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Neutrinoless Double beta decay 2
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Why look for Ovf33?

- Detection sheds light on:

* Neutrino masses
- Observation would show that .’s are Majorana particles

‘Matter-antimatter asymmetry

Schechter, Valle, 82




Neutrinoless Double beta decay
What could be responsible?

e . Light Majorana mass?
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Depends on hierarchy of neutrino masses
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Neutrinoless Double beta decay
What could be responsible?

e Light Majorana mass? : Left-right model?
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Neutrinoless Double beta decay

What could be responsible?

e Light Majorana mass?
~ n p
- _ W 5
LNV _ Ve ¢
- ®
Ve

Left-right model?

WR§

e Use Effective Theories

« Simplifies calculations

e Predictions with controlled uncertainties

« Model independent, describes any BSM scenario




OUtline Lepton-number violation:

seesaw, left-right model, leptoquarks,...

A
A Integrate out
r)r) TeV ..................................................................................................................................................... % g 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 Non-perturbative QCD l | Lattice QCD input
Chiral Effective Theory
____________________________________________________________________________________________________________________________________________________ | e
100 MeV v | OvBg operators
Many Body Methods
LY 2 [ l !;Nuclear Matrix elements




OUtIine Lepton-number violation:

seesaw, left-right model, leptoquarks,...
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A 4Integrate out
09 Tayy | | # 8SM fields |
(v)SM EFT v —
SU(3)xSU(2)xU(1) invariant
100 GeV Electroweak symmetry breaking thatff;a“;eﬁQeL:; S

SM EFT’
SU(3)xU(1)em invariant

1 GeV

100 MeV

1 MeV



SMEFT

LNV from heavy BSM physics Lepton-number violating
BSM physics
A
A ...............................................................................................................................................................................
2?2 TeV SM Effective Field Theory
(5) (7) (9)
_ (5) (7) (9)
»Ceff—»CSM‘I‘ AO +A3O +A5O + .

100 GeV

My

e Consists of the SM + effective interactions

e Expansion in E/A, with E the energy scale of the process
e Higher dimensional interactions suppressed by (£/A)"

Kobach '16; Weinberg '79; Lehman '14; Prezeau and Ramsey-Musolf '03; Graesser ’16; Liao and Ma ’20; Li et al '20;

Masses



SMEFT 9

LNV from heavy BSM physics Lepton-number violating
BSM physics

A | BSM particle
29 TeV SM Effective Field Theory
(5) A7) %)
_ (5) (7) (9)
,Ceff—ESM—I— A O + A3O + A5O + .

100 GeV
My

| IMI = i0D (@1 Qo) @rdi) BtC)
LM2 = ic'2(Q1* A Q.) (Try, M dr) (0,¢C) |
| LM3 = (TrQ.)(@rQb) (Lalf))

| LM4 = (2rAQu) (@rA Qb) (Lt

LM5 = i03)i0 3 (Q,dr) (Q.dr) (€4£9)

| LM6 = wéb)wgd) (QuA*dR)(QAdR) (LG
r LM7 — (uRv“dR)(uR’de(eReg) )

e Consists of the SM + effective interactions

e Expansion in E/A, with E the energy scale of the process
e Higher dimensional interactions suppressed by (£/A)"

¢ij(dy,u)(L*CDHLY)

e LNV interactions appear at odd dimensions | 0@ | &(@wLiCom D, Li)
0% in (QC,d)(LD*d)

1 0w (L7.Q)(dCD*d)

e Complete basis known to dimension 9 D )

OdddeD

Kobach ’16; Weinberg '79; Lehman ’14; Prezeau and Ramsey-Musolf '03; Graesser '16; Liao and Ma "20; Li et al ’20;



SMEFT ¢

LNV from heavy BSM physics Lepton-number violating
BSM physics

A o ] BSM particle
. . masses
2?2 TeV SM Effective Field Theory
Lerr = Lsm
Majorana mass Other echanisms
Mechanism Due to heavy BSM
100 GeV
My

| LML = i0® (@ Qo) @) BtC)
| LM2 = iaf{i) (QuY" M Qe) @RV N dR) (€T)
| LM3 = (GrQa)(@rQs)(Lalf)

| LM4 = (@r\Qa) (@r\Qb) (Catf)

LM5 = io ﬁ)w ﬁ? (Q.dr)(Q.dr)(4s(5)

| LM6 = i0)i0 3 (QuA A dr) (@A dr) (B3

e Consists of the SM + effective interactions

e Expansion in E/A, with E the energy scale of the process
e Higher dimensional interactions suppressed by (£/A)"

eij (E’Y“U) (Lz CDNLJ)

e LNV interactions appear at odd dimensions { 02 | €;(@yu)(LiCo# D, L)
| Oowp | (QCwd)(ZDd)
‘ O(f?zddp (Z’YMQ)(dCDMd)

e Complete basis known to dimension 9 0

L (d(dCDd)

Kobach ’16; Weinberg '79; Lehman "14; Prezeau and Ramsey-Musolf '03; Graesser '16; Liao and Ma '20; Li et al 20;



SMEFT

LNV from heavy BSM physics

‘Why dimension >5?

