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BSM model
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TeV scale LNV

* From Majorana nature to LNV interactions

e

(A, Z2) = (A, Z+2)+e +e” Schechter, Valle, Phys.Rev. D25 (1982) 774

* TeV scale LNV: v_ uncorrelated with observed neutrino masses
v if exists, clear BSM signals at the LHC

same-sign dilepton dijet (e*e*jj)
35



TeV scale LNV

Chirally enhanced /suppressed mechanism
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How the cancellations among NMEs impact the BSM

physics sensitivities of Ov(3 decay experiments
compared to LHC searches?
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TeV scale LNV

Simplified model for chirally suppressed mechanism
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e The reach of LHC searches is increased

0-2 by the assumed kinematic accessibility
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TeV scale LNV

Two-step UV completion

BSM model
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TeV scale LNV

BSM models for chirally enhanced mechanism
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TeV scale LNV

Leptoquark model for chirally enhanced mechanism
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Summary

We investigate benchmark scenarios for new physics related to
Ovp33 decay in the EFT approach

In the context of left-right symmetric model,

* The left-right mixing can lead to leading contribution to 0v33 decay,
due to the chiral enhancement

* Sub-GeV sterile neutrino can serve as a probe of type-ll seesaw

mechanism
Searches at the LHC offer complementary probes of TeV scale
LNV, for both chirally enhanced and suppressed mechanisms
We emphasize that a UV completion is necessary to
connect Ov(3 decay operator to BSM model

Outlook: flavor effects, leptogenesis, ...



