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Introduction

OvB3B

- Violates lepton number, AL=2

- Stringently constrained experimentally T{)/”2(76Ge) T972(130Te) Tf/”2(136Xe)
- To be improved by 1-2 orders Gerda Cuore KamLAND-zen
« Would imply that 25 25 26
: : : > 8- 10 > 1.5-10 >1.1-10
‘Neutrino’s are Majorana particles " " "

‘Physics beyond the SM

Schechter, Valle, 82
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Introduction

OvB3B

LNV BSM physics

- Violates lepton number, AL=2

- Stringently constrained experimentally TY7("Ge) | TVL(F0Te) | Tr7(0Xe)

- To be improved by 1-2 orders Gerda Cuore KamLAND-zen

+ Would imply that | >8-10%yr [>15-10%yr|>1.1-10%yr
‘Neutrino’s are Majorana particles

‘Physics beyond the SM

Schechter, Valle, 82
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OUtI | ne Lepton-number violation:

seesaw, left-right model, leptoquarks,

A
R Integrate out
22 TeV . | BSM fields
SM EFT o R
SU(3)xSU(2)xU(1) invariant
Electroweak symmetry breaking Integrate out
100 GeV , heavy SM fields
SM EFT
SU(3)xU(1)em invariant
1 GeV Non-perturbative QCD ! u_attice QCD inqput
Chiral Effective Theory
____________________________________________________________________________________________________________________________________________________ | oot o
100 MeV il ﬂ Ovjp operators
Many Body Methods |
1 Mev .................................................................................................................................................... l ;i Nuclear Matrix elements
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Effective Field Theory
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Effective Field Theory

Dimension-five

Kobaéh ’16; Weinberg '79; Leﬁman '14: Prezeau and Ramsey-Musolf '03; Graesser ‘16



Dimension-five

Dimension-seven

|+ 12 AL=2 operators

1: ¥2H* + h.c.
€ij€mn(L*CL™)H/H™"(H'H)

OLu

3:¢Y2H3D + h.c.
€ij€mn (L'Cy,e) HHH™DFH™

OLHDe

5: 9%*D + h.c.

oW_ €i(dy,u)(L*CD*LY)
o?_ €ij(dy,u)(LiCo** D, L)
o) (QC~,d)(LD*d)
0% (L,Q)(dCD*d)
Oudddep (€v,d)(dCD*d)
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Kobaéh ’16; Weinberg '79; Leﬁman '14: Prezeau and Ramsey-Musolf '03; Graesser ‘16
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Effective Field Theory

r 1
Dimension-five : Dimension-seven 1: Dimension-nine
| |
* 12 AL=2 operators ||+ Subset of operators
‘ constructed
1: ¢¥2H* + h.c. { H
Orn €ij€mn (LiCLm)HjH"(HTH) | LMI = ia(ﬁ) (Ga’Y“Qc) (ER'YudR)(ZbES) ‘
LM2 = io (b)(Qﬂ“ AQe) @Ry A dR) (6:LS) |
LM3 = (GrQ.)(@rQs)(Laty) |
3: ¢*H’D + h.c. LM4 = (@rAQa)(@rAQp) (2atS) |
OLHDe | €ijémn (L*Cyue) HIH™DFH™ LM5 = ioc2ic® (@Q,dr)(@.dr) (€,(9) |
Ly — i0@io? (@ A dR) (@M dr) (@,05)
{ LM7 = (ury" dR)(URwdR)(ERG%)
5:¢'D +he LM8 = (@py*dr)ic (Q,dr) @yyue$) ‘
Onaup | €ii(dnuw)(L'CD L) | LMY = (@ry*Ndr)ioly QM dr) Covue) ||
0 p | €i(dnu)(LiCo D, L) LMI0 = (") (5 Q) Farucf)
O%dw (QC~,d)(LD*d) || LML = @y X dg) (Tr\" Q) (Cavue)
Oruap | TQ)(dCDd)
OdddeD (ev,d)(dCDHd) { |
| = But no complete basis

Kobaéh ’16; Weinberg '79; Leﬁman '14: Prezeau and Ramsey-Musolf '03; Graesser ‘16
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Effective Field Theory

Naive scaling of Dimension 5, 7, 9 operators

. ﬂ So why keep dimension 7 & 97?
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Effective Field Theory

Naive scaling of Dimension 5, 7, 9 operators

Aovps ~

F <1 So why keep dimension 7 & 97?

m, ~ csv” /A Allows for relative enhancement:

e 5 <O(1), A=0O(1—100)TeV

* Relative enhancement of higher-dimensional terms due to

 Happens, for example, in the left-right model (back-up slides)
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Effective Field Theory

Naive scaling of Dimension 5, 7, 9 operators

Aovps ~

l <1 So why keep dimension 7 & 9?

m, ~ csv” /A Allows for relative enhancement:

e ¢5<O(1), A=0O(1-100)TeV

* Relative enhancement of higher-dimensional terms due to

 Happens, for example, in the left-right model (back-up slides)

» However, if c5 = O(1), A = 10'° GeV dimension-7, -9 irrelevant in this case
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OUtI | ne Lepton-number violation:

seesaw, left-right model, leptoquarks,

A
N || egateca
29 TeV | | BSM fields
SM EFT |
SU(3)xSU(2)xU(1) invariant
Electroweak symmetry breaking Integrate out
100 GeV | heavy SM fields
SM EFT
SU(3)xU(1)em invariant
1 GeV
100 MeV

1 MeV
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Running/matching at the weak scale

SM EFT
SU(3)xSU(2)xU(1) invariant

A %) A7) )

(5) (7) (9)
£=="-00 + 20" + 20|

M EW Electroweak symmetry breaking

100 GeV SM EFT’
SU(3)xU(1) invariant

a0 N B
. 150" + 550" + =50,

e Mismatch in dimensions due to insertions of the Higgs vacuum expectation value
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Low-energy operators
Dimension-3

SM EFT
SU(3)xSU(2)xU(1) invariant

h h

Uy, Uy, R
-~ Integrate out

' heavy SM fields

wl
SM EFT’
SU(3)xU(1) invariant

v 2 o ylss

Induced by dimension-5 SU(2)-invariant operator

mgg ~ v° /A
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Low-energy operators
Dimension-6

d\\ / SU(3)xSU(2)xU(1) invariant EFT
(7)
A / \\

M EW ‘; Integrate out

t
100 Gev | | v heavy SM fleldS
SU(3)xU(1) invariant EFT
d\‘\ / p-decay operators with the "wrong’ neutrino:
2G
LY} 5 = 7; {CQ i wy*dr erivu OV j + C\(/St)t,z'j ury dR er; Y CVL