AOI/BB ™~

e Naive scaling:
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SMEFT

LNV from heavy BSM physics

Why dimension >5?

e Naive scaling:

Aovgg ~

Cs

A

1
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Related to dim-5 induced v masses: m,, ~ c5v2/ A

e For natural couplings, ¢cs = O(1) = A = 0(10"° GeV)

e Dimension-7, -9 irrelevant in this case

o However, lower BSM scales, A ~ (1 — 100)TeV would imply ¢5 < 1

o Relative enhancement of higher-dimensional terms due to ¢; o/c5 > 1
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SMEFT

LNV from heavy BSM physics

Why dimension >5?

c V\? C v\t eg] T oc
cNavesaling  Aops ~ 7 {H(K) T+ (1) ﬂ == [1+ 002/

Related to dim-5 induced v masses: m,, ~ c5v2/ A

e For natural couplings, ¢cs = O(1) = A = 0(10"° GeV)
e Dimension-7, -9 irrelevant in this case

o However, lower BSM scales, A ~ (1 — 100)TeV would imply ¢5 < 1

o Relative enhancement of higher-dimensional terms due to ¢; o/c5 > 1

. Left-right model example:
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SMEFT

LNV from heavy BSM physics Lepton-number violating
BSM physics

A
AN | ettt AR AR AR AR BSM particle
masses
?? TeV SM Effective Field Theory
(5) A7) 7 %) (©)
LeffZESM A AgO —I—A5O + ...
100 GeV SM mass
scale

My

e SMEFT: heavy BSM described by operators with SM fields
e Complete basis known to dimension 9

Kobach ’16; Weinberg '79; Lehman "14; Prezeau and Ramsey-Musolf '03; Graesser '16; Liao and Ma '20; Li et al 20;
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SMEFT

LNV from heavy BSM physics Lepton-numberyiolating
A BSM physics
AN | ettt AR AR AR AR BSM particle
Masses
?? TeV USM Effective Field Theory
(5) (7) (9)
_ (7) (9)
Lepr = x 50"+ 450" +.
. 1 . _ -
Ly, = iVRPVR — §VRMRVR — LHYpvR + E,(,i) + L,(/Q
100 GeV SM mass
My, scale

e SMEFT: heavy BSM described by operators with SM fields
e Complete basis known to dimension 9

e USMEFT: extends SMEFT to include sterile neutrinos vy
e Basis known to dimension 7

15



Low-energy operators
At/below the weak scale™

(V)SMEFT: SU(3)xSU(2)xU(1) invariant

h h
A P ~ Cx
Vi, Vi,
M gw j
~ 100 GeV
o
vy, vy,
Dim-3

(V)LEFT: SU(3)xU(1) invariant

* very similar for operators involving vp |




Low-energy operators

At/below the weak scale*

(V)SMEFT: SU(3)xSU(2)xU(1) invariant

h h
A P ~ Cx
Vi, Vi,
M gw j
100 GeV
N A
vy, > vy, ®
Dim-3 Dim-6

(V)LEFT: SU(3)xU(1) invariant

very 5|m|Iar for operators mvolvmg I/R *
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Low-energy operators

At/below the weak scale*

(V)SMEFT: SU(3)xSU(2)xU(1) invariant

h h
A P ~ Cx
Vi, Vg,
M gw j
100 GeV
N A
vy, > vy, ®
Dim-3 Dim-6

(V)LEFT: SU(3)xU(1) invariant

* very similar for operators involving vy |
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masses

SM mass

My SM EFT’
(Without heavy SM particles)

Mproton | B&comes strong
~GeV EFT with nucleons/pions
| (Chiral Effective Theory)
100 MeV

Description of nuclei
(Many Body Methods)

19



?? TeV

100 GeV
My

mproton
~GeV

100 MeV

BSM physics

SM EFT’
(Without heavy SM particles)

EFT with nucleons/pions
(Chiral Effective Theory)

masses

SM mass
scale

Strong force
becomes strong

Nuclear

20



From quarks to nucleons

baryons, mesons

e Possible hadronic interactions determined by (chiral) symmetries

e [nteraction strengths determined by (unknown) coupling constants

e Expansionin Q/A, ~ m, /A, where A, ~ 1 GeV

e Need “power counting” to estimate couplings

Manohar, Georgi, 84; Weinberg, 90, 91

21



Majorana mass mechanism

Dimension-5 operator



From quarks to nucleons

Majorana mass

e At LO in Weinberg counting, only need one-nucleon currents

e Needed low-energy constants are known

23
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From quarks to nucleons

Majorana mass

Decay rate

Fundamental Physics _ 2
- Effective neutrino mass Mpp = Z m; Uei
i

Fou o (M35
\\,/V Nuclear Matrix Element My ~ (l//56 Vy l//Ge>

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



Majorana-mass mechanism

Dimension five operator

Theory input: Nuclear Matrix Element

Mz/ ™~ <wSe Vv ll/Ge)

25
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Weinberg counting:
No unknown hadronic couplings




Majorana-mass mechanism

Dimension five operator

Theory input: Nuclear Matrix Element \

MI/ ™~ <WSe VI/ WGe)

26

See Bira’s talk last Friday

Weinberg counting:
No unknown hadronic couplings

Combined with strong interactions }

n & p

n & p

Divergent diagrams — inconsistent theory!

