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INnfroduction
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Black box!

Ha—

Experimentalist observes: Express half-live as:

—1
0
10981 = Goules 2|11

Gov - phase space

¢; - particle physics

Many, many
possible
contributions!

Note:

Factorization
requires N0 Nnew
physics with A ~ pp
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Ovp6 decay: Decomposition

Amplitude for (Z, A) — (Z £ 2, A) + eTeT can be divided into:

d u
.
o, ¢
d u
(c)
Mass mechanism “long-range” “short-range”

Higher order:
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Run and freeze

PRD97 (2018) 115005
and PRD@3 (2016) 013017
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QCD corrections

Consider any short-range operator. At tree-level:

d U
d (a) "
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QCD corrections

Consider any short-range operator. At tree-level:
Heavy particles

€ infegrated out
< at scale A:
(&

A glls @7 TeV
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QCD corrections

Consider any short-range operator. At tree-level:
Heavy particles

€ infegrated out
< at scale A:

A glls @7 TeV

= Double beta decay is a low-energy process. Energy scale:

pr ~ 100 MeV
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QCD corrections

At free-level:
d U
Add gluon exchange diagrams
€ Naive estimate is:
< as/(4m) x In(A/u) ~ (20-30) %

(&
d (a) !
d U d U d U

e (A (&
d (b) " d (c) B d (d) B
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QCD corrections

At tree-level:

J " BUT ...

Colour index connects
different nucleon currents:

"Operator mixing”
= Limits change considerably

d (a) !
d U d U d U
a (b) v (¢) oo (d) ’
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Running of ag

Consider the running of ag, usually stop running at ~ 1 GeV:

5
2 |
~ 1 i
[ |
< 0.5 .
0.1} |
0.1 1 10 100
@ [GeV]

At 1-loop level:
as(mz)
— pestnz) og(my /Q)

Experimental input: ag(myz) ~ 0.118

as(Q?) ~ .
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Running of ag

Consider the running of ag, usually stop running at ~ 1 GeV:

5
N 0vB3B = 0vpBB(Q%)
, with:;
1 : Q ~ (0.1 —0.2) GeV
S |
£ 0.5 f What happens
| pbelow 1 GeV?
0.2 \
0.1} | |
01 1 10 100
* [GeV]

At 1-loop level:

as(Q?) ~ as(mz)
— pes{nz) 1o0(m, /Q)

Experimental input: ag(myz) ~ 0.118
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Running of ag

Consider the running of ag:

as(Q)

0.1 1 10 100
@ [GeV]

At 1-loop level:
as(mz)
— pestnz) og(my /Q)

“Integrate out” quark flavours at their mass: 8 changes

as(Q?) ~ .
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Running of ag

Consider the running of ag:

5
2 Perturbative
| as(Q?) diverges
) for Q2 — 0
‘83 I
205
0.2
01
@ [GeV]

At 1-loop level:
as(mz)
— pestnz) og(my /Q)

“Integrate out” quark flavours at their mass: 8 changes

as(Q?) ~ .
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Freezing of ag

Consider the running of ag:

5
7 perturbative
2t mB=0.95 GeV
~ 1 i
<§3 :
S 0.5
0.2
0.1 ]
0.1 1 10 100
@ [GeV]
Freezing:
~ ;2\ as(A)
as (1) = as(N) 1 m2+m?
1+ Bo R log N2 E

"Background Field Method”

Parameter mp
needs to be fixed

(as(A) is fixed by
normalization to
perturbative value)

L. F. Abbott, NPB195 (1981)

see also the review:
Deur et al., 1604.08082
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Freezing of ag

Consider different choices of mp:

Mg = 0.95[GeV] |

1.4
i ——— Mg=05[GeV] |
1 of - ——- Mz=03[GeV] |
N (RSP - Mg =215[GeV]

001 005010 050 1
@? [GeV]
Freezing:
& ( 2) — O{S()\)
S /’L “2_|_sz

s (A
1+60a4—5r)10g N2
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Freezing of ag

Consider different choices of mp:

Mg = 0.95[GeV] |

1.4;
: ——— Mg=05[GeV] |
1.2 - ——=- Mp=03[GeV] | Low-energy value
..... - Mg=215[GeV] |
I of ag

very sensitive to
choice of mp

001 005010 050 1
@? [GeV]
Freezing:
& ( 2) — O{S()\)
S /’L “2_|_sz

s (A
1+60a4—§r)10g N2
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Limits on SR coefficients

