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e Brief Introduction
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Brief Introduction

Some open questions in
the Standard Model:

% Q The origin of neutrino mass?
Y Q The origin of matter-antimatter
asymmetry?
Q The origin of Dark Matter?

We focus on the first two questions.
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Q What is the origin of neutrino mass?

e Dirac neutrino: Higgs mechanism

e Majorana neutrino: seesaw mechanism

Neutrinoless Double Beta (Ov/55)

Lepton number violation AL = 2
e For some nuclel, beta decay 1s prevented, while
double beta decay 1s allowed.
e.g. °Ge =% Se + 2e™ + 20,
e [f neutrinos are Majorana particles, it 1s possible

for neutrinoless double beta decay to occur.
no evidence for the decay

o~

(KamLAND-Zen, GERDA, CUPlD 1T, LEGEND-1000, .
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Q What is the origin of matter-antimatter asymmetry?
(baryon asymmetry)

Three necessary conditions (1967, Andrei Sakharov) (]
™ Proton decay |

e B violation (B: baryon number)
Neutron-antineutron

(n — n) oscillation

e (CP violation

e Deviation from thermal equilibrium o - e
Neutron-antineutron oscillation
Direct search: B 7,,\%\/7_?
free neutrons Neutron n—n -ﬂ- Annihilation detector
(ILL, NNBAR)  oems .
. istance
: v Indirect search: o G G
ohisastancom neutrons bound coO ot
B ber violat inside nuclel eRe) Grle)  Rie
aryon number violation
AB = — 9 (SK, DUNE, HK) Time
no evidence for the oscillation 2006.04907
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PART Il

« Neutrinoless Double Beta Decay (| AL | = 2)

The neutrinoless double beta decay in the colored Zee-Babu model
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The Model & Constraints

® The colored Zee-Babu (¢cZB) model requires a leptoquark and a diquark to
generate the neutrino mass.

e Three cases

Neutrino mass

case 1: a singlet LQ S; ~ (3,1,1/3) and a singlet DQ wy ~ (6,1, —2/3),
case 2: a triplet LQ S3 ~ (3,3,1/3) and a singlet DQ wy ~ (6,1, —2/3),
case 3: a doublet LQ S ~ (3,2,1/6) and a triplet DQ w3 ~ (6,3,1/3).

—Ly1 DY sp(Ui) ERST + y/sr (Q)¢i0” L1 ST + 217, (Dig)Dif w) 7 4 hee.

—Ly2 D y;{g(Qia)ciU Ca S3a)L3; + Z1w(Dm)cD]’B P L he,

—Ly3 Dy D (SH)Tio L), + 2% (Qi)cic? (oFwiF\T QP + h.c.
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# 0 0 # 00 # 0 0
Texture setup st =V |0 0 # |, vyisr=[0 00|, z=[0 0 #
L # 0 #0 0 # #

#: short-range Ovfp, #: (g — 2)ﬂ , #: standard Ovfp3,

#: provide enough independent parameters
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Lo = { (V*y1s0) ™ (V*y150) " [Eiy, PLE | [Uky* PLU™]
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Neutrinoless Double Beta Decay PART II

. REPE Py By R E Py iy vz pias e Sy RAEPE P By RPA Py By ks pias g PR Py

Constraints from

Mw1(3) 2
Bc(i) B Bg mixing |zl(3)wzl(3)w| < 4. 6(2 3) x 107° (W)

3m2 m w391 | 1 m? 2 m? s
 Aay(51) ~ ; tRe[ylsRyiS:% [—fl (m—zt) + S f2 (m—zt :

| 8m2MZ m, 3

Constraints from
(g—2),

case 1: [yidy| < 0.12, |yysi| < 0.3, [yi¥r] < 0.4, |yi¥y| < 0.005,

/111 133 123

Yisp| < 1.2, Re[yi2pyld?] ~ 0.0848, |211| < 1.5, |233| < 0.001,
. case 2 : |yhd| < 0.12, |ysd| < 0.07, |yse| < 0.008, |yss| < 0.4,

Parameter regions y2] < 0.005, |21 < 1.5, |233] < 0.002,

case 3: |yss| < 1.5, |yss| < 0.01, |ys2| < 0.01, |y53| < 0.3,

23] < 0.3, |24} <0.01, |233] < 0.15,
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The Effective Field Theory Approach

n p n P n p
€ € €
vx o (m,,) O vy,
e € e
n P n P n p
standard neutrino
short-range long-range
exchange