Strong interactions

P |

I
+
S|
+

Short-distance

interaction

Pion exchange




Majorana-mass mechanism 27
Dimension five operator

Theory input: Nuclear Matrix Element \ : _ :
| See Bira’s talk last Friday

MI/ ™~ <wSe Vy WGe)

LN
S s

Weinberg counting: New interaction
No unknown hadronic couplings Needed at leading order

Combined with strong interactions }

n e p

Strong interactions

n & p

I
+
S|
+

/\ L. % —

Short-distance
interaction

Divergent diagrams — inconsistent theory!

Pion exchange




Majorana-mass mechanism
Dimension five operator

Theory input: Nuclear Matrix Element |

MI/ ™~ <wSe Vy ll/Ge)
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See Bira’s talk last Friday

f
n p
\\ !
Weinberg counting:
No unknown hadronic couplings

New interaction

Needed at leading order

Combined with strong interactions |

n & p

n & p

Divergent diagrams — inconsistent theory!
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I\/Iajorana-mass mechanism 2
Dimension five operator

Theory input: Nuclear Matrix Element

See Bira’s talk last Friday

Mz/ ™~ <wSe Vv ll/Ge)

" > /=€p n\ /ﬁ
} e
V ~ Ve ® + g]/ '<
v n/\\

I e
o D> \: D »
i €. New interaction
Weinberg counting: _
No unknown hadronic couplings Needed at leading order

Hadronic matrix element giVN IS poorly known

'See Anthony’s talk

* Could be determined from Lattice QCD

» Active area of research Davoudi & Kadam, °20, °21
Feng et al, '19; Detmold & Murphy, 20

« Currently only (model) estimates available:

 Large-Nc, dispersive-like “Cottingham” method, connection to CIB

. Estimates give gQVN ~ O(1) with ~ 30 % uncertainty , |
Cirigliano, et al, ’19,'20, '21; Richardson et al, ‘21




?? TeV

100 GeV
My

mproton
~GeV

100 MeV

BSM physics

SM EFT’
(Without heavy SM particles)

EFT with nucleons/pions
(Chiral Effective Theory)

masses

SM mass
scale

Strong force
becomes strong

Nuclear

30



?2? TeV

100 GeV
My

mproton
~GeV

100 MeV

BSM physics

SM EFT’
(Without heavy SM particles)

EFT with nucleons/pions
(Chiral Effective Theory)

Description of nuclei
(Many Body Methods)

masses

SM mass
scale

Strong force
becomes strong

Nuclear

Scales
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Nuclear Matrix Elements
Majorana mass

| EDF ¢ A g * g
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] Agostini et al, '22;

* Nuclear Matrix Elements differ by a factor 2-3 between methods

32

Belley et al ’23,'20; Novario et al 21; Yao et al '20; Wirth, Yao, Hergert '21; Jokiniemi et al '21;




Nuclear Matrix Elements
Majorana mass

=
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-
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—

—— :
<4

Ab inito

Ab inito

f Agostini et al, '22;

* Nuclear Matrix Elements differ by a factor 2-3 between methods

* More recently, ab initio calculations appearing
- Find additive contribution of short-range interaction ~ g,

| Belley et al, '23;

Belley et al ’23,'20; Novario et al 21; Yao et al '20; Wirth, Yao, Hergert '21; Jokiniemi et al '21;




Majorana-mass mechanism
Beyond LO



I\/Iajorana-mass mechanism
Dimension five operator

e Contributions to A, can be divided into v momentum regions:

A ZJ dlq 1y e Ty D) Jy nn Ty D)

n

Co)*q? | q+E —E,+ie —qy+E —E,+ie

Leading order: - -
e Potential vs: gy < g ~m, AN
e Leading-order potential K ep
e Hardus:igy ~ g ~ A, ~ GeV d g i gn
—> v

e Contact interaction

35



I\/Iajorana-mass mechanism
Dimension five operator

ADNZJ

n

dq 1

e Contributions to A, can be divided into v momentum regions:

'vmmmmw+vmmmmw'

(2n)* g?

qO‘l‘Ei—En‘l‘iG —q0+El—En+l€

NLO:

e No corrections to the Ovf3f3 operator

36

Cirigliano et al '19;



I\/Iajorana-mass mechanism
Dimension five operator

ADNZJ

n

dq 1

e Contributions to A, can be divided into v momentum regions:

'vmmmmw+vmmmmw'

(2n)* g?

