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The state of art of neutrino mixing
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Massive neutrinos: Dirac or Majorana?
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The 2B-decays

2vBpB decays
(AZ) > (A Z+2)+2e +2v,

(V)¢

AL:OQB Ly

Vv
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[Goeppert-Mayer, Phys. Rev.48,512(1935)]
 Allowed in SM

* second order in weak
interaction

* Natural background for
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OvBPB decays
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The OvBB-decays: sighature and candidate nuclei

OvBP is potentially observable in certain even-even nuclei (9 isotopes including 48Ca,
’6Ge, 199Mo, 130Te, 13¢Xe) for which single beta decay is energetically forbidden. The
decay rate is less than 1 event per ton and year.
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Current and future experiments

Most stringent constraints on the half life:

o 136Y%p (KamLAND-Zen): T1/2> 2 .3x1026 yrs [KamLAND-Zen Collaboration, 2203.02139]
* 75Ge (GERDA): T1/2> 1.8x 10%°yrs [GERDA collaboration, 2009.06079]
« 130Te (CUORE): T1/2> 2.2x 10%°yrs  [CUORE collaboration, 2104.06906]

There are many OvBp decay experiments in plan and construction
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Ovpp experiments in China

CJPL-1I (China Jin Ping underground Lab-ll)

\
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Discovery sensitivities of current and next-generation Qv experiments

My, 99.7% CL discovery sensitivity [meV]
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Black Box theorem (Schechter-Valle theorem)

Whatever is the mechanism of OvB3p decay, if OvBB decay is observed, it is
possible to construct a 4-loop diagram that contributes to the Majorana
neutrino mass matrix

W W

[Schechter, Valle, 1982']
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Only very tiny Majorana mass is induced
5mv ~10% e\/ [Duerr, Lindner, Merle, 1105.0901; Liu,Zhang,Zhou,1606.04886]
* |tis too small to explain observed neutrino
masses and splittings.

* Ina concrete model of OvBP decay, the leading  ovfp Majorana m,
order contribution to neutrino mass can appear
at lower order and it can be larger than 10->°eV. 5




Majorana neutrino interpretation of OvBf

Mass mechanism: OvBB decay is usually assumed to be dominantly mediated
by light and massive Majorana neutrinos.

n p » The decay amplitude is proportional to the
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» OvBP decay, single B decay and cosmology measure different combination
of the neutrino masses, they are complementary probes of neutrino mass.
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Flavor symmetry in OvBB decay

Flavor symmetry: relate three generations of fundamental fermions to
explain the origin of fermion of mass hierarchies and mixings.

Gauge symmetry G,
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» Test neutrino mass sum rules of flavor symmetry at OvpB decay
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» Test modular invariant models at OvBf
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Possible BSM physics in OvBp decay

The OvBP decay can also be induced by other AL=2 physics besides the
Majorana neutrino mass. There are many possible scenarios:
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Classification of OvBB mechanisms from SMEFT

The amplitude of OvBB decay can be generally divided into:
“short-range”
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Decomposing the short-range OvBB operators

“Recipe” for a systematic classification of the possible realizations
(D Topolopies: identify the L-loop connected topologies with 6 external legs

(2) Diagrams: assign the fields of OvBp operators to external lines, and specify
the Lorentz nature (spinor or scalar) of each internal line.

(3 Models: fix the SU(3). x SU(2), x U(1), quantum numbers of the internal

fields by gauge invariance of each interaction vertex
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> Diagram |