Change in short-range coefficients as function of af;?,
normalized to the value at ag = 0.32 withouft freezing:

MCs™ Cs™)
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Limits on SR coefficients

Change in short-range coefficients as function of af;?,
normalized to the value at ag = 0.32 withouft freezing:

3.0
x 25} .
. 1%
> 207 —/_ )
RIS T ER
b X /'/ ------- 5
GlOM—T ......... S
>1 - ==
~~~
0.5¢ ) . ‘ ~|-~___
02 03 04 05 06 07 -
asF aSF

= For af < 0.8 changes are ~ 2

= For ag > 0.8 large uncertainty in nearly all coefficients
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111,

Long-range O0v 36 reconsidered

JHEPQ6 (2016) 006
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i Effective operators for LR

Consider once more:

”
-
-
o
-
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Effective operators for LR

Consider once more:

d u
o7
——e
e
HF,
L

> e

d G, u

At low energies,
Higgs replaced by vev

Charged current is d = 6:

LNV Zaﬁ egjﬁJa

with:
Jjg = é(f)gl/

Only 05 with Oﬁ = O/BPR
interesting
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Effective operators for LR

Consider once more:

d u
o7
5 e
w7
G
L
> e
d G, u

AL = 2 d — 7 operators in the SM:

Og o< LLLe¢H
O3 x LLQd°H
O4 x LLQuH
Og o Lecucd H

At low energies,
Higgs replaced by vev

Charged current is d = 6:

LNV Zaﬁ egjﬁJa

with:
Jjg = éOBI/

Only 05 with Oﬁ = O/BPR
interesting

Babu & Leung, 2001
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Effective operators for LR

Consider once more: At low energies,
Higgs replaced by vev
d O, u Charged current is d = 6:
S > e .
* """" ELNV XX ZQB EgjﬁJOé
<H> Y VY, with:
d F u

Only 05 with Oﬁ = O/BPR
interesting
AL = 2 d — 7 operators in the SM:

Babu & Leung, 2001
O x LLLe‘H
O3 < LLQd°H
O4 x LLQuH
Og x Le‘u‘d“H

O7 x LeECQQHHH d=09, but see below ...
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ﬁ Example d = 7: LLQd°H

Graphically:
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Example d = 7: LLQd°H

More than one redlization.
Example, (O3, #2):

Q de

S3q_ S35 _
I 31,-1/3 + 32,-1/6 L

S3,1,—1/3 - singlef leptoquark
S3.9.1/6 - doublet lepfoquark

AL = 2,50 ...
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Example d = 7: LLQd°H

More than one realization. 1-loop neutrino Mass:
Example, (O3, #2): -
I
Q N +

Ssq - S35 _
I 31,-1/3 + 32,-1/6 L

__4__’___»_

Ss31,-1/3 + S32.-1/6

S3,1,—1/3 - singlef leptoquark |
S3.9.1/6 - doublet lepfoquark -

AL = 2,50 ...
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Example d = 7: LLQd°H

More than one realization. 1-loop neutrino mass:
Example, (O3, #2): H
|
Q g f

Saq1 S35
I 31,-1/3 + 32,-1/6 L

H - - — ’— - > —
S31,.-1/3 + S3.2,-1/6
|

Ov 36 decay has both conftributions: =
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Example d = 7: LLQd°H

More than one realization. 1-loop neutrino mass:
Example, (O3, #2): H
|
Q g f

Saq1 S35
I 31,-1/3 + 32,-1/6 L

__<__,___,__

S31,-1/3 + S32-1/6

L L
I
Ov 3B decay has both confributions: =
True for all
d=17
+ AL =2
operators!
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ﬁ Example d = 7: Le“u“d“H

Graphically:

=
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Example d = 7: Le“u“d“H