qO‘l‘Ei—En‘l‘iG —q0+El—En+l€

NLO:

e No corrections to the Ovf3f3 operator

N2LO:

° o~ 4 ~ my
e Loops & (partially known) counterterms oy e

37

Cirigliano et al "19; Cirigliano et al ’17; Chambers-Wall et al, ‘25



I\/Iajorana-mass mechanism
Dimension five operator

e Contributions to A, can be divided into v momentum regions:

A sz dq 1 |[{f Jyw n)n Jy i) _|_<f Jw m){n Jy i)
Y Qr*q? | q+E —E,+ie —qy+E —E,+ic

n

NLO:
e No corrections to the Ovf3f3 operator

(&
N2LO: ¥ L -
- ! / |
¢ o~ 4 ~ m, E Ee :
B n D n c D

e Loops & (partially known) counterterms T e

o Ultrasoftvs: gy~ g ~E, —E, L M

e Intermediate state dependence
e Similar to 2vff

Cirigliano et al "19; Cirigliano et al ’17; Chambers-Wall et al, ‘25



I\/Iajorana-mass mechanism
Dimension five operator

e Contributions to A, can be divided into v momentum regions:

A sz dq 1 |[{f Jyw n)n Jy i) _|_<f Jw m){n Jy i)
Y Qr*q? | q+E —E,+ie —qy+E —E,+ic

n

NLO:
e No corrections to the Ovf3f3 operator

(&
N2LO: ¥ L -
- ! / |
¢ o~ 4 ~ m, E Ee :
B n D n c D

e Loops & (partially known) counterterms T e

o Ultrasoftvs: gy~ g ~E, —E, L M

e Intermediate state dependence
e Similar to 2vff

e Potential vs: gy < ¢ ~ m, E i —
e Induce three-body terms at N2LO (and N3LO) 5 5

39

Cirigliano et al "19; Cirigliano et al ’17; Chambers-Wall et al, ‘25



I\/Iajorana-mass mechanism
Dimension five operator

e Contributions to A, can be divided into v momentum regions:

A sz dq 1 |[{f Jyw n)n Jy i) _|_<f Jw m){n Jy i)
Y Qr*q? | q+E —E,+ie —qy+E —E,+ic

n

NLO:
e No corrections to the Ovf3f3 operator

N2LO:

See Daniel’s & Amelia’s talks

e These N2LO effects have been evaluated in 60 v [T et
e Light nuclei S w0l B erebacll
Chambers-Wall et al, ’25; Pastore et al ’187 < 20| 1 I T T T
R B (L P P
. i 1 1 A I I I‘i
e Heavier systems ool o | E
Belley et al "24; Castillo et al ‘25 N § o o2 B P &Cp 2F & &

e Found to be up to ©(30%) of LO NME

Cirigliano et al "19; Cirigliano et al ’17; Chambers-Wall et al, ‘25



Other mechanisms

Higher-dimensional operators ~ (my,/A)°, (my,/A)



?? TeV

100 GeV

1 GeV

100 MeV

1 MeV

- Can go through the same steps for the higher-dimensional interactions

Dimension 7, 9 operators

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

SM EFT’
SU(3)xU(1)em invariant

Chiral Effective Theory

q T1O/V2((PL —07)

* |Involves additional hadronic & nuclear matrix elements

42



Dimension 7, 9 operators

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

}Scholer, de Vries, Graf, JHEP, ‘23

e —
. BS-M-
S I\/I E FT’ | User-provided Matching
- : Tm =9 p
1
v
. . i i dim — 7
Chiral Effective TRy 4 wen) o0,

Inn — ppee n — pree

Ovp3f3 operators 0vf33 operators

IVI a n y B O d y M \ (E (Long- and pion-range) (short-range)

AA,AP,PP,MM AA,AP,PP AP,PP
MGT,T MF,sd’ MGT,sd ) MT,sd

........................................................... 7

0L A - dr dr
I Tlo/yz (O+ — O ‘ T1°/2(0+ = 0%), de;” dcosfde;,’

- Can go through the same steps for the higher-dimensional interactions
* |nvolves additional hadronic & nuclear matrix elements

- These steps have been automized: Python package vDoBe



https://github.com/OScholer/nudobe

Chiral EFT

Higher-dimensional interactions

44

e Higher-dimensional interactions involve
e Additional hadronic interactions
e Only the 7w couplings known

}

Detmold et al, ’22; Nicholson et al.’18
Ramsey-Musolf ’03; Cirigliano, (WD) et al. ‘17

e Can go through same steps for sterile neutrinos




Chiral EFT

Higher-dimensional interactions

Mocp
1 GeV

From nucleons to nuclei

* Requires Nuclear Matrix Elements M,, ~ (l//se Vd_79 l//Ge>

* In total 15 of them
* Have been computed in the literature
» Similar uncertainties as the Majorana-mass mechanism

=
!