6) _ _ _T 6) _ _ _T 6) _ _ _T
+C§P€,Z’j urdrer; Cvy; + CéL),ij urdr e, Cvp; + Cf(r,gj uro™dR eriou CVL,J}
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Low-energy operators
Dimension-6

d\\ / SU(3)xSU(2)xU(1) invariant EFT
(7)
A / \

M EW ‘; Integrate out

100 GeV | | Vl heavy SM flelds
SU(3)xU(1) invariant EFT
d\‘\ / p-decay operators with the "wrong’ neutrino:
e 2 scalar interactions
y / \\e
E(G)
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Low-energy operators
Dimension-6

d\\ / SU(3)xSU(2)xU(1) invariant EFT
(7)

M EW ! Integrate out

100 GeV | | V; heavy SM flelds
SU(3)xU(1) invariant EFT
p-decay operators with the "wrong’ neutrino:
e 2 scalar interactions
» 2 vector interactions
E(G)
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Low-energy operators
Dimension-6

d\\ / SU(3)xSU(2)xU(1) invariant EFT
(7)

M EW ! Integrate out

100 GeV | | V; heavy SM flelds
SU(3)xU(1) invariant EFT
p-decay operators with the "wrong’ neutrino:
e 2 scalar interactions
e 2 vector interactions
e one tensor interaction
E(G)
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Low-energy operators
Dimension-6

d\\ / SU(3)xSU(2)xU(1) invariant EFT
(7)
A / \

M ‘1 Integrate out
EW l heavy SM flelds
V

SU(3)xU(1) invariant EFT

d\\ / p-decay operators with the "wrong’ neutrino:

e 2 scalar interactions
/ \ » 2 vector interactions
e one tensor interaction

Induced by dimension-7 SU(2)-invariant operators

0(6) N UB/AB
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Low-energy operators
Dimension-7

d\»\ / SU(3)xSU(2)xU(1) invariant EFT
(7)
A
V/ \\

M | Integrate out
EW t heavy SM f|elds
100 GeV wi

SU(3)xU(1) invariant EFT
d\\ ﬁ f-decay operators with the "wrong’ neutrino
O and a derivative

p® @
V/ \‘\6 e Two vector-like operators

2G R _ _ T
£(A7},=2 = \/,—2}; {C\(/?,z‘j ’U,L’y“dL €L Ci0 qu,j - C\(/7P){,z'j UR’YudR €L, Ci 0 qu,j} + h.c.
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Low-energy operators
Dimension-7

d\\ / SU(3)xSU(2)xU(1) invariant EFT
(7)
A
V/ \\e

i ! Integrate out
EW l heavy SM flelds
100 GeV wi

SU(3)xU(1) invariant EFT
d\\ / f-decay operators with the "wrong’ neutrino
and a derivative

/ \ e Two vector-like operators

Induced by dimension-7 SU(2)-invariant operators

0(7) -~ US/AS
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Low-energy operators

Dimension-9
d . U SUB)xSU@)xU(1) invariant EFT u
€ (7) € 9
d U d U o |
MEW - Integrate out
' | heavy SM fields
100 GeV p o’ SU(3)xU(1) invariant EFT \ (it -
e
O 24 4quark-2lepton operators
e
d U

1
LR)_y = 5 > [ (Ci(?{) erCel + Oy &rC éf) 0; + ey, ;0T OF |,
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Low-energy operators

Dimension-9
d . U SUB)xSU@)xU(1) invariant EFT u
& (7) € 9
A 2 e ~ Cr[/ o eN CZ
d U d U L |
MEW . Integrate out
' | heavy SM fields
100 GeV p . SU(@)xU(1) invariant EFT vl :
e
O 24 4quark-2lepton operators
€ » 16 scalar operators
d U

1 N
Lat—2= 52, [ (o er0eh + O L0 O+ CevnsCe” OF |,

V0 &
7
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Low-energy operators

Dimension-9
d . U SUB)xSU@)xU(1) invariant EFT u
& (7) € 9
d U d U L |
MEW - Integrate out
' | heavy SM fields
100 GeV p . SU(@)xU(1) invariant EFT vl :
e
O 24 4quark-2lepton operators
€ » 16 scalar operators
d U e 8 vector operators

1
Lat—s =52 [ (Ci(?{) erCep, + Cyy) erCer | O

VP

()
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Low-energy operators

Dimension-9
d . U SUB)xSU@)xU(1) invariant EFT u
& (7) €
A 2 e G ® o C;
d U d (! L
MEW Integrate out
' | heavy SM fields
100 GeV p . SU(3)xU(1) invariant EFT vl :
e
O 24 4quark-2lepton operators
€ » 16 scalar operators
d U e 8 vector operators

|

e 3 can be induced by dimension-7 operators C’i(g) ~ v3/A3

| » 19 can be induced by dimension-9 operators Ci(g) ~ ’05//\5




Low-energy operators

Summary
SU(3)xSU(2)xU(1) invariant EFT
h h
A P ~ Cx
Vi, Vi,
M pw v/
100 GeV
v O L
Dim-3

SU(3)xU(1) invariant EFT

Wouter Dekens, LPT Orsay, 17/9/19
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Low-energy operators

Summary

SU(3)xSU(2)xU(1) invariant EFT

vl d\\% D
T A

B N R N
e A

Dim-3 Dim-6 Dim-7 Dim-9 scalar
SU(3)xU(1) invariant EFT



Low-energy operators

Summary

SU(3)xSU(2)xU(1) invariant EFT

N
A

NI
NN,

Dim-7 Dim-9 scalar

SU(3)xU(1) invariant EFT

Wouter Dekens, LPT Orsay, 17/9/19

d U
¢ (9)
° e 7 Ci
d U
/ ; »
(&
O
(&
d U
Dim-9 vector
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OUtI | ne Lepton-number violation:

seesaw, left-right model, leptoquarks,

A
N || egateca
29 TeV | | BSM fields
SM EFT |
SU(3)xSU(2)xU(1) invariant
Electroweak symmetry breaking Integrate out
100 GeV | heavy SM fields
SM EFT
SU(3)xU(1)em invariant
1 GeV
100 MeV

1 MeV
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OUtI | ne Lepton-number violation:

seesaw, left-right model, leptoquarks,

A
A
?? TeV
100 GeV
1 GeV Non-perturbative QCD ! u_attice QCD ihput
Chiral Effective Theory
- Construct two-nucleon
100 MeV ﬂ Ovpp operators

1 MeV



Matching to Chiral EFT

Wouter Dekens, LPT Orsay, 17/9/19

% SM EFT’
SU(3)xU(1)em invariant

In terms of quarks, gluons, leptons L (u, d, g, v, €)

Mocp

1 GeV Chiral Effective Theory

In terms of nucleons, pions, leptons EXPT(N, T, U, 6)

Form of operators determined by chiral symmetry

The operators come with unknown constants (LECS)

Need a power-counting scheme
- Start by assuming Naive dimensional analysis (NDA)
« Will come back to whether it breaks down

'Manohar, Georgi, 84; Weinberg, 90, 91
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MatChlng tO Chlral EFT j WarninLg:Basedon NDA

