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Black box!

Experimentalist olbserves:

Neutrinoless double
beta decay is:

nn — pp+e e

. (No missing energy)

Lepton number is violated:

AL =2

What is the scale Apnv?
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Black box!

Experimentalist observes: Express half-live as:

—1
0
TP = GoulalP VPP

Go. - phase space

e; - parficle physics

Many, many
possible
contributions:

RPV SUSY
Leptoquarks
Left-right symmetry
.. etc ... etc ...
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Nlass mechanism

Experimentalist observes:

) d d ) Neutrino
‘ ' propagator:
W
e~ f d4p mu"'p/
by (2m)% p2 —m
w
d u
n g 3 p

"Mass mechanism” because weak interaction is left-handed:
Pr.(my, +9 )Pr = m,Pr
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(m,) versus m,, -status 2017

(my) [eV]

10° . KamLAND-Zen, PRL117 (2016)
" Ty p(MXe) > 1.07 x 10% ys
- NME: Faessler et al. PRD87 (2013)
1071

1072
1073

10—4 Lol
1074 1073 1072 107! 10°

my, [eV]

Planck =
+ BAO

= Planck - limits frorn cosmological data
= Uncertainty in (m,) < (60/140) meV

(largest/smallest) NME in Faessler et al. PRD87 (2013)

Global fit to
oscillation data:

Forero, Tortola
& Valle;
PRDQ0 (2014) 093006

allranges aft 1 o c.l.
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17

EFT & QCD running



OvpB decay: Decomposifion

Pds et al, PLB453 (1999)
Amplitude for (Z, A) — (Z + 2, A) + etTeT can be divided info: & PLB498 (2001)

d u
e
o, ¢
d u
(a) (c)
Mass mechanism “long-range” “short-range”
Higher order:

(d)
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QCD corrections

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

d U
d (a) "
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QCD corrections

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

Heavy particles
infegrated out
at scale A:

A gl @7 TeV
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QCD corrections

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

Heavy particles

e infegrated out
< at scale A:

A gl @7 TeV

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

pr ~ 100 MeV
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QCD corrections

At tree-level:
d U

< Add gluon exchange diagrams

Naive estimate is:
ag/(4m) X In(A/p) ~ (20-30) %

d (@) ¢
d u d U d U
d (b) ! d (c) ! d (d) ¢
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QCD corrections

ATt tree-level:

d U

€ BUT ...

< Colour index connects
€ different nucleon currents:
"Operator mixing”

d (a) "
d u d U d U

e € e
d (0) " d (c) “ d (d) "
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E QCD corrected limits

Gonzdlez, Hirsch
Kovalenko, PRD93 (2016)

AX IO ()] [CFX (M) (O] IOE R () [ )] 07

6Ge|5.0x10710 38x10710 26x%x1077| 86x10°8 6.2 x 10~8 2.6 x 1077 C (S £+ P)
36Xl 34 x 10719 26x10719 18 x1077| 6.0x 1078 4.3 x 1078 1.8 x 1077

AX | |CFX (Mw)| [C5X (Apay)| G5O -

BGe| 35%x1072 52x1079 1.4x10°9 —
36Xel 24 %1079 35x107Y9 9.4 x 10710 —

AXICEX (M) |G X (M) 1G5 ™) (IG5 ™M (M) (3™ (Arwy)] 5™ ™)

BGe| 1.5x107%  1.6x107® 1.1x107%| 2.0x 1078 2.1x107%  1.8x107® Cs < (V£ A)

136Xel 9.7x 107 1.1x107% 74x107Y| 14x1078 1.4x107%  1.2x10°8
AXCFX (M) 1CFX (M)l GO [IeE S )| |CF ™ (M) o701 Some coefficients
Ge| 50x 107  39x107° 12x10°8| 1.7x 1078 1.9x 1078  12x10°8 change by
136Xe| 34% 1079 27x107° 79x10°9| 1.2x10%  13x10°%  7.9x 1079 huge factors
due to

AXICEX ) |G X (M) 1G5 (IO ()| |5 (A (5]

operator mixing!
©Ge| 23%x107%  1.4x10% 12x1077| 3.9x10°8 2.8 x 1078 1.2 x 1077

B36¥Xel 1.6 x107% 95x1072 82x107%| 2.8 x 108 2.0x 1078 8.2 x 1078
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Iwo simple examples

(a) Pure (scalar+pseudo-scalar) exchange, CF~:

Including running: Without running:

A > (gepr/gr)*/24.0 TeV A2 (ger/gr)*/°1.1TeV

(b) Right-handed vector boson exchange, C4Ht:

Including running: Without running:

A2 (gefp/gr)*?1.9TeV A2 (gefp/gr)*/?2.1TeV

Conversion coefficient to scale using:

1 2mp \1/5,4/5
(SCGIS) geff
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QCD corrections: LR