ﬂ See Alex Todd’s talk

45

Barea et al. '15; Hyvarinen et al, '15; Horoi et al. 17, Menendez et al, "18; Agostini et al. 22

NMEs 6Ge

[74] [31] [81] [82,83]

Mp -1.74 -0.67 -0.59  -0.68

M4 || 548 350 315  5.06

MEE | -2.02 -025 -0.94  -0.92

MEE 0.66 0.33 0.30 0.24

NMESs 6Ge 0.17

My | -346 -155 -146  -1.1 _0.3_1

Mg | 111 403 487 3.62 0.00

MEE || -5.35 -2.37 -2.26  -1.37 004
MEE 4| 199 085 0.82 042
MEE, |1 -0.85 001 -0.05  -0.97
M{L, | 032 0.00 0.02 0.38




Phenomenology
Heavy LNV physics



Phenomenology

From heavy new physics

+ Couplings with C; ~ v3/A3 ' .

102

A (TeV)

101
136Xe

47

Dim6 &7 d>.< M}.<<U:Z
— —

\ | | |
340 340  on
82
39 o4
.
| [

6 6 6 6 6 7 9 9 9
Ch cl AP ) B Ayac? P o

—_— -

« O(1) uncertainties:
* Unknown LECs
* Nuclear Matrix elements




Phenomenology

From heavy new physics a
Dim 6 &7 d\'\.//“ Dim 9 \0/</:i
d/ N

e

u

u

* P -~
+ Couplings with C; ~ v3/A3 ' o
%
= 10? -
< : lo I
101 |
6 6 6 6 6 7 9 9 9
I e c@g T
« Couplings with C;j ~ v5/A5 | | | |
—~ 1
= 10
e 3.1 o
< . I .
10°
Cfg) c oL c ct) Cf(jgg ng
d (7]

« O(1) uncertainties:
* Unknown LECs
* Nuclear Matrix elements
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Phenomenology

From heavy new physics

‘A=6OO Tev | A=40 TeV |
10—
- 76Ge
: 130Te
L 136Xe
5_
| T "h i
N8 N F
© d @ @ 0F
VL//\Q: = ”/\? o
sl
a0l '
04 -0z 00 02 04 O T o o0 o2 o4
mﬁﬁ/ev mpg/eV
29 VT, Vr VL




Light LNV physics

Sterile neutrinos

Based on: 2402.07993, 2303.04168
with
S. Urrutia Quiroga, D. Castillo, V. Plakkot,

G. Zhou, P. Soriano, J. Menéndez,
V. Cirigliano, J. de Vries,E. Mereghetti



Effective Field Theory

For heavy AL = 2 physics

(5) (7) 7 (9) ()
LeffZESM A ASO + A5O + .

For light sterile neutrinos vy

- Up's could solve open questions:

« Neutrino masses Canetti et al. 13|

- Leptogenesis | B '
- Dark matter candidate ‘Boyarskietal."19 |




Effective Field Theory i

For heavy AL = 2 physics

(5) A7) )

(7) (9)
A ASO + A5O + .

Lefpf =

For light sterile neutrinos vy

- Up's could solve open questions:

* Neutrino masses 7Canetti et aIi. "13 |
- Leptogenesis | B
« Dark matter candidate LBova[‘:%kl etal.’19]

- Many BSM scenarios: Left-Right/Leptoquarks/GUTs

e.g.: 7BateII,Bhoonah, Huang ’'24; Li, Ramsey-Musolf, Urrutia Quiroga:CarIos Vasquez, ’24; Li, Ramsey-Musolf, Senapati,
Urrutia Quiroga '24: Bolton, Deppisch, Rai, Zhang, '22: de Vries, Drewes, Georis, Klari¢, Plakkot ’24....



Effective Field Theory

For heavy AL = 2 physics

(5) (7) 7 (9) ()
LeffZESM A ASO + A5O + .
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For light sterile neutrinos vy

- Can be described in the same framework (VSMEFT):

1 .
Loy = ivRJvR — Vs Mpvr — LHYpug + L3) + L)

Zhou, Fuyuto,ae V}ies, Mereghetti, WD, '20; élénnow et al, ‘10; Barea et al, ’15; Giunti et al, "15; Bolton et al, ’197;



Effective Field Theory

For heavy AL = 2 physics

(5) (7) (9)
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For light sterile neutrinos vy

- Can be described in the same framework (LSMEFT):

1 _
Lyy = iVRPVR — - LHYpvg + L8 + £

| » Majorana mass |
(L violating)

Zhou, Fuyutofde Vries, Mereghe:cti, WD, '20; Blennow et al, ’10; Barea et al, '15; Giunti et al, '15; Bolton et al, '19;



Effective Field Theory

For heavy AL = 2 physics

(5) (7) (9)
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For light sterile neutrinos vy

- Can be described in the same framework (LSMEFT):

1 -
Loy =iURPVR — - LHYpve + £ + 1)

| » Majorana mass | e Dirac mass
(L violating) (L conserving)

Zhou, Fuyutofde Vries, Mereghe:cti, WD, '20; Blennow et al, ’10; Barea et al, '15; Giunti et al, '15; Bolton et al, '19;