Dimension-3
SM EFT
A
mpgg
O
MQC’D VL VL
1 GeV
Chiral Effective Theory
e
U, Uy,
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Matching to Chiral EFT | o sesonor

Dimension-3
SM EFT’ GF
\ A ﬂ
mga ®
’ WA
Mocp oL oL
1 GeV
Chiral Effective Theory . .
vy, (& .
O =
Uy, Uy, @,
n p i -
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MatCh I ng tO Ch I ral E FT J Warning: Basea on NDA

Dimension-3

SM EFT’ Gp

mgaga O
O V/ \%
Uy, Uy,

Magep
1 GeV
Chiral Effective Theory . .
vy, (& ‘
O ”i
Uy, Uy, @,
n p n P
Mg Gr ar

« At LO in Weinberg counting, only need the nucleon one-body currents

 The needed low-energy constants are the nucleon charges gv, ga
* Known from experiment / Lattice QCD
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Matching to Chiral EFT | o sesonor

Dimension-6 and -7: vector & scalar

A SM EFT’ dim-6 dim-7
NN
[ )
// \ // ‘\\ Oy
VL (& vy, e
Mgep
1 GeV _ _
Chiral Effective Theory VL €
O
VL € =
O
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MatChlng tO Chlral EFT j WarninLg:Basedon NDA

Dimension-6 and -7: vector & scalar

4+ SMEFT d\im'ﬁ/ &W/
u u

[ )
// \ // ‘\\ Oy
VL (& vy, e
Mgep
1 GeV _ _
Chiral Effective Theory VL €
O
VL € =
O
n p n p

e Needed low-energy constants are the (scalar, vector) nucleon charges

e gV, dA, gS, gM
e Known from experiment and/or Lattice QCD




Matching to Chiral EFT

Dimension-6: tensor, left-handed vector

4 SMEFT )
N
O
Mgcp
1 GeV _ _
Chiral Effective Theory
VL (&
O
n p

» Generate beta-decay like operators

Wouter Dekens, LPT Orsay, 17/9/19

j Warning: Based on NDA
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MatChlng tO Chlral EFT j WarninLg:Basedon NDA

Dimension-6: tensor, left-handed vector

¢ SMEFT d\im-fi/
U

[
y / \&
Mgcep
1 GeV _ :
Chiral Effective Theory 2t . oM p
VL & ) € € O -
e ® <
" O i T " b n p

» Generate beta-decay like operators

« Also induce zz, zN, and NN interactions
e Come with unknown LECs
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Matching to Chiral EFT | o sesonor

Dimension-9
£0)0 =5 3| (cR enceh + €2 ex0ef @) CPennsce 0f|
N SM EFT’ Scalar dim-9
d U
(&
o
(&
d u
Mgcep
1 GeV _ :
Chiral Effective Theory
(&
o
(&
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Matching to Chiral EFT | o sesonor

Dimension-9
£0)0 =5 3| (cR enceh + €2 ex0ef @) CPennsce 0f|
N SM EFT’ Scalar dim-9
d U
(&
o
(&
d u
Mgcep
1 GeV _ :
Chiral Effective Theory
(&
o
(&

« Most scalar operators only induce zx interactions
*  Known from Lattice QCD / SU(3) chiral symmetry

Nicholson et al.’18; Cirigliano et al. ‘17
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MatChlng tO Chlral EFT j WarninLg:Basedon NDA

Dimension-9
E(A931=2 =5 Z [ (CZ-(%) éRCég - Cz'(i) e LCé%:) |
A  SMEFT Scalar dim-9
d U d ”
€ e
® O
€ e
d U d o
Mocp
1 GeV _ |
Chiral Effective Theory P )
€ e
o e °
< O e
™ n P
n p

« Most scalar operators only induce zx interactions
*  Known from Lattice QCD / SU(3) chiral symmetry

* One scalar structure + vector operators induce 7N & NN terms
- The low-energy constants for the zN and NN interactions are unknown

Nicholson et al.’18; Cirigliano et al. ‘17
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Chiral EFT

Summary
Dim 3 Dim 6 & 7 Dim 9
) Scalar Vector
A U d U
o N N e | N e
1/2 ° ;L ° .<6 .<
| // \\e d// \\u d// \\u e
Mgcep
1 GeV




Chiral EFT

Dim 6 & 7

N
e

Summary
Dim 3
T mgg
T
i
Mocp
1 GeV
v

Wouter Dekens, LPT Orsay, 17/9/19

Dim 9

Scalar

S
N

u

Vector
N
N

u
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Chiral EFT

Summary
Dim 3 Dim 6 & 7 Dim 9
) Scalar Vector
A U d U
e N N e N
i N e | T
Mgep .
1 GeV

o
n p
n /p n >
. N .
i e \./v/e
T ’\\e
—@ /
n \\p n \\p >
n p
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Chiral EFT

Summary

Dim 3 Dim 6 & 7

e N

< o >
VL vy VL// \'\6

Mocp
1 GeV
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Chiral EFT

Summary

Dim 3 Dim 6 & 7 ~ Dim9

Scalar Vector
il N NNAME
AN IS

~
~
~

Mocp
1 GeV

H 2 structures A

Y
Y
y

S
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Chiral EFT

Summary
Dim 3 Dim 6 & 7 ~ Dim9
) Scalar Vector
A U d U
o NP N e | N e
‘ 2 N IRraivas
Mqcp | | N | ;
1 GeV HZStru?tures )

«V a
o
n

no /‘p O > n D
| a N e
Ve o Ve .<
T W_l\\e /\ =

B —@ > /
n p
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Chiral EFT

Summary
Dim 3 Dim6 & 7 Dim 9
A
| = Based on NDA / Weinberg counting
* Not consistent in the 1So channel
Mgep - Does it hold for OVBB?
1 GeV

Y
Y
:]I
7

€

|
© Y ) e T A
- €
/s

> —@ > / . |/

n \\ p n p — @
B n p n P

(& e

Kaplan, Savage, Wise, ’96; Beane, Bedaque, Savage, van Kolck, ’03, Nogga, Timmermans, van Kolck, '05, Long, Yang, '12;

n /ep n /ep - S n_ P p
N
e
n p

\ 4
y

Y
Y



CheCklng the power Countlng Wouter Dekens, LPT Orsay, 17/9/19

Dimension-3

Check that A(nn — ppee) is finite




CheCklng the power Countlng Wouter Dekens, LPT Orsay, 17/9/19

Dimension-3

Check that A(nn — ppee) is finite

* Requires inclusion of the strong interaction

"NTPig N — JAVr. NroN

/y
25 N \} N N

Ly= C(N"Pig,N)




CheCklng the power COuntIng Wouter Dekens, LPT Orsay, 17/9/19

Dimension-3

Check that A(nn — ppee) is finite

* Requires inclusion of the strong interaction

N

®
Ly= C(NTPg,N)' NTPg N - ZAvr.NroN |\
0 0 2F N N

U

Dress the AL=2 potential with (renormalized) strong interactions:

n=v— =7 p \/ finite l
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Dimension-3