At tfree-level: QCD corrected:
d U
d U
e &
U 1%
d u d “
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QCD corrections: LR

At tree-level: QCD corrected:

d " d u . ,
Arbeldez, Gonzdlez
Hirsch, Kovalenko
e ‘ PRD94 (2016)

U 1%
d u d B

Without QCD With QCD Due fo “long-range”
7630 136 7630 136 of inferaction
CE 53 %107 3.7x107°|3.3x 107 2.3 x 10~ No gluon exchange
between quarks from
CE153x1072 37x1077(33x107% 2.3x107° different nucleons

NO operator mixing
CE 131 x10710 22 x 10719)5.0 x 10710 3.5 x 10710

Corrections order of:

as/(4m) X In(A/p)
~(20-30) %

CH 182 x 10710 5.7 x 10719 1.4 x 1079 9.2 x 10710

CE122x107° 1.5x 1077 2.7 x 1072 1.9 x 107°
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CR134x1077 24x1077[4.3x 1077 3.0 x 1077




LLL.

Vector contributions 1o
OvB B decay

R. Fonseca & M. Hirsch, PRD95 (2017)
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Mass mechanism again

INn SU(3)c x SU(2)r, x U(1)y invariant language:

(& (&
dr, L L dr,

Wt VL/’ ‘\VL WE
(H) (H)

ur, ur,

= The MM is a d = 11 operator!

OMM o (QQ)(L)(H*H*)(L)(QQ)
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E AL = 2 operators

INn SU(3)c x SU(2)r, x U(1)y invariant language:

OMM o (QQ)(L)(H*H*)(L)(QQ)

= The MM is a d = 11 operator!

List of AL = 2 operators: Babu & Leung, 2001
09 = QQLLd<d¢, QQu u‘LL, - - 6 operators
O9=11 — yeycdedeecec HH*, uCucd°d°LLHH, - - - 13 operators
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Consfructing vectors

Finding all possible gauge vector contributions, involves three steps:

Step 1.
Find all V# from aftaching

¢1,2 — Ea ec, Qa Q7 uc, JC7 H
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Consfructing vectors

Finding all possible gauge vector contributions, involves three steps:

Step 1.
Find all V# from aftaching

¢1,2 — Ea ec, Qa Q,’U,C, JC) H

Step 2:

Eliminate all V# that can
not complete AL = 2 operator
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Consfructing vectors

Finding all possible gauge vector contributions, involves three steps:

Step 1.
Find all V# from aftaching

¢1,2 — Ea ec, Qa Q,’U,C, JC7 H

Step 2:

1 Eliminate all V# that can

not complete AL = 2 operator

V2

Step 3:

Find all gauge groups, where V* is in the adjoint
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Vectors and gauge groups

Vector representation(s)

Minimal group(s) (without U(1)’s)

(1,3,y=1,2)

(140 =1)

(1,5,1)

| SU@B)c x SU2)L x SU(2) |

| SUB3)c x SU(3)

, SU(3)c x Sp(4)

| SUB)o x SU2), |

SU(3)c x Sp(4)

SU@3)c x SU(5), SU3)c x Sp(6), SU3)c x Ga
SU(3)c x SO(T), SU(3)c x Sp(6)

Sp(6) x SU(2)r
SU(8), Sp(14), Fy
SU(9), SO(15), Sp(12)
Sp(16) [*]

SU(6) x SU(2)z, SO(10) x SU(2);,

SU(9), SO(12), Es
SU(6), SO(11)
SO(14)
SO(16) [*]
SO(18) [*]
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Vectors and gauge groups

Vector representation(s) Minimal group(s) (without U(1)’s)
1,1y =1]2) | SU@B)c x SU2)L x SU(2) | < Left-right symmetric model
(12y=3.3) [SUB)C x SUE) | SUE)e x Sp) < “331-models’’ SVS*, PPF*
[SUB)c x SU@)L | < standard model (MM)
1,3,y =1,2) SU(3)¢ x Sp(4)
(1,49 = %) SU(3)c x SU(5), SU(3)e x Sp(6), SU(3)c x Ga
(1,5,1) SU(3)c x SO(T), SU(3)c x Sp(6)
(8 1y=-4-1F) [SUM) x SU@). | < Pati-Salam
(3.2y=-%-341) SU(5), Sp(8), Fy
(3.3y=-4-1.3) SU(6), SO(9)
(3.4y=-1.11) SU(7), Sp(10), Eg
(3.5, =-4) SU(8), SO(11)
(6, Ly=-24 g) Sp(6) x SU(2)y,
(6.2y=-%-%2.4) SU(8), Sp(14), Fy
(6.3.y=-%44) SU(9), SO(15), Sp(12)
(6.4y=-%-52.4) Sp(16) [*]
8,1,y =1,2) SU(6) x SU(2)1, SO(10) x SU(2) .
(8.2.y=1.3) SU(9), SO(12), Eg
(8,3,0) SU(6), SO(11)
8,3,y =1,2) SO(14) [ SVS* = Singer, Schechter & Valle, 1980
(8.4.1) soas) 1 PPF* = Pisano & Pleitez , 1992; Frampton, 1992
(8,5,1) SO(18) [*]
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Leff-right symmetric group

dr er (eR)C<Hg><H3> dy
L 'Vl
wE v, Y(Z/R)C$ (I/R)C W]:%t Ww*
ur, (Hy) (A%) ur
Long-range

Short-range diagram:

W:I:

VL Y(VR)Cf (vr)
(HY)(A%R)

Wi

ur,

Long-range
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Leff-right symmetric group

dy er, (er) d

<HO><H°>
1 4

wE v, '(Z/R)C$ (I/R)C W]:%t Ww*

ur (H3) (AR) ur,

Long-range

() =2 UejVejtan(
< 1.1 x 1079

Short-range diagram:

Myyy, 2, 1.9 (9r/90) (Toy) '/ TeV

W:I:

VL Y(VR)Cf (vr)
(HY)(A%R)

Wi

Long-range

_ g/ (WL 2
A =2 UejVej ()
<2.1x10°7
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b LR: LHC & 0v38 decay

Absence of pp - Wgr — j7 gives limit on LR model space:

10! \ Helo & Hirsch
Oy e i PRD92 (2015)
107! |
P ; < displaced vertex search (future)
Y . )
~ 1072 . gray:
r l} SHiP (Future) OvpBp 25
ﬁ 3L~ ' T1/2 2 10%°ys
10~ :
) '
SZ 107+ - cyan:
OvBB
10—5 u T1/2 Z 1027 YS
10—6 n
10—7 \ il \ \ \ \ \ \ \ \ \ \ \
1 2 3 45 6 7 8 9 1011 12 13 14 15 16 17

mwr(TeV)

= full (dashed) 8 TeV data limit

(future sensitivity) for dijet data
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——

Pafi-Salam group

dy €L (UR)C (GR)C

Long-range diagram

VL Y(VR)Cf wrf T

(1) (AR)

ur,

(VR)Cf R T T (VR)C$ wr)

(AR) (AR)

Short-range Short-range

(dr)*
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——

Pafi-Salam group

dy €L (UR)C (GR)C

Long-range diagram

VL Y(VR)Cf (vr)
(Hy) (A%)

ur,

T

(VR)Cf (vr) (VR)C$ wr)
(A%) (A%)

Short-range Short-range

(dr)*

= Limitson T = V* similar to Wx limits (O(2 TeV))

3,1,2/3
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——

Pafi-Salam group

dy €L (UR)C (GR)C

Long-range diagram

VL Y(VR)Cf (vr)
(Hy) (A%)

ur,

(er)” (ur)®

T

(VR)Cf (vr) (VR)cf wr)
(A%) (A%)

Short-range Short-range

(dr)*

= Limitson T = V* similar to Wx limits (O(2 TeV))

3,1,2/3

= Limits on Pati-Salam scale from flavour violating decays: A. Kuznetsov et al.

Naive constraint: K — p=eT — Apg > 1700 7€V |nt.J.Mod.Phys. A27, 2012

“Unavoidable” constraint, combining:
(7 - p K¢, 77 - pu 7" BY — pteF, B0 — pteF) = Apg > 38 TeV

MEDEX: May 30, 2017 - p.32/36



SU(3);, group

Enlarge SU(2);, to SU(3),. Fundamental is a triplet. Pisano & Pleitez, 1992
In PPF model (8 = —/3) leptons, for example, are: Frampton, 1992

Y = ((VL,GL)vecR)

Adjoint is an octet;

b5 ‘/ ‘\qbl* Fonseca & Hirsch,
G VNG SN PRD94 (2017)
E Ec

MEDEX: May 30, 2017 - p.33/36



Gauge boson mixing

VE and W* can mix. Three examples:

0 70
N (a0 (119) (K) ()
ot ot d Y
‘4 \‘
— AN AN AN AN
yE Wt yE " ,‘}0 wt oy wt oy W
3 ’ 1
/ \
(¢9)(49)
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Gauge boson mixing

VE and W* can mix. Three examples:

B x

v ) (13) () (o)

\
4 4 4 4
— N \/\/\)Q/\/\, y ANAANAN

v w* VE }0 W %6 w*

long-range diagram:

dL €r, (eR)C dL

ur,

= Limit on mixing angle from C4: ¢ < 1.9 x 1079
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b Conclusions 7?77

= What is the scale of LNV?

09
(a) (b) (c)
Mass mechanism “long-range” “short-range”
near GUT scale ? (103 — 10%) GeV? “few” TeV?
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