Effective Field Theory

For heavy AL = 2 physics

Lepr =

(5)
A

)

ol

) (9)
A5O + .
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For light sterile neutrinos vy

- Can be described in the same framework (VSMEFT):

n' Liao & Ma, '17

1 o

e Majorana mass | o
(L violating) (

Dirac mass
L conserving)

-ﬁ Dimension-6 (L-conserving)
- Dimension-7 operators (L-violating)

. Inqluced by heavy BSM physics

Zhou, Fuyuto,?ie Vries, Mereghe:cti, WD, ’'20; Blennow et al, ’10; Barea et al, '15; Giunti et al, ’15; Bolton et al, '19;



Minimal v scenario

- Add n singlets, vp, to the SM:

1 o | |
‘C’VR — iﬁRaVR — §D%MRVR — LHYpvpR —I—M
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Minimal v scenario

- Add n singlets, vp, to the SM:
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Minimal v scenario

- Add n singlets, vp, to the SM:

1 _ U
£VR EWS% . 2NCMUN N = ( ICJ> M, =

2
—Y, M;
| V2 /
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. Usually leading contributions ~ Mg vanish in this case:
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. Usually leading contributions ~ Mg vanish in this case:
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Minimal v scenario

- Add n singlets, vp, to the SM:

1 _ U
»CVR EWS% . 2NCMUN N = ( ICJ> M, =
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. Usually leading contributions ~ Mg vanish in this case:




Minimal v scenario

- Add n singlets, vp, to the SM:

62

. Usually leading contributions ~ Mg vanish in this case:

Cannot neglect this m;

dependence!




v; contributions

"Usual’ contributions:

63

e Similar to My, Case:

e NMEs and LECs now m, dependent




v; contributions

"Usual’ contributions:
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e Similar to My, Case:

e NMEs and LECs now m, dependent

New: Ultrasoft’ neutrinos

e See the nucleus as a whole, have momenta ¢° ~ g ~ kz/my ~ Q

e Usually N2LO effect, now leading order

Cirigii;ﬁo et al, ’17; Castillo, Plakkot, Soriano, Zhouj de V;e‘s Mereghetti, Menéndez, W[7)7’237, é4 7
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v; contributions

"Usual’ contributions:

e Similar to My, Case:

e NMEs and LECs now m, dependent !

New: Ultrasoft’ neutrinos

’ e Vusoft e
e See the nucleus as a whole, have momenta ¢° ~ g ~ kz/my ~ Q

e Usually N2LO effect, now leading order

m-:
ABON N N (f T, ny(n TP iyx {0 K
n —— In—, m; S AE
\ 4xk,AE AE

e Depends onintermediate state energies, AE=E + E, — E;

e Qverlap integrals

Cirigii;ﬁo et al, ’17; Castillo, Plakkot, Soriano, Zhouj de V;e‘s Mereghetti, Menéndez, W[7)7’237, é4 7



Phenomenology:
A 3+1 toy model



Toy model: 3+1

e Add just one sterile neutrino to the SM

* Not realistic: does not reproduce all masses/mixings

e Simple scenario to test impact

e Similar features to more realistic cases
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Toy model: 3+1

e Add just one sterile neutrino to the SM

* Not realistic: does not reproduce all masses/mixings

e Simple scenario to test impact

e Similar features to more realistic cases
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e Largest differences:
e Ultrasoft neutrinos for my < m

e eMN(m,) for m, > Gev
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Toy model: 3+1

e Add just one sterile neutrino to the SM

69

* Not realistic: does not reproduce all masses/mixings

e Simple scenario to test impact

e Similar features to more realistic cases

0 ' ' i ' . 1x10%0 ——
104377\7\§§7777777777777777777777: ,,,,,,,,,,,,,,,,,,,,,,,, i 5)(1029_
\\* /
N o _
E 1039 R o 5 1 x 1029
g Q 5x10%8
B 108 T NN = [
2= 2= 1x10%8}
1031 5 x 10275
1027} Current liﬁnit 2.3 X 102‘6 yT | EE— : | |
T S T A S S S A M S e St S S S A A A T R 1)(1027 L TR L L L ! L L | L L L
0.01 0.10 1 10 100 1000 50 100 500 1000 5000
my [MeV] mg [MeV]

e Largest differences:
e Ultrasoft neutrinos for my < m

e eMN(m,) for m, > Gev

e ‘Cottingham’ estimate of m, dependence of gV

e Significant impact for my 2 m_

| S. Urrutia Quiroga, V. Cirigliano, WD




Phenomenology:
3+3 seesaw models



LSM

e Add 3 sterile neutrinos to the SM
e What do we expect for Ovf3f3 given all other experimental information?

e Oscillation experiments, direct searches, electroweak precision ...
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LSM

e Add 3 sterile neutrinos to the SM

e What do we expect for Ovf3f given all other experimental information?

¢ Oscillation experiments, direct searches, electroweak precision ...