Check that A(nn — ppee) is finite

* Requires inclusion of the strong interaction

ot
[ ) i T
Ly= C(N"Pg,N) NTPg,N - 2Avr . NroN | 7 \ :
2F7T N N N N

Dress the AL=2 potential with (renormalized) strong interactions:

{BA N O

V finite
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Dimension-3

Check that A(nn — ppee) is finite

* Requires inclusion of the strong interaction

®
Ly= C(NTPigN) NTPg N - I vr. NroN N
2F7T N N N N

=

NS
v

Dress the AL=2 potential with (renormalized) strong interactions:

n e p
n e p | X Divergent
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Dimension-3

Check that A(nn — ppee) is finite

* Requires inclusion of the strong interaction

N

®
Ly= C(NTPg,N)' NTPg N - ZAvr.NroN |\
0 0 2F N N

U

=

Dress the AL=2 potential with (renormalized) strong interactions:

‘ In MS-bar: l

n e p

, 2;_:

mn \ 2 oy L (10 | )
_ (Y — , +1
() (1+262); ® = (p[+ [P/ + 07

n e p +finite Regulator dependent |
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Numerical results

1/p (fm)
RN _ Rg scheme|-
0.060 " S . MS [

0.065

0.055;

| (MeV™2)
= o
() ()
TR

1A%
S
)
P

0.035

0.001 0.005 0.010 0.050 0.100 0.500
Rg (fm)

* Amplitudes obtained using
* MS-bar
e Coordinate-space cut-off

J » Clear u or Rs dependence
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Need for a counter term

* Need a new contact interaction at leading order to get physical amplitudes:

Cor = 2G2V2mgs 9NN pnpnerCer

VALZQ — VI/ _|— VI/,CT — Ve

o-0—0
Q
N

o
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Need for a counter term

* Need a new contact interaction at leading order to get physical amplitudes:

Cor = 2G2V2mgs 9NN pnpnerCer

n p mn
° p
e
Var=—2 =V, +Voecr= v e gVN e )
o
n p n D

. NN . . L
- Finite part of 9,  is currently unknown, hard to estimate its impact

- Could be determined from a lattice calculation of A(nn — ppe~ e )

- Estimate from relation to EM (back-up slides)
« ~10-30% contribution in A(nn — ppe~e™)
« ~60% in light nuclei, 12Be—12Ce¢e
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Checking the Weinberg counting

Any effect for the dim-6,7,9 terms?

- In the Majorana-mass case, the LNV potential leads to a divergence

* Due to the potential at large momenta Var—2 ~ 1/52

n € p
1 1 1

~ m3y / d>qd’k
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Checking the Weinberg counting

Any effect for the dim-6,7,9 terms?

- In the Majorana-mass case, the LNV potential leads to a divergence

* Due to the potential at large momenta Var—2 ~ 1/52

n € p

~ m3y / d>qd’k
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Checking the Weinberg counting

Any effect for the dim-6,7,9 terms?

- In the Majorana-mass case, the LNV potential leads to a divergence

* Due to the potential at large momenta Var—2 ~ 1/52

n 6_ p
1 1 1
2 3 13
Ve ~ m d”qd’ k — —
o— _
n ¢ p

Dimension-6,7,9

R e —

- Several potentials have the same behavior
Var—a ~ 1/q"

* The case for the vector operators  \{vive
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Checking the Weinberg counting

Any effect for the dim-6,7,9 terms?

- In the Majorana-mass case, the LNV potential leads to a divergence

* Due to the potential at large momenta Var—2 ~ 1/52

n p
T 1 1 1
¢ 2 3 13
O ~m d”qd’ k - —
n | p

Dimension-6,7,9

- Several potentials have the same behavior
- The case for the vector operators




Wouter Dekens, LPT Orsay, 17/9/19

Checking the Weinberg counting

Any effect for the dim-6,7,9 terms?

- In the Majorana-mass case, the LNV potential leads to a divergence

* Due to the potential at large momenta Var—2 ~ 1/52

n p
T 1 1 1
; 2 3 13
O ~m d”qd’ k - —
MM N/ mNE—CjQ(q_’—/g)QmJ\fE’—/{Z2
n | p

Dimension-6,7,9

- Several potentials have the same behavior
- The case for the vector operators

* Need to include contact interactions at LO in these cases

- Often disagrees with the Weinberg / NDA counting




Chiral EFT
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NDA / Weinberg
Dim 3 Dim 6 & 7 ~ Dim9
Vector Scalar
A d U
Mg ¢
AT d\'ﬁ \°éie \-éie
N | S| S
| | d/ \¢ d_n U
Mqcp , T
1 GeV )
no /jp n no R
-\
VarL=2= = é ) )'\/:Z
— \= . - . "/ -
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Chiral EFT

Beyond NDA / Weinberg

Dim 3 Dim6 & 7 Dim 9
Vector Scalar
4 d u d U
el I e e
vy, vy, Ve . e .
v \ N N
Mgcp | /
1 GeV |
| S {1+2+4 additional | l
| contact interactions
SV S n\/p P S SN
} . | . N
VAL=2 = v e Ve e _ ‘e
| TN
' \\ ’ " ‘\\; ! n/ \> 6 no .I%; 6 n_ ' "
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OUtI | ne Lepton-number violation:

seesaw, left-right model, leptoquarks,

A
A
?? TeV
100 GeV
1 GeV Non-perturbative QCD ! u_attice QCD ihput
Chiral Effective Theory
- Construct two-nucleon
100 MeV ﬂ Ovpp operators

1 MeV



OUtI | ne Lepton-number violation:

seesaw, left-right model, leptoquarks,

A

A
?7? TeV

100 GeV

1 GeV

100 MeV
Many Body Methods

Wouter Dekens, LPT Orsay, 17/9/19

l ﬂ Nuclear Matrix elements
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The Ovgp halt-life

2
= ZGi,jMiMjgigj

2V

FOV(O+ N 0-1—) ~ |<O-|—| Z / (;ZT:)IS eiq-r V(q2) |O-|—>

nucleons

Combinations of Wilson coefficients
Perturbative, determined by BSM physics
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The Ovgp halt-life

2

= ZGi,jMiMjgigj

2V

0" 500~ 07 X [ gL viah o)

nucleons

Combinations of Wilson coefficients
Perturbative, determined by BSM physics

* Low-energy constants
« Several unknown
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The Ovgp halt-life

2

= ZGi,jMiMjgigj

2V

FOV(O+ N 0-1—) ~ |<O-|—| Z / (;iﬂ_()lg 673q-fr‘ V(q2) |O-|—>

nucleons

Combinations of Wilson coefficients
Perturbative, determined by BSM physics

* Low-energy constants
« Several unknown

* Phase space factors coming from the leptonic parts
* Accurately calculated
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The Ovgp halt-life