Focus on the standard neutrino exchange and short-range contribution

Jr/L = u(l £ 7s5)d,

G4V ?2 . . .
Lon = SEVu (e’fJXJygz ST By pin + S Tidvuis E T
P X\Y,Z JrL = uyH (1 £+ v5)d,
+ ex I v, uwi” +€5J“Jyju) + h.c. JR/L =uot (1 £ v5)d,

- c

G212 Jr/L =€l Fs)e

— =l an) Zﬁxoouﬁﬂ + h.c. H. Pas, M. Hirsch, et al.
2my Hep-ph/0008182 H = eyFyse”
X% p-p J Y Y€ .
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e Inverse half-life

. . . . F. F. Deppisch, et al.
(involving the short-range mechanism and standard neutrino exchange) 20881?185115 ‘

3 2 2 2
—1
[Tlo/”fﬂ] = Gg(i)Jr Z e EMEY + e M, G§2)+ Z e T EMXY | + G Z ey MY
3 3 5 *
+ G x 2Re (Z VIMEY =N "V EMEY + EVM,,> (Z effYMf"Y> ]
oo i=1 i=1 i=4
3 3 * .
G0 x 9Re (Z SYLpXY 4 o M,,) (Z XY\ :&Xy) ] | nuclear matrix elements
o i=1 i=1 phase space factors

e Feynman diagrams

dR €er, dR €r, dR €ER
S1 ,4’% S1 ,AﬁuL S1 ,AUR
A A A
> - < > - < > - =<
Vi N w1 % w1 %
S1 T UL S I g : UR S1 Y UR
dr er, dr €R dr
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e Operators . Coefﬁclents

W I:RL 1 2mp 4(%’5%)2216‘,#1 -R"RL:_71~RRL R
case 1: (urer)(urer)(drdr) — ORRL — —ORRL, (Case ™ GpVaa Mg, M3, S
4? 192 RRR 1 2m, (yilsgz)2z1 M1
(uLeL)(uReR)(deR) — EO — —05 , E €3 - _ﬁg%vﬂ M4 M2 ’
{ 1 9 Agy*1l /*11 1&) .
(’U,RGR) (’U,RBR) (deR) — —@ORRR, de - +96i G%T‘%d yls}@??&gj a ) eng - _27'6411%1%7 i
/%x11\2 .11
case 2 : (uLeL)(uLeL)(deR) — 48 ORRL - 19—20RRL, ; case 2 : elfRL %G%n:f2 4(y§/1,94 )j\;;wﬁu , é%RL = —iej‘{%RL,
o _ E «11 x 11 |
case 3 (W) (4P (drE) — ggOF™ — 32 OF™ | | ooy o 1 v A(;MV el ‘ieﬁRL;)
\, s R e o A A s
Numerical Results
fx ( 2.39 o.oz) MEX 5 BXX — 2 39 MFX — 3.83MFX
(12) I
. 583 0.95 MFEX — XX = 0.02MFX 4+ 0.35 M5,
¢ RGE pu-evolution FXX _ 070 MEX _y gXX g 70 MEX
. (3) - i o ’
matrix elements MEX 4 BXX _ 035 MXX _ 0.06i MXX
M. Gonz alez, M. Hirsch UX 0-35 —0.961 . : | : | >
' T (#5) = —0.06i 2.39 MEX = BEX = —0.966MEX + 2.39MEX

1511.03945
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4 2
(y§11)2z&,1 ~ 300 X M, <mee> o 1.5 TeV Mg M,
B1— B2/4 eV L 1.5 TeV 8 TeV

0.30

--- case 1t |yj/ql=1y; 4 I=1p4]
—case 2, 3t |y;{I=Iy¥), [visI =l

025 *® 136Xe, KamLAND-Zen
| m 7Ge, GERDA

m 1Mo, CUPID-1IT

m 7Ge, LEGEND-1000

m 32Se, NvDEx

7 ot valid The neutrinoless double beta
para region decay could be hidden.