More than one redlization.
Example, (Og, #15):

dR €Rp H
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Example d = 7: Le“u“d“H

More than one redlization. .
Example, (Og, #15): Neutrino mass:

dR €Rp H

Yar,s,
L i
Long-range enhanced by p Neutrino mass is 2-loop d = 7 suppressed!

Long-range wins over mass mechanism!
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summary table

A7 [GeV]
Eff. op. Decom. (my)as suggested AMM / ALR
by m, = 0.05 eV
LLdgQH  #1,3,45,6,9 2 ~ 1015 A~ 10%
#4278 e ~ 101 by A~ 1017
{#1,3,5,8 22 (a ~ 108 e M 109]
LLQurH  #1,3.4,5.6,8,9 o ~ 1015 A~ 107
#2,7,8 g ~ 107 r e ~ 1071
{#1,3, 5.8 Lk (a ~ 1010 A 1014}
LepdrugH #5814 2 ~ 1015 A~ 10%
#2,12 e ~ 1012 iy A ~ 107
#3,11 . o ~ 101 iy A 107
Toists  wedBG ~10 (=7 wl ~ 10

Helo, Hirsch & Ota
JHEPQO6 (2016) 006

MEDEX; May 27-31, 2019 — p.25/2¢



summary table

A7 {GEV}
Eff. op. Decom. (my)as suggested AMM / ALE
by m, = 0.05 eV
LLdRQH  #134569 2 ~ 1015 A~ 10%
v? 11 A? i
#4278 Ry ~ 10 l—g;rgm ~ 10
Uy, v2 ]
#1358 MR @A) M1 |
LLQurH  #1,3.4,5.6,8,9 e ~ 1015 A~ 107
42,78 s ~ 1012 e pﬁ ~ 10
2 ) 2
{#L& 5,8 (—I%;ZL = (a # ) ~ 1010 L 1014}
LepdpupH #5814 2 ~ 1013 A~ 10%
Y w2 12 A2 21
42,12 e ~ 10 Ty A 10
#3,11 . o ~ 101 iy A 107
1,4,6,7.9, 2 4l - ybyeg® v -
#10,13,15 Yo tiertrds  ~ 100 (B=7) wefigrtypy ~ 107

Helo, Hirsch & Ota
JHEPQO6 (2016) 006

= Assumes SM couplings 3rd generation and unknown couplings O(1)!
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summary table

Helo, Hirsch & Ota

A"f [GBV} i
Eff. op. Decom. (M) as suggested AMM f ALE JHEPQ6 (2016) 006
by m, = 0.05 eV
LLdRQH  #134569 2 ~ 1015 A 10%
v2 11 A2 17
#2.7.8 e ~ 10 fg;ﬁp“ ~ 10
Uy, u2 2
{#L& 58  fyy (o #f) ~ 10° e 109]
LLQurH  #1,34,5,6,89 z ~ 101 A~ 107
#2,7,8 s ol ~ 1012 e pﬁi ~ 102!
2 ) 2
#1358 R s ~100 At 0]
LepdpupH #5814 2 ~ 1013 A~ 10%
Y v> 12 A? 21
42,12 ey ~ 10 A~ 10
#3,11 Lo, 2 ~ 101 iy A 107
#1,4,6,7,9, 2 X 2 —
10.13,15 v tisep s ~ 100 (B=1)  yedigdpg, ~ 107

= Assumes SM couplings 3rd generation and unknown couplings O(1)!

Extreme example:

Tree-level:

A~10° GeV (Y =1)

= A~103GeV (Y ~107%~ Y
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ﬁ d =T versus d =9 operaror

Another look af:

MEDEX: May 27-31, 2019 — p.26/2¢



d =T versus d =9 operaror

Another example, (Og, #14):
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d =T versus d =9 operaror

Another example, (Og, #14): In left-right symnmetric extension of SM:

QC
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d =T versus d =9 operaror

Another example, (Og, #14); In left-right symnmetric extension of SM:

Q L

Pi220

QC

Q

o]

* ’

\
Viso v« 4 Viia
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d =T versus d =9 operaror

Another example, (Og, #14); In left-right symnmetric extension of SM:

=]
(¢

o

dc

QC

Q e°

* ’

\
Viso v« 4 Viia
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i d =T versus d =9 operaror

Q° L
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ﬁ Conclusions 777

= What is the scale of LNV?

(a) (b)
Mass mechanism “long-range”
near GUT scale ? (103 — 10%) GeV?

u

.
o, e

u
(c)

“shorf-range”

“few” TeV?
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