2

= ZGi,jMiMjgigj

2V

FOV(O+ N 0-1—) ~ |<O-|—| Z / (;iﬂ_()lg 673q-fr‘ V(q2) |O-|—>

nucleons

Combinations of Wilson coefficients
Perturbative, determined by BSM physics

* Low-energy constants
« Several unknown

* Phase space factors coming from the leptonic parts
* Accurately calculated

* Nuclear matrix elements
* Evaluation requires many-body methods
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The Ovgp halt-life

2
= ZGi,jMiMjgigj

2V

FOV(O+ N 0-1—) ~ |<O-|—| Z / (;ZT:)IS eiq-r V(q2) |O-|—>

nucleons

* Nuclear matrix elements
* Evaluation requires many-body methods
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Nuclear matrix elements

» All NMEs can be obtained from those of light/heavy neutrino exchange
* 9 long-distance & 6 short-distance

» Have been determined in literature NMEs Ge
74 [31] [81] [82,83]
My -1.74 -0.67 -059  -0.68
Mg 548 3.50 3.15 5.06
76
. . . MAE | -2.02 -0.25 -0.94 | NMEs Ge
[ ]
FOE”OW (ﬁhCI)PT expdectatlons falrly well MEE || 066 033 030 Mpe | -346 -155 -1.46  -1.1
[ ]
g.a (1) an MEM || 051 025 022 Mg, | 111 4.03 4.87 3.62
MPP _ _1 AP _MPP MPP _ _lMAP _MPP M4 - - - Méﬁll“),sd -5.35 -2.37 -2.26 -1.37
GT,sd 9 GTsd GT > Tsd 9 Thsd r o MAP |[-035 001 -001 | MEE | 199 085 082 042
MAP 2. 44 MAP MMM gaMma - aa MfP |l 010 000 0.00| MAP, |08 001 -0.05  -0.97
GT,sd = ~3/VGT.sd GT » GT = 6% m2, GT,sd > w004 000 000 wmre, | 032 000 ooz 03

Barea et al. '15; Hyvarinen et al, '15; Horoi et al. ’17, Menendez et al, ‘18



Nuclear matrix elements

» All NMEs can be obtained from those of light/heavy neutrino exchange
* 9 long-distance & 6 short-distance

« Have been determined in literature NMEs "Ge

74) 31 [81] [82,83]

Mp  ||-1.74 -067 -0.59  -0.68

Mg 548 3.50 3.15 5.06

: : : MAE | -2.02 -0.25 -094 NMEs Ge

* Follow ChiPT expectations fairly well iz | ose o3 00| Mrn |ado ms ide i
* Eg all 0(1) and MEM || 051 025 022 Mg, | 111 4.03 4.87 3.62
MEFu = —oM&R—MEF,  MED = MfD -~ MEP, vt o o g | aimw| 20 2 A
’ 2 ) ’ 2 ’ My -0.35  0.01 -0.01  MEL |l 1.99 085 0.82 0.42
VAP 244 AJAP ApMM _ game a4 MEP | 010 000 000 MAP, |-085 0.01 -0.05  -0.97
e T = pg2m3, T4 My ||-004 000 000| MEf, | 0.32 000 002 038

As s
Hyvérinen et al. [74]

\
" Horoi et al. (31]
e p
9 —|  Menéndez et al. [81]

Barea et al. [82,83] ¢
* The NMEs differ by a factor 2-3 between methods -
]_ A A A A A A A A A A A A A A A A A A A A
 For Majorana-mass term & other LNV sources ‘e e ® . e -
05| @ i | g $ . o . oo m A . ° v g
O ) <) (<} Q ‘ Q <] (<] (] (] [ <] (] ) [ (<] Q ) ) (<) Q
R(M,) |R(Mps)| R(Mrg) R(Msq,1) R(Msq,2)

Barea et al. '15; Hyvarinen et al, '15; Horoi et al. ’17, Menendez et al, ‘18
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Current limits

« Assumes Cj = v3/A3

- Uncertainties:

136X€ 103E 3;0 |
= -
& 10} B2
< i 15
101 |
c® c® c© O (6) o) R0 o

¥ J
W —

d
: LI\Jlrl]l((:?eoa\ll\r/T\/Il_allfr(iiseIements d\'\ // \\'/</:e
N RN

 Dim6&7 ~ Dim9
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Current limits

« Assumes Cj = v5/A5

136Xe
101 u

6.3

A (TeV)
~

[
9 9 9 9 9 9 9
c? o oy o ¥ oy

) - g
—~—

- Uncertainties:
« Unknown LECs
* Nuclear Matrix elements

N N
NN

u

u

Dim 9 Dim 9
Scalar Vector
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Current limits

Two-coupling analysis

‘A=6OO TeV | ‘A=4O TeV
10
- 76Ge
: 130T
L 136Xe
5_
ol
sl
a0l
04 -0z 00 02 04 O T o o0 o2 o4
mﬁﬁ/ev mpg/eV
9 9 VL VL
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Summary

>
o0
[ [ 8
- EFTs allow one to systematically describe AL=2 sources :
W Oon I Fl = ur R
'_
o
i
>
L2} [ l Electrpweak symmetry
~100GeV |- ¥ ¢ ‘L ¢ ¢ breaking
'_
o dim —3 dim — 6 dim — 7 dim — 9
E' mpp : v —V° d — uev (d — uev) @ 9y dd — uuee
& i P T _I_ Match to ChiPT
(LECs in Table 1)
~1GeV | W v 12 v v v v
% Iu—w”l In—)peul I T ev I Inn—)ppeel In—)pﬂ'eel I T — ee I
O ConstructOv33
operators (Eq. 24)
~ 100 MeV [ W PR RS
g E OvBp operators L 0vfBp operators
6 w (Long- and pion-range) (short-range)
_____________________________ &*NMES(T@NN)
[%)
> T AA,AP,PP,MM AA,AP,PP , AP,PP
g '§ _8 I Mr, MGT,T I IMF,sdv MGT,sd ) MT,sd I
=}
E < %’ I I Phase space integrals
~ 1MeV (Table 4)
0 + + f
A Tl V2 (0 =0 ) :Vé:s‘t;;) formula
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Summary

- EFTs allow one to systematically describe AL=2 sources f |
_ v v
g dim -5 dim[ -7 diml— 9 R
~ 100 GeV L d\.r ‘1'3 ‘1' d"l' d.‘l' et
; mﬁﬁltnl:ﬂ ;’ ; ljl;exﬁx (d 41121:); Oy dd lj ;ugee Match to ChiPT
~1GeV : 1 ) v [N ] v v (e immied
% Iu—nﬁl In—>peu| I7r—|>eu I Inn —;ppeel In—)pﬂ'eel I T — ee Ic(,"stmcm,,ﬂﬂ
~ 100 MeV Tul— ...................... ‘;L ......................................... operators (Eq. 24)
R e DR
255 | Mo Mg M, MG MATT |
ey |25 8 | | —
v T10u2(0+ N 0+) :Vé:s‘tgg)formula
« Matching to chiral EFT involves unknown LECs
- Several more required by renormalization
 Can in principle be determined from LQCD
- Needed Nuclear Matrix Elements determined in literature Figes rren ares neen .
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Summary