0.6

0.4
..... ~ 68%

|m%%| [meV]

Profile likelihood ratio A = L/Lax

~ 95%
0.0

72

. S. Urrutia Quiroga,
“ V. Cirigliano, WD, ‘25

e Even in minimal models T?/’“z could be significantly larger than for the Majorana mass

e Similar in 3+2 scenarios

o de Vries, Drewes, Georis, Klaric, Plakkot, JHEP ‘25




Summary
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- EFTs can systematically describe AL=2 sources :
E I I Electr.oweak symmetry
~100GeV [ vV v v v brezking
E dim — 3 dim — 6 dim — 7 dim — 9
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Summary

- EFTs can systematically describe AL=2 sources

« Majorana-mass mechanism (dim-5)
- Dimension-7 & -9 sources

. Effects from vp

Energy

~ 100 GeV

~ 1GeV

~ 100 MeV

~ 1MeV
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- EFT leads to additional effects:
- Contact term needed at leading order

- Large effects of light ultrasoft v,
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Summary

> ——
%n BSM-
c
w
+ EFT: icall ibe Al= e * :
s can systematically describe AL=2 sources ;
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S T T 7 T T ConstructOy, 83
~ 100 MeV | R * ,,,,,,, Y [ R IR operators (Eq. 24)
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- EFT leads to additional effects:
- Contact term needed at leading order A |
. Large effects of light ultrasoft v T *j: P L
i s 1]
- |dentifies needed LECs & Nuclear Matrix Elements o L Tt

- Ovff probes
« Heavy BSM up to O(100) TeV L

. Interactions with v, to O(10) TeV " I I I I 5
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Back up slides



Disentangling operators

What if a Ov3( signal is measured?

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

e Could measure the rate in several nuclei, however
e Different isotopes have similar sensitivity to LNV operators
e Made worse by the nuclear uncertainties




Disentangling operators

What if a Oy signal is measured?

' e Instead look at angular & energy distributions of the leptons




Disentangling operators

What if a Ov3( signal is measured?

e Picking the allowed values

N
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Disentangling operators

What if a Ov3( signal is measured?

e Picking the allowed values

VL VL

mpagg = 0.05eV

N
e

ClLeudn = €'*/A?

A =40TeV

|m55|=0.05 eV, CLeudH =ei“/A3

1.0F x R
S 0% T
N—’ | So R
9p] | \\\ ’/’

S 0.6F . P ]
Q i \:;(::
% O-4k /”” \\ . d I
' - @ varie
& -7 ]
— 0.2 ,// -~ CrLeuqn=0 [
o -— mgg=0 |
0.0-— -
-1.0 -0.5 0.0 0.5 1.0

Imgs|=0.05 eV, Creyan=e¢'?/A>

L o~ s~ ]
Lo, N / |
O.4k// \ / \\A
L \ .
7 4 S
—_— r \\ ,/ ]
m I \ e T T S / ]
r \ - ~
03] - o !
L g
‘-U [ /,\ I\\
H , \ 7 D
— [ s 3 z >
/7 AN
= 0.2¢ , \ ; 1
g - \ /] a varied |
7/
L , / 1
e \ 7 |-- Creuan=0|]
01 7 \ /I O N
L \ L — J
L \ // mﬁﬁ
L \ ,
L S 7’
OO PR T R T SR R R R R R R ‘\Pr—"‘ PR T T T T T T N R N
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5




More vy scenarios



Toy model: 1+1+1 pseudo-Dirac

e |[nvolves 1 active, two sterile neutrinos

e Assume steriles much heavier than the active neutrinos; M| ~ M, > m,

e Two heavier U’s, form a pseudo-Dirac pair

e Light neutrino mass proportional to LNV parameter (opposite to seesaw)




Toy model: 1+1+1 pseudo-Dirac

e |[nvolves 1 active, two sterile neutrinos

e Assume steriles much heavier than the active neutrinos; M| ~ M, > m,

e Two heavier U’s, form a pseudo-Dirac pair

e Light neutrino mass proportional to LNV parameter (opposite to seesaw)

This

107! 1 10! 10° 10° 10*

Bolton et al, 2020; Mohapatra et al, ’8767; Nandi and Sarkar ’'86; ‘




3+2 scenario

e Add 2 sterile neutrinos to the SM

eCan now fit the oscillation data

e|nvolves more parameters, for some choice can derive bounds:

* Normal hierarchy

0.100

0.010

0.001
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10~ —
- BT (13Xe)
L
1 0_5 1 024 1 026 1 028 1 030 1 032 1 034 1 036 1 038 1 040 |
10 50 100 500 1000
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 Inverted hierarchy
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Sterile neutrinos
+ higher-dimensional O’s



Phenomenology

From heavy new physics + light vp

Example with v, | O(100%) uncertainties not shown !