PRt

Diagram |l

Tree-level decomposition

Long Mediator (U(1) . SU(3),.)
# Decomposition Range? S or V), v S or VI Models/Refs. /Comments
1-i (ad)(€) (&) (nd) (a) (+1,1) (0,1) (=1,1)  Mass mechan.,, RPV W
LR-symmetric models [39],
Mass mechanism with v [,
TeV scale seesaw, e.g., mnﬂ
(+1,8) (0.8) (-1.8) 1
l-ii-a (ad)(id)(d)(#) (+1,1)  (+5/3.3) (+2.1)
(+1.8) (+5/3.3) (+2,1)
1-ii-b  (ud)(d)(@)(ee) (+1,1)  (+4/3.3) (+2.1)
(+1,8) (+4/3.3) (+2.1)
2in (ud)(d){e)(ac) (+1,1) (+4/3.3) (+1/3.3)
(+1,8) (+4/3.3) (+1/3.3)
2i-b  (ad)(é)(d) (@) (b) (+1,1) (0,1)  (+1/3.3) RrV BRE0. LQ 6366
(+1,8) (0.8) (+1/3.3)
2-ii-a  (ad)(w)(e)(de) (+1.1) (+5/3.3) (+2/3.8)
(+1.8) (+5/3.3) (+2/3.3)
2ii-b  (ad)(¢) (@) (de) (b) (+1.1) (0,1)  (+2/3.3) RPV BRG0, LQ [G566)
(+1,8) (0,8) (+2/3.3)
iii-a  (de)(i)(d)(ue) (¢) (-2/3.3)  (0.1) (+1/3.3) RPV BE&0
/3, (0.8) (+1/3.3) RPV LRG0
2-iii-b  (dé)(d)(it)(6e) (-1/3.3) (+1/3.3)
(-1/3,6) (+1/3.3)
3i (i) (€}(¢){dd) (+4/3.3) (+1/3.3) (-2/3.3) only with V,, and l,,r
(+4/3.8) (+1/3.6) (-2/3.6)
3-ii (au)(d)(d)(ee) (+4/3.3) (+5/3.3) (+2,1)  only with V),
(+4/3.6) (+5/3.3) (+2.1)
3l (dd)(a)(a)(€€) (+2/3.3) (+4/3.3) (+2,1) only with ¥
(+2/3.6) (+4/3.3) (+2.1)
i (de)(w)(u)de) (¢) (~2/3.3) (0.1) (+2/3.3) RPV BoiG0)
(-2/3.3)  (0.8) (+2/3.3) RPV ESE0
d-ii-a  (ud)(d)(e)(de) (+4/3.3) (+5/3.8) (+2/3.3) only with V,
(+4/3.6) (+5/3.3) (+2/3.3) see Sec.[J}(this work)
4-ii-b  (aa)(e)(d)(de) (+4/3.3) (+1/3.3) (+2/3.3) only with V,
(+4/3,6) (+1/3.6) (+2/3.3)
51 (ue)d)d)(ae)  (¢) (=1/3.3) (0,1) (+1/3.3) RPV Gooq|
(-1/3.3)  (0.8) (+1/3.83) RPV 5310
Sl (ae)(a)(e)(dd) (-1/3.3) (+1/3.3) (-2/3.3) only with V}
(=1/3.8) (+1/3.8) (-2/3.6)
S-ii-b  (0€){€)(a)(dd) (~1/3.8) (-4/3.8) (-2/3.3) only with V)
(-1/3.3) (-4/3.3) (-2/3.6)

[Bonnet, Hirsch, Ota, Winter, 1212.3045] 18



Topologies for short-range OvBf

Topolopies: Feynman diagrams where no property of fields is considered
(i) All connected topologies with 3- and 4- point vertices and 6 external legs

(ii)) Remove tadpoles and self-energies (divergent)

>k Slokk

(iii) Exclude non-renormalizable topologies

The 6 external legs are quark and
> < lepton fields for short-range OvBf3

(iv) Discard topologies with 3-point loop vertices

B = YK

any loop with 3 external legs can be compressible to a renormalizable vertex,,




» 2 tree + 6 one-loop renormalizable topologies

 Treelevel i

| % / — \ E [Chen, Ding, Yao, 2110.15347]
N Nl NO2 '

! One-loop level T i

| N-1-1 N-1-2 N-1-3 |

| N-1-4 N-1-5 N-1-6 |
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field insertions: topologies—> diagrams

Focusing only on fermions and scalar bosons [Not considering gauge bosons]

{ Tree “*1 5 » Three kinds of renormalizable vertices

u (Dfermion-fermion-scalar (FFS)
> """ < > < (@scalar-scalar-scalar (SSS)
| N-0-2-1 |

(3)scalar-scalar-scalar-scalar (SSSS)

[Chen, Ding, Yao, 2110.15347]

N O RN N N
7% @
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Determine quantum numbers: diagrams—> models

The SU(3). x SU(2), x U(1), quantum numbers of the mediators fields are
fixed by gauge invariance of each interaction vertex