&
. . § BSM
- EFTs allow one to systematically describe AL=2 sources : |
A

_ v v

[

; dim -5 dim —7 dim — 9

wv l l Electrpweak symmetry
~100GeV |- ¥ ¢ ‘L $ & breaking

'_

i dim — 3 dim — 6 dim — 7 dim — 9

EI mgp v — V° d — uev (d — uev) @ 9y dd — uuee

& T P T _I_ Match to ChiPT

(LECs in Table 1)

~1Gev | v Vv v ov v v

% IV—H/”I In—)peul I7r—>el/ I Inn—)ppeel In—)pﬂ'eel I T — ee I

© | P | ConstructOv33

operators (Eq. 24)

~ 100 MeV [ W PR RS

g E OvBp operators 0vfBp operators

L= [i] (Long- and pion-range) (short-range)

& — N — NMES (Table 2)

5
> AA,AP,PP,MM AA,AP,PP , AP,PP
g '§ _8 IMF7 MGT,T I |MF,sdv MGT,sd ) MT,sd

2 - g I Phase space integrals

~ 1MeV (Table 4)
Ov 0+ + Master formul
A Tl o (0 =0 ) (E:s‘ ;;) formula

« Matching to chiral EFT involves unknown LECs

- Several more required by renormalization

 Can in principle be determined from LQCD
- Needed Nuclear Matrix Elements determined in literature Loges oo .
- Limits on higher-dimensional operators probe - T

- O(1-10) TeV scales for dim-9 & ) . TR

« O(100) TeV scales for dim-7 < ] 15

10!
o Céﬁgz CffL) 10 6.3 i

* Order 1 uncertainties *

s lillias

9 9 9 9 9 9 9
ol e e N e N o N o/ S o'y |

« Unknown LECs + NMEs

10°
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constants



LECs

Low energy constants

Dimension 6
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Dimension 7

Cs.5n Cyr
NS

e

CY

dL\\ /LR

e

C\(/?J,VR
d\\oﬁ X0,
"

i Nucleon
i charges

Quark
condenstate

: Nucleon
i charges

ETénsor
: charge

| Quark
: condenstate

.......................................................................................................................................................................................

.......................................................................................................................................................................................




LECs

Dimension 6
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Dimension 7

B O c® || Fhun
D R T B

—@ -
n p
n
fd
C \
R
1R
&
o a7/
> ’
(@))
—
() ™ e
S|
I/v/e
= n
@)
—

Quark / ENucIeon / ENucIeon /ETensor
condenstate i charges i charges i charge
LQCD expt expt
: 'NLO
OSSOSOt SO . = = SN
X1
X1 X1
X1 X2 X1

| Quark /
condenstate
LQCD: LQCD

................................................

................................................
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Dimension 6 Dimension 7
ow ) c) o

N Ny DL NS (N
A N e N AT

[ ) >
n p
(7))
e
C .
{J
s
&
O 7/
> ’
(@)
—
() ™ e
o A
|/'/6
= n © P
@)
—

Quark / ENucIeon / ENucIeon /ETensor /Quark /
condenstate i charges i charges i charge condenstate

LQCD expt | expt | LQCD LQCD

.......................................................................................................................................................................................
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Dimension 6 Dimension 7
ow ) c) o

N Ny DL NS (N
A N e N AT

[ ) >
n p
(7))
e
C .
{J
s
&
O 7/
> ’
(@)
—
() ™ e
o A
|/'/6
= n © P
@)
—

Quark / ENucIeon / ENucIeon /ETensor /Quark /
condenstate i charges i charges i charge condenstate

LQCD expt | expt | LQCD LQCD

.......................................................................................................................................................................................

X1
X X
X1 X1
X1 X1 x




LECs

Low energy constants

Dimension 9 - scalar

9
L

S

L

pa

SH

L
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Dimension 9 - vector

9
Cors0

.......................................................................................................................................................................................

.......................................................................................................................................................................................
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LECs

Dimension 9 - scalar Dimension 9 - vector
(9) (9) 9
ClL,lR 02,3,4,5 Cé,7),8,9
dr, ur, U U

o
\/’@ X1 LacD | x4 LQCD
/\\6
7r_/
nt e
|/ . X1 X2
|/
n. p

Low energy constants

Nicholson et al.’18
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LECs

Dimension 9 - scalar Dimension 9 - vector
(9) (9) 9
Clrir Cs 345 C((;,7),8,9
dr, ur, U U

P S0 S
& S &

u

.......................................................................................................................................................................................

.......................................................................................................................................................................................

Low energy constants
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LECs

Dimension 9 - scalar Dimension 9 - vector

9
L

9
Cors0

P S0 S
& S &

u

Low energy constants

x4

o — E
n p :
™\ \/’5 \//
o ¢ x1 Lacp x4 LQCD
/ e E
7r_/ \
. X X
'/// . X1 | X2
|l -
"""""""""""""""""""""""" ‘ Non-NDA l



Disentangling
operators
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Disentangling operators

What if a Ovgp signal is measured?

* Measurement in a single isotope could be due to any
operator

« Could measure the rate in several nuclei, however
- Different isotopes have similar sensitivity to LNV
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Disentangling operators

What if a Ovgp signal is measured?

* Instead look at angular & energy distributions of the




Disentangling operators

What if a Ovgp signal is measured?

* Picking the allowed values

VL VL

mpagg = 0.05eV

N
e

ClLeudn = €'*/A?
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A =40TeV

1/T" dI'/dcos(6)

1.0

0.8+

Imﬁ[gI:0.0S eV, CLeudH =ei“/A3

0.6}
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Disentangling operators

What if a Ovgp signal is measured?

