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* Introduction: neutrino mass, Lepton Number, and OV[3[3 decay

* ‘End-to-end’ EFT framework for LNV and Ov[3[3
* OvBR from high-scale dynamics (LNV @ dim 5)
* OVPBP from (multi)TeV-scale dynamics (LNV @ dim 7,9, ...)

e Conclusions & outlook

Special thanks to collaborators:
W. Dekens, ].deVries, M. Graesser, M. Hoferichter, E. Mereghetti, S.Pastore, M. Piarulli,
U. van Kolck, A.Walker-Loud, R.Wiringa



 Massive neutrinos provide concrete evidence of physics beyond the SM

The Standard Model
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Understanding origin and nature of neutrino mass is an open problem,
with implications for baryogenesis, DM, structure formation, ...
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* Lorentz invariance = two options: Dirac or Majorana

Dirac mass: Majorana mass:

mp ¥r Yp + h.c. muy U1 Ciop + h.c.




* Lorentz invariance = two options: Dirac or Majorana

e SU(2)w invariance = need new degrees of freedom

Dirac mass: Majorana mass:
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* Lorentz invariance = two options: Dirac or Majorana

e SU(2)w invariance = need new degrees of freedom

Dirac mass: Majorana mass:
—— T
mp UL Yr + hc. | mar OF Cor + hec.
H Higgs
x Mg-! X truflit @
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* Violates L¢1, conserves L * Violates Leyr and L (AL=2)



* Smallness of vV mass and chiral nature of the weak interactions implies
that neutrino-less processes are the best probes of AL=2 interactions

A Majorana neutrino with helicity=+1 (R-handed) will produce pu*.
But fraction of R-helicity V’s produced in TT" = p*vy is ~(mv/Eyv)% < 10-1é!!



* Smallness of vV mass and chiral nature of the weak interactions implies
that neutrino-less processes are the best probes of AL=2 interactions
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* OVB[ provides in many scenarios the strongest sensitivity to LNV
couplings (“Avogadro’s number wins”, P. Vogel)

 Other processes can be very competitive in models with low-scale LNV
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(N,Z) > (N—=2,Z7+2)+ e + e~ ‘Tm > #10%yy \

1.0

Potentially observable in
certain even-even nuclei
(¥8Ca, 76Ge, 136 Xe, ...) for
which single beta decay is
energetically forbidden
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* Ton-scale OV[33 searches (T2 >1027-28 yr) will probe LNV from
a broad range of mechanisms

A

High-scale see-saw

Left-Right SM

VEW RPV SUSY

Light sterile V’s

| /Coupling

See VC-Dekens-deVries-Graesser-Mereghetti 1806.02780 and references therein

Snowmass white paper: 2203. 21169
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* Ton-scale OV[33 searches (T2 >1027-28 yr) will probe LNV from
a broad range of mechanisms

A

High-scale see-saw

Impact of OV[3[3 searches and relation
to other probes of LNV is best
analyzed through a tower of EFTs
that connect LNV scale A to nuclear
scales, with controllable uncertainties

Left-Right SM

VEW RPV SUSY

Light sterile V’s

| /Coupling

See VC-Dekens-deVries-Graesser-Mereghetti 1806.02780 and references therein

Snowmass white paper: 2203. 21169
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Example:
s Y Left-Right Symmetric Model

Full or simplified model is needed to study the cosmological
implications of LNV and the collider signatures, if A~TeV

For low-energy probes such as OV[3[3, it’s much more convenient to
match to EFT and do the analysis ‘once and for all’



BSM dynamics

Example:

‘\\ \Y) d : e .
PR S— : i e SM-EFT
Myp o v m”RmWR i mvg""wk €
u v
dim5 dim7 dim9
Babu-Leung ’01 Graesser 1606.04549

Weinberg’79 Liao and Ma 2007.08125

Lehman 1410.4193

e AL=2, AB=0 operators appear only at odd dimension A. Kobach 1604.05726

* Insertions of small dimensionless (Yukawa) coupling can make dim=5,7,9
operators equally important for A~ TeV

e Vg with mass < A can be included in the framework Dekens ot al. 2002.07182



BSM dynamics

Example:
Y Left-Right Symmetric Model




BSM dynamics

Example:
Y Left-Right Symmetric Model

Hadronic
matrix
elements

’ . e e TT E o 3
vEe- >< VDe < B} Chiral EFT (N,m,...)

Weinberg °79. °90. 91

n P n )

Map AL=2 interactions onto T, N operators, organized according to
power-counting in Q/Ay (Q ~ kr ~ mr) = NN transition operators Vion—