0.20¢

> similar ratio value in
2. 76 136
= 0.15f M,y Ge and 7°Xe
< b1 — B2/4 . o
different in '““Mo
0.10!
0.05. If there 1s no signal, the survival

region will be reduced to the
overlap area.
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PART I

« Neutron-Antineutron Oscillation (| AB| = 2)

Systematic decomposition of d = 9 n — 71 oscillation operators
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Operators & Transition rate

e The basis for the operators d d
0>1<1X2X3 — :u_zqPX1uj: :@Pmdl: :@Pmdn:TSSSa
0>2<1X2X3 — :u_zqPX1 dj: :u_ﬁpmdl: :Epmdn:TSSSa ¢ «—d
0§1X2X3 — :u_zQPX1 dj: :u_lccPX2 di] :@Pmdn:TAAS. -
u u

and the independent effective operators are defined as

O = _4031%RR7 Oy = _4O%RR7 O3 = _4O%LR7

4 16 M. I. Buchotf and M. Wagman

Os=—zOprr — = Okrr: Os = Oprr, 1506.00647
4 8
O¢ = —40%r,, O7= —goiLR - gO%LR°
e Effective Lagrangian and the transition rate - : o ff* S
, . 'E 11Son coetricients at
L= D, Clw)Oi(p)+Cfw)OF (1)), @, | theNPscale
7;:1,2,3,5 ST RO - —— — -

Transition matrix
elements at the NP scale
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Generation of the topologies and diagrams

T

consider the internal
YI3 :
Tree level | S z © {  particles to be scalars
T T ﬂ or fermions
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class 1 (24+2+1+1): T-L-1, T-L-2, T-L-3, T-L-4;
class 2 2+1+1+1+1): T-L-5, T-L-6, T-L-7;
class 3 (1+1+1+1+1+1): T-L-8.

Classification of the
one-loop diagrams

Assignment of chiral quarks

e Three possible cases
(total hypercharge of the external legs 1s zero)

(1) 4dR7 2ug, deRuR <« E%ﬁa
(ii) 2dr, 2dr, 2ur, drdrur, <> drdrur, drdpur <> drpdgrur,
(iii) 3dr, 1dr, lugr, lur, drdruy < E@@, drdjur < E@ﬁ

¢ Find out the combination of the external legs
T-T-1 : (drdr)(drur)(drur),
T-T-2, class 1 : (drdgr)(drur)(dr)(ur), (drdr)(dr)(ur)(drur),
(dr)(dr)(drur)(dLuL)
class 2 : (dgr)(dr)(dr)(ur)(drur), (dr)(dr)(drugr)(dr)(ur),
(drdR)(dR)(ur)(dL)(ur), “label the quark current
( [ (4°9) = @4") ]

For case (111)

d )(dR)(dR)(uR)(dL)(UL)-

class 3 :
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Neutron-Antineutron oscillation PART III

Decomposition of the operators

303=306.33=108,30628,3®06233.3®8D2346,
6R6D06,6R06D1D8,60823P6,8R08D1P8HS.

2002=103,2®322,330163.

The hypercharge Y is conserved at every vertex.

dR UR
Y(dg) — Y(y,) — Y(I)) = 0 1
Y(yn) + Y(dg) — Y(I) = 0 N2
Y(I;) + Y(dg) — Y(y) = 0 ) Vo s )
R \ V4 u
Y(L) + Y(ug) — Y(y) = 0 i e
3
Y(ys) + Y(up) + Y(I;)) = 0 ) )
R R
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o T-T-1

Y I

oD i &
I I

T-T-1

<

2022.12.09

Lists of the decomposition

Operator S1 So S3
(drdr)(drdr)(urur) |(6,1,—2)((6,1,—%)| (6,1, 3
3,1,%) | (3,1,%) |(s, 1,——)
(drur)(drur)(drdR) 3 3
(67 17 % (67 ]-7 % (67 ]-a _3)
(drdr)(drdr)(urur) |(6,1,—2)| (6,3,%) | (6,3, 3)
3,1,3) | (3, 1,; (6,1,—2)
(Galal (671a (6717_ )
(drur)(dpur)(drdgr) | _ 3 s 5
(373)%) (3737%) (6717_%)
(6,3,5) | (6,3,%) [(6,1,—2)
(g 171 (§ 171 (6717_2)
drur)(drupr)(drd 3 3
)RR @rdr) | 61,1 | 6,1,1) |6,1,-2)
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Particles

Lagrangian

forbid

proton decay

An example toy model

(Introduce Z, symmetry)

Quantum Number

New Particles

Quantum Number

SM particles
® = (¢F,¢°)"
QL = (ULa DL)T
Ly = (vr,EL)*
Ur
Dgr
Er

(1,2,1/2,+1)
(3,2,1/6,+1)
(1,2, —1/2,+1)
(3,1,+2/3, +1)
(3,1,-1/3,+1)
(1,1,—1,+1)

S
Sy = (5573, 5, *)T
n=(n",n"7T
N;

P = (23,712t

(3,1,—1/3,-1)
(3,2,1/6,—1)
(1,2,1/2,-1)

(1,1,0,-1)
(3,2,1/6,—1)

by > T + AT S+ s U

+95 (DR)N; 1% + y5(Q)ioay” ST + y (QE)S3°N;

+ yé(wa)cz‘azszﬂD;’eam + yépon D' + h.c..