* 3-point vertex: FF,S, SS,S,
JnJFI @ n-F.;, @ ?’1—5 D) 1:, YFI + YFE —I— YS = O 0399_50
ng, ® ns, ® nSg D ]-1 YSI + YSQ + }/S:j = () o :f. o

ny denotes the SU(2), or SU(3). representation of the
field X

* 4-pointvertex: |§;5,S5.S, (, RO U P M AT H

ns, ®ng, ¥ng, @ng, D1, Z YSi =0

1

Mathematica package GroupMath can help to determine the SM quantum
numbers.
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Genuine models

| v |
g : U
> HENE
L]
....... R
5 5
@ N24-1-1-1-1-1 @

“genuine” means:
(D leading contribution
to OvBp decay

2)no extra symmetries
beyond these of the SM A

G} ! L} L

Filter models

«



Determine quantum numbers: diagrams—->models

Model Implementations of Neutrinoless Double 5 Decay up to one-loop
Loop: @ 1 Class: N1 N2 N3 N4 N5 N6
Topology Diagram External Legs & Uy (1 | SU (2} SUe (3)
4 s
AN / At /D B\ /a
AN N\ /
A S 7 s 7
s 4 14
b4 bod hod ||
\ fff L \ z 1 L
r\n.l\ s s a
. - . 2" T 7 o
- 3 ‘\ .-‘K “". .-x “". .-x “"n
o—/ . °_+7 K—p—-& o— "7 tT—-—:--_ o——27 T—-‘..lg.._ 0—47 T——#a—.
/ h \ \
N-1-1 N-1-1-1 N1-1-1-1-1 N1-1-1-1-1-1 N1-1-1-1-1-1-1
& 1] -D .D
5 / $ K o k! i
A A Ay 4 A Y /
° -+ « . B—2mg Rt
o - Y j’ y |} d b 4
ol h ol - - - B e 21 3 T
- _.n . ..n -
N-1-2 2 “a B i
& £ & Y
I I 00000 2 o—a=F Tt
f 3 3 i
A N1-1-1-1-2 y \ [; \
o ~ ) " P, %
~ , P N1-1-1-1-1-2 N1-1-1-1-1-1-2
I 1‘ ’ =] -]
Laass d . / \ /
g \ w 5 S
N-1-3 4 1/2 L A} / LY /
1 B—tm g 3o
b 4 b 4
1 2 3 7

A large number of possible diagrams. For detail, see the attachment
http://staff.ustc.edu.cn/~dinggj/supplementary_materials/Onbb.zip
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Decomposing the long-range OvBp operators

» Long-range mechanism is not subject to helicity suppression!
AL = 2

“long-range”

topologies

O = ¢*' (65;) (drQy) H,

OLR Eikfﬂ(g_ﬁuufj)(%%WQ;:)H; : l
> .
OLR — % (T4, (Q un) Hy

LR _ (7¢ = 7 diagrams
O, = (v"er)(dry ur)e’ H; s
[Babu,Leung,hep-ph/0106054; Helo,
> Topologies Hirsch,0Ota,1602.03362; Lehman,1410.4193]
Treelevel | Oneloop models
NL-0-1 5 NL-1-1 NL-1-2 NL-1-3

_______________________

[Chen, Ding, Yao, 2301.02503]
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» Diagrams [Chen, Ding, Yao, 2301.02503]

1
» Tree level t One-loop level
1

>

NL-0-1-1 NL-0-1-2 E NL-1-1-1 NL-1-2-1 NL-1-2-2

» Models: large variety of possible realizations accessible at high-energy colliders and
high-intensity facilities, all genuine long-range OvBp models up to 1-loop in the file
http://staff.ustc.edu.cn/~dinggj/supplementary_materials/Long_range_Onbb.zip

» Black box theorem in long-range OvBB: AL = 2 operators — 0vff & v mass

<h0> U Majorana neutrino masses
RN W are generated at least at the

) 2-loop order, regardless of

long-range OvBp operators

KA
oV o,
Y

26


http://staff.ustc.edu.cn/~dinggj/supplementary_materials/Long_range_0nbb.zip

An example model of long-range OvBp decay

» 3 new fields: two scalars Sy, S, and a vector-like fermion F

i
A
Fields  SU(@3)c SU((2),  U(l)y IR PYEE djcfzz o1
S 1 1 1 ¢ ’ S dp
S, 3 1 —4/3 | mmm>» t, .
e . 1 : K i
Sp: 1 LSy 3

/  F.12 0\

» Majorana neutrino masses generated at 3-loop en U
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» Future ton-scale experiments impose strong constraint on the model and
new physics contribution