* Picking the allowed values

VL VL

mpagg = 0.05eV

N
e

ClLeudn = €'*/A?
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A =40TeV

Imﬁﬁle.OS eV, CLeudH =ei“/A3

1.0 : N —
N 1
—~ 08 >~ =]
A L S -~
N— So -
/)] \\\ ’/”
8 0.6 \\\\ /”’ ¥
"U \\\ ”’
D
’z’ ~
o) (145 ”,f \\\\ . i
& , o a varied
~— L -~ _ d
— 0.2 ,// -~ CrLeuqn=0 [
o -— mgg=0 |
0.0 — e
-1.0 -0.5 0.0 0.5 1.0

Imgs|=0.05 eV, Creyan=e¢'?/A>

05— . ————— ———————————————————
I MRS ]
4 [N /7
0.4 k// \ / \\A
L \ / |
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Effective Field Theory

Naive scaling of Dimension 5, 7, 9 operators

. ﬂ So why keep dimension 7 & 97?
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Effective Field Theory

Naive scaling of Dimension 5, 7, 9 operators

l <1 So why keep dimension 7 & 9?

m, ~ csv” /A Allows for relative enhancement:

e ¢5<O(1), A=0O(1-100)TeV

* Relative enhancement of higher-dimensional terms due to

e Happens, for example, in the left-right model
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Effective Field Theory

Naive scaling of Dimension 5, 7, 9 operators

l <1 So why keep dimension 7 & 9?

m, ~ csv” /A Allows for relative enhancement:

e ¢5<O(1), A=0O(1-100)TeV

* Relative enhancement of higher-dimensional terms due to

e Happens, for example, in the left-right model

» However, if c5 = O(1), A = 10'° GeV dimension-7, -9 irrelevant in this case




Chiral scalings



Chiral EFT

The potential

Can finally derive the potential and amplitude

3
A= (07| Z/ dw(;zaeiq'rv(qQ)'Oﬂ

(2

m.n

Wouter Dekens, LPT Orsay, 17/9/19

V(a®) = Vs(a®) + Vs(a®) + Va(a®) + Vo(q®)

The contributions scale as

6 6 6 6 7 9 9 9
=3 Cilsn Cr'  Cvi Cvn Cviwve C Corsn_ Cor s, Cucetor

(9)()
ClL

P, 2 2 2
h h h 2

me.A mpag AX Axei AXG?<

) ’UGX

A, =1GeV, €y = Mx/Ay




Chiral EFT

The potential

Can finally derive the potential and amplitude
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3
A= (0% Z/ dﬂ‘;‘ge'iq“‘\/(qQ)|0+> V(a®) = Va(a®) + Vs(a®) + Vz(a*) + Va(q)

(2

m.n

The contributions scale as

CO0N  AO0 70

6 6 6 6 7 9 9
=3 Ciisn Cr'  Cwvi Cvn Qive @R E0) G 6% Cuecion

XX v X v X w

A2 AZ AZ A= AZ Viwe
meA mgaga Ax Axef< A, €2 AX6§< X (2 X (2 x (2 —X —x —X 2

) ’UGX

Ay, =1GeV,

Ex = My /Ay

- The dimension-seven and -nine operators are suppressed by Ax / v
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Chiral EFT

The potential

Can finally derive the potential and amplitude

3
A= 071Y [ ey (@) V(a?) = Vala?) + V(a?) + Vi(a?) + Va(a?)

m.n

The contributions scale as

6 6 9)(/
d=3 CéL{ SR C . CéL)Q—(gL
meA | mgs Ay <9 =

- The dimension-seven and -nine operators are suppressed by Ax / v

- Several operators are suppressed by two or three powers of €, = m. /A,
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Chiral EFT

The potential

Can finally derive the potential and amplitude

3
A= (07 Z/ (g;;geiq"'\/(qQ)mﬂ V(a®) = Va(a®) + Vs(a®) + Vz(a*) + Va(q)

m.n

The contributions scale as

6 6 9
d=3 CéL{ SR C _ C§L>2—(,5)L
meA | mgs Ay <9 =

- The dimension-seven and -nine operators are suppressed by Ax / v

- Several operators are suppressed by two or three powers of €, = m. /A,

- Scaling of Wilson coefficients needed to see which are important
- To be determined in explicit models of new physics




Relation to
electromagnetism
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Relation to electromagnetism

LNV contact term EM contact term

o
« .

P> B> n p B B N N
Ve @ | » gNN \o/</:6 Y \/
- TN

n p g
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Relation to electromagnetism

LNV contact term

q q
n p
v g e
q q n p

EM contact term

+ Hard part of two Weak currents

~ GEmpg(NN|Jf () Jr u(y)|[NN)
></ d*q etr(@=y)
(2m)* ¢

- Leptonic part combines to boson propagator

- Hard part of two EM currents

~ e (NN| g\ (2) Jenm 1 (y) [N N)

X/ 2m)t ¢

- Non-hadronic part is the photon propagator
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Relation to electromagnetism

LNV contact term EM contact term

o=

q > /; q n p q > #q

Ve i ' » gIZ/VN \0/</:6

R SN

q q n p ” ”
\e q q

+ Hard part of two Weak currents

NN | T4 (2) 11 () N )

X : |

* Leptonic part combines to boson propagator - Non-hadronic part is the photon propagator

The appearance of the photon propagator allows one to relate the two!
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Relation to electromagnetism

 Only two Al=2 operators can be induced

Tr Q%

O, =NQ.,NNQ.N — N7N N7N + (L — R) with spurions
o . TTO;, Op — . — QL u'Qru, 9Qr ru',
Oy =NQ.,NNQrN — : N7N N7N + (L < R) w = exp (ir - 7/2F, )
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Relation to electromagnetism

 Only two Al=2 operators can be induced

_ _ Tr O2 _ _ : .
Oy = NONNOLN — “19L yan NaN + (L — R) with spurions
o ) TTO;, Op — . — QL u'Qru, Qr RU',
Oy = NO,NNOrN — NTN NTN + (L < R) w = exp (i - 7/2F.)
EM LNV
Lem = € /4(C101 + C20;) Liny = go " GoampsO; e

QrL=Qr=1°/2 Qr=r1", Qr =
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Relation to electromagnetism

 Only two Al=2 operators can be induced

_ _ Tr O2 _ _ . .
Oy = NOLN NOLN — L9L NN N2N + (L — R) with spurions
o . TTO;, Op — . — QL u'Qru, 9Qr ru',
O = NONNOrN — NTNNTN—I—(LHR) w = exp (i - 7/2F.)
EM LNV

LNV :@G%mmOl ee’
QL — 7_+7 QR =0

Chiral symmetry
NN
9u — Cl
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Relation to electromagnetism

 Only two Al=2 operators can be induced

2
Tr Q7 with spurions
Qr = u'Qru, Qr = uQgrul,

N — TrQLQR_—» \7 =
Oy = NOLNNORrN — 6 NTN NTN + (L < R) u = exp (im - 7/2F;)

- EM induces an extra term
Equivalent up to 2 pions

Hard to disentangle

Chiral symmetry
NN
9, =
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Relation to electromagnetism

« Al=2 in NN scattering

» Charge-independence breaking (ann + app)/2 — anyp
- From photon exchange & the pion mass difference g 2 I o C1+0C
« (1 +C5 (needed at LO in isospin breaking) \\
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Relation to electromagnetism

« Al=2 in NN scattering

+ Charge-independence breaking (ann + app)/2 — anyp \ /
- From photon exchange & the pion mass difference g 2 —> o G+l
- 1+ Cy  (needed at LO in isospin breaking) \\

. Allows an estimate of ¢V

- Extract 71+ C5 from CIB

_ Ci(p) + Co(p)
2
* Roughly 10% effect for Rs = 0.6 fm

- Uncontrolled error

« Assume ¢ ()
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Relation to electromagnetism