® TOy MOdel 1030 |
pure 3+1 scenario
. SM + 1 light v

— 1027,
= expt. limit
e A
23
f\& 1024,
?3

1021 B

18 | ‘ | : ! : ! : ! : !
10 1076 1074 0.01 1 100 10*
m,, [GeV]




Phenomenology

From heavy new physics + light vp

Example with v,

- Toy Model
- SM + 1 light v

- Added dimension-six interaction

- SM + 1 light vy +

N
"

A =10TeV

| O(100%) uncertainties not shown !

1030 |
pure 3+1 scenario
':' 1027 | . . ;
= T expt.limt /|
()
>
3
;.é 1024,
i\—
1021 i |
d\\ //e
3+1 scenario + o
AN
1018 | ! | . | . | | | | |
1076 1074 0.01 1 100 10*

m,, [GeV]




Phenomenology

From heavy new physics + light vp

Example with v, | O(100%) uncertainties not shown !

- Toy Model

1030 B
pure 3+1 scenario

. SM + 1 light v/,

1027 B
expt. limit

- Added dimension-six interaction 1024 |

1021 | ]
N e | N A
- SM + 1 light vy + o 7 3+1scenario + O |
2V AN
1018 | ‘ | : . : . : ! : !
1070 1074 0.01 1 100 104
A =10TeV m,, [GeV]

T35 (" Xe) [yr]

- Higher dimensional v terms can have a large impact!
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Cottingham estimate



Need for a counter term

New interaction needed at leading order to get physical amplitudes:

Cor = 2G2V2mgs 9NN pnpnerCer

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




Need for a counter term

New interaction needed 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

. giVN to be determined from a lattice calculation of A(nn — ppe~e™)

- Area of active research Davoudi and Kadam, '20, 21

Feng etal, 20




Determination of the counterterm

 Analogy to the Cottingham approach for pion/nucleon mass differences |

Cirigliano et a'I, ’20, ’2111

d*k v ik . ”
Ao [ g [ da e T ()i 0)Hn)

) L\

A n P ‘» dk (k) J d4k 1 n P
= X a =
Y n . 2m)* k2 + ie

W. Cottingham ’'63; H. Harari, ‘66



Determination of the counterterm

 Analogy to the Cottingham approach for pion/nucleon mass differences

Cirigliano et a'I, ’20, ’211]

Ao (d4’“ e [ b e Tt )55 (0) o

2m)4 k2 + ie
e z\ k
" " e [ d% 1 “ P
= ka(k))=
A . ’ m[@ [(2ﬂ)4 k2 + ie O
: A5
- Estimate the A, by constraining the integrand 100
k < A, region determined by — 10
o | |
— 0.100|
%: 0.010} \
0.001 | ﬁ
005  0.10 | 050 1

k| [GeV]

W. Cottingham ’'63; H. Harari, ‘66



Determination of the counterterm

 Analogy to the Cottingham approach for pion/nucleon mass differences

Cirigliano et a'I, ’20, ’211]

Ao (d4’“ e [ b e Tt )55 (0) o

2m)4 k2 + ie
e z\ k
" " i d*k 1 “ P
= ka(k))=
A . ’ m[@ [(2ﬂ)4 k2 + ie O
; %,
- Estimate the A, by constraining the integrand 100
k < A, region determined by EE
> g
- k > GeV region determined by OPE <) | i
= 0.100; OPE
%: 0.010 \
0.001 | ﬁ
005  0.10 | 050 1
k| [GeV]

W. Cottingham ’'63; H. Harari, ‘66



Determination of the counterterm

. Analogy to the Cottingham approach for pion/nucleon mass differences Cirigliano etal, 20, 21|

Ao (d4’“ e [ b e Tt )55 (0) o

2m)4 k2 + ie
e %;\‘ k
" ! - dk 1 “ P
= x | dk a(k))=
a0 [
: \%
- Estimate the A, by constraining the integrand 100!
k < A, region determined by = 1
> |
- k > GeV region determined by OPE CO |
; 0.100} model OPE
%: 0.010 | \
- Model intermediate region using: 0.001 | ;
* Form factors 005  0.10 | 050 1
- Off-shell effects from NN intermediate states k| [GeV]

W. Cottingham ’'63; H. Harari, ‘66



Determination of the counterterm

 Analogy to the Cottingham approach for pion/nucleon mass differences

Cirigliano et a'I, ’20, ’2171

Ao (d4’“ e [ b e Tt )55 (0) o

2m)4 k2 + ie
e %\ k
5 { 0 d*k 1 ; .
AI/ — n : X [@= J (271_)4 k2 + ie O
e k\ZLé

100 .

. Gives gijN(,u =m_) = 1.3(6) in MS

—
o

>
+ Estimated 30% uncertainty éo_mo model OPE
- Validated in isospin-breaking observables % 0.010| \
- Consistent with large-Nc estimate 0.001/ |
Richardson et al, ‘21 Il 005 0.10 | 050 1
- | k| [GeV]

W. Cottingham ’'63; H. Harari, ‘66



Low energy
constants



LECs

Dimension 6

Dimension 7
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LECs

Dimension 9 - scalar

Low energy constants
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Dimension 9 - vector
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