2-5- LA BEAREE BEL AN LA BEALE AL B ] 2-5.""r‘"'|""l""l""[‘r""|"' 1
10 : NO :
2 0f . 20F .
= i ] = i
s 150 1 o 19 ]
= 1 =2 ]
3= 1.0F ™ 1 **10fF ]
oo 1 & f '
0.5F . 0.5F | -
s ] o ]
D.|..J....I..l.I.....I.l..i....ll.l. [}||...I.....I.l.ll....ll.l.l....|.|.|
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
|mggl[meV] |mgs|[meV]
T15=2.30x10%%r Tia=135x10"yr
TSR=180x10"%r W T53=1.30x10%yr
2-5-""’l""I""‘F"’"|""l"‘"l"" 2-5_"'"r'""|""l"‘"l""["'"’]""
Ll ] " R '
- 10~ ] [ NO -
L ™ i L |
2.0¢ 5N ‘_ 20F \‘x ;
S 1 = |
o 150 1 o 19f ' ]
= "'. 1 = |
== 1.0 1 *+10f | b
T 1 &
05k | N 05k | N
B T B |
= [ ] T, |
D-u|||J.:.:Iu.u-l:nu.l.:.":i.|.|I|.|.- G'nu:u.l.u.|.I.|.|I|||.|I|.|.'l.l....I.|.|-
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
|mggl[meV] |mgs|[meV]



2 4 6
M[TeV] M[TeV]

] T15=2.30x10%%yr T T§5=1.80x10°%yr

] T15=1.35%107%yr W T55=1.30x10°%yr

29

10



Distinguishing different OvBB mechanisms

» Comparison of the decay rates obtained using different isotopes
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RO (AX) = é’_u{:_ ) — 2.5 M, f_g_ ]| 3@( ) [Graf,Lindner,Scholer,2204.10845]
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» Combining OvBB decay, collider measurements and cosmology
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[Harz, Ramsey-Musolf, Shen, Urrutia-Quiroga, 2106.10838;
Graesser,Li,Ramsey-Musolf, Shen,Urrutia-Quiroga, 2202.01237]
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Summary

» 0OvBP is the most sensitive probe to the Majorana nature of neutrinos.
However, there are many possible physics mechanisms divided into
mass mechanism, short-range mechanism and long-range
mechanism.

» Systematic decomposition OvBp operators: topologies->diagrams
- models

» Many open questions: the OvBp models in future colliders and LFV
searches, implications in cosmology and leptogenesis....

» Both theoretical and experimental efforts are needed to fix the Ovf
signhal and underling mechanism.
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Thank you for your attention!
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Nuclear matrix elements
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Unfortunately, nuclear matrix elements can be calculated only based on some models
which describe many-body interactions of nucleons in nuclei. Since different models
focus on different aspects of nuclear physics, large uncertainties (a factor of 2 or 3) are

unavoidable.
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OvBp at LHC

Ovpp-Decay pp Collisions
€ e
d u
P P
=1l T —
A(Z,N) A(Z+2, N-2) X X

M. Ramsey-Musolf

Collider signature: same-sign dilepton +2 jets + no E™

D+ p—2e +2jets
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determine OvBB mechanisms

» measure the angular and energy distributions of electron
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» Distinguish different mechanisms via measurements in different isotopes
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determine OvBB mechanisms

amplitude and

current limit
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tree-level decomposition of long-range OvBB operators

- -

# Decompositions
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» Diagrams continuum: attach external fields
Lorentz invariance fixes the mediator to

be scalar or vector by chirality of

external fermions

Tree ‘[

One-loop -

Classify OvBpB operators

Notation | Ovf3[ decay operators | External fields
UR “R N1 OSR_ QSR Q.Q. g, dp, 0. 1°
- N2 O3%, OfF Q, Q. lig, iig. 0,
Tttt N3 OER? OﬁsR @1 @7 dRadR?E; (e
1 R ”f ) N4 O?'R aﬂ?aRvdﬂadﬂaéﬁaecj{
/ : X N5 OgRa Oggﬁ HRa@a dR:dRaza 83{
N6 OF OPF g, Ug, Q. dg, [, c%
* A large number of possible diagrams
O™ N1/N2|N3|N4|N5| N
TOPO i 1/ N2|N3|N4|N5|N6
N-0-1-1 212105121212
N-0-2-1 1116 |18 6 | 1111
N-1-1-1 6| 5|12 5]6 ] 6
N-1-2-1 96 3054130196 | 96
N-1-3-1 1119 (211 9 [12]12
N-1-4-1 1116 |18 6 | 1111
N-1-4-2 1116 |18 6 |11 ]11
N-1-5-1 48 [18 13018 48 | 48
N-1-5-2 48 [ 18130 |18 |48 | 48
N-1-6-1 00 | 18| 18] 18|60 | 60

The redundant diagrams should be removed.
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