Right-handed neutrino N, , couples with leptons, N3 couples
with quarks, and y,, = 0.
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Neutron-Antineutron oscillation PART III

d > d d

Uy —>»—r--<--- dr UR —>—
S1
A’¢ N3
U
UR —>— - ->- - €L Up —>—

proton decay |

—2/3
2
—-1/3 - N.
(U 3
n+‘\( 453'1/3
7(1/)-1-2/3\
dr dr, dr ur, |
n — n oscillation J

. m
. Wfl‘éSOH Cy = 647r2;7pv,6 [y+ x Fg(a,b,c,d, f,g7) — Y’ x (Fs(a, b,c,d, f,g%) — Fs(a,b,c,d, f, 99))]
oelricient N3

2
FG(aabacadafag): ! .

4
4(im?) /d N [ s ) o o

Loop integral
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Assume that my =m,. = m~mo=2TeV, m,=mq,

a=1,b=c=d=f,g"=gp=1,g'~1.
—b3 — 96 +9b+ 6(b+ 1)blnb + 1

The loop integral ~ Fs(1,b,b,0,b,1) =

12(b — 1)5b
10-2 The Super-K experiment
excludes the parameter
104  Excluded region above the lines
I3 | (the region in gray).
3 107|
>\
o
o
= 107°
1,13,1,/13,1,1| —
10 xSRI L) Y192°Y3Y4 "YsYs| = |Y1Y2Y3Y4Y5Ys |
10 m 7>4.7x108 s (Super—K)
= 7>3.9x10° s (NNBAR) m = My, = Mg,
10—12 . s PR R T T T A 1 " PR TR S T W1
1 10 100
m (TeV)
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PART IV

e Summary
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SUMMARY

e The neutrinoless double beta decay in the colored Zee-Babu model
e Consider three cases of the colored Zee-Babu model
e Focus on the interplay of standard neutrino exchange and
short-range contribution of neutrinoless double beta decay
e Find that neutrinoless double beta decay can be hidden under

certain condition
e The condition can be examined comprehensively by future
complementary searches with different isotopes.

e Systematic decomposition of d = 9 n — 7 oscillation operators
e Discuss the topologies’ generation and the assignment of the
chiral quarks.

e Provide the completed lists of the decompositions
e Show a toy example

Thank you for your attention

2022.12.09 %19 R ERYFEF CP IR £



BACKUP

0.15
..... case 1: [yikel=101y; 5 |=|y¥) - e €ase 1 il =501y 4 1=14/|
020! : = 13%Xe, KamLAND-Zen Excluded m 136Xe, KamLAND-Zen
' : .- = Ge, GERDA ' = %6Ge, GERDA
S e 3 e = %Mo, CUPID-1T m Mo, CUPID-1T
,',q—*% “,::".\ - 76Ge, LEGEND-1000 B m %Ge, LEGEND-1000
.§ \::::.::,‘- y ' e e
< Pl : '_ ; ds T
) ~* : : T1p>50x10" yrs e,
015 . 7 P oq0 T T T T .
) S .gxr‘" : 3 o,
— ‘;'\‘o“;" ,' ;. pr—
> .“:‘;‘ ,*' .' > 2
21 0\ : J ;; IBJ ..}l“:
- t J ,‘; —~
£0.10 = ;4  mot s | 2%
~ Y- o : . S T1,>5.0%x10%° yrs
o g valid| — | 172 y
(i {73 \f f
g 3 o
J" 'f 0.05 I
O -05 B ",‘; '\03
T, /2>2.0><1027 yrs ',"
+7 (CUPID-IT sensitivity) R .
................. — 112>2.0x10°" yrs (CUPID-1T sensitivity)
P Tp>13x10% yrs .~ Excluded [, %, :
0 : (LEGNEND-1000 sensitiviy) & 0 i i T;>1.3x10* yrs (LEGNEND-1000 sensitivity) #

0.5 1 1.5 2 0.5 1 15 )
iz (ysh? z (yehy?

2022.12.09 %19 R ERYFEF CP IR £