« Al=2 in NN scattering

» Charge-independence breaking (ann + app)/2 — anyp
» From photon exchange & the pion mass difference
- (1 +C5 (needed at LO in isospin breaking)

» Allows an estimate of ¢)'" o
Extract Ci+C2 from CIB T ool

. Assume ¢V () = C1(p) -2F Ca(p) % |

. Roughly 10% effect for Rs = 0.6 fm T 004
Uncontrolled error < |

0.03_‘

0.001 0.005 0.010 0.050 0.100 0.500
RS (fm)




Estimate of impact
In light nuclel



Estimate of impact
Light nuclel

M. Piarulli, R. Wiringa, S. Pastore

+ Combine estimate ¢, = (C7 + C3)/2

« With wavefunctions:

« From Chiral potential
M. Piarulli et. al. ’16

- Obtained from AV18 potential
R. Wiringa, Stoks, Schiavilla, ‘95

C(fm™1)
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ol Al=0: 6He — 6Be |
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0.5
) XEFT  AVIS
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Estimate of impact
Light nuclel

M. Piarulli, R. Wiringa, S. Pastore

+ Combine estimate ¢, = (C7 + C3)/2

« With wavefunctions:

« From Chiral potential
M. Piarulli et. al. ’16

- Obtained from AV18 potential
R. Wiringa, Stoks, Schiavilla, ‘95

« ~10% effect in 6He — 6Be
« ~60% effect in 12Be — 12C

« Due to presence of a node

- Feature in realistic Ov33 candidates

C(fm™1)

C(fm™1)
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0.0 o2e H“ o ""®%880800000000000000000nas 20000
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~1.5} (v |
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Al=2:12Be — 12C H
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Estimate of impact
Light nuclel

M. Piarulli, R. Wiringa, S. Pastore

- Combine estimate g, = (C} + Cs) /2>

« With wavefunctions:

« From Chiral potential
M. Piarulli et. al. ’16

- Obtained from AV18 potential
R. Wiringa, Stoks, Schiavilla, ‘95

« ~10% effect in 6He — 6Be
« ~60% effect in 12Be — 12C

« Due to presence of a node

- Feature in realistic Ov33 candidates

Uncontrolled error }

C(fm™1)

C(fm™1)
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YEFT  AVIS
~1.0! - <
bL L
~1.5/ (gV -
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- r(fm) | |
Al=2:12Be — 12C H
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Example:
The left-right model
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An example: LR model

In Left-Right models:

+ SM gauge symmetry is extended to SU(2)r x SU(2)r x U(1)p_1
* Allows for parity or charge-conjugation to be restored at high energies

- Explains neutrino masses through the see-saw mechanism (Type-l & Type-lI)
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An example: LR model

In Left-Right models:

+ SM gauge symmetry is extended to SU(2)r x SU(2)r x U(1)p_1
* Allows for parity or charge-conjugation to be restored at high energies

- Explains neutrino masses through the see-saw mechanism (Type-l & Type-lI)

 New Fields:

 Right-handed bosons Wgr, ZRr
- Right-handed neutrinos VR
- Heavy new scalars N




Wouter Dekens, LPT Orsay, 17/9/19

An example: LR model

In Left-Right models:

+ SM gauge symmetry is extended to SU(2)r x SU(2)r x U(1)p_1
* Allows for parity or charge-conjugation to be restored at high energies

- Explains neutrino masses through the see-saw mechanism (Type-l & Type-lI)

Violates lepton number

 New Fields:

 Right-handed bosons Wgr, ZRr
- Right-handed neutrinos VR
- Heavy new scalars N
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An example: LR model

’5‘ ~ Ye :me/v
® AL=2

SU(3)xSU(2)xU(1) invariant EFT
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An example: LR model

’;‘ ~ Ye = me/?]

® AL=2
e U
H H H Ve
®,. "F g
o-0-0 ® =
Vr VR Vr 1%
t \\ \
> <
mWR
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An example: LR model

’;70 ~ Yo = M [V
® AL=2

SU(3)xSU(2)xU(1) invariant EFT

< ‘ >
Uy, Uy, / \

-

S
fuie

QV
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An example: LR model

’;‘ ~ Ye = me/?]

® AL=2
e U Wgr § —
H H N\ v ¢ WR% B
H R Op
|44 @) o
.VR d d VR —
-0 0 O e We -
vy, VR Vr Uy, WR é c
< h “« ¥
mWR

® ® ° e
VL Vr, V/ \%
d U
dims ~ 2(3) | (3)3 o (3)5
Im- Ye A dim-7 ~ Ye A Dim-9 A



Wouter Dekens, LPT Orsay, 17/9/19

An example: LR model

,;V‘ ~ Ye = me/’U

® AL=2
e U Wgr _
. . o e WR% :
H | | H H N\ VR 5++ /
| | o Wi o e
. 9-0-@® - o % VR Y e~ Wjo \\_
vy, VR vy, /VL Wg i €

R
SU(3)xSU(2)xU(1) invariant EFT

S ONH/ N

N y ®
N Ve

< ‘ > _ / X<::Q ) .
1% 1% |
L L // \ | Framework captures all terms

| Naively of similar size for A=1-10 TeV

aims ~ 4 (3) dim-7 ~ ye (%)3 Dim-9 ~ (%)5

S~

QV
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An example: LR model

mw, =45TeV,  my, =10TeV,  mg =4TeV

« Assume right-handed neutrino mixing follows the PMNS matrix

Normal Hierarchy Inverted Hierarchy
1 Zz 7z 1 Zz Zz
— Mpp - Mpp
— LRM (&=mp/m;) — LRM (&=mp/my)
107" —~  LRM (¢=0) [ 107" —__—|-- LRM(&=0) ]
> > __—
L L
— 1072 — 1072}
52 =
= =
1073 Mﬁ---—/ 1073+
10—4 I | I I 10—4 I L L L
1074 103 1072 107" 1 10 1074 1073 1072 107" 1 10
m{/ightest (GV) m{/ightest (GV)

- Mild effect on NH (due to dim-9)

* Negligible effect in IH case, dim-5 terms dominate
« Due to chiral suppression of the induced dim-6,7,9 operators
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An example: LR model

| Not excluded by collider

my, = 4.5TeV, my, = 10GeV, Mett = 4TeV

« Assume right-handed neutrino mixing follows the PMNS matrix

Normal Hierarchy Inverted Hierarchy
L > a— 1 p
— mgg — mpp
— LRM (E=myp/my) — LRM (§=mp/m;)
—-  LRM (é=0) [ 1--  LRM (é=0) [
>
2
B
£
1073 10-3 L
-4 -4 I I L
0 10— 10- 10- : 10 1010-4 1073 1072 107" 1 10
m}/lghtest (eV) mLightest (eV)
Subject to u
. NME / LEC
- Large effect in both NH & IH .
uncertainties

* Now dominated by dim-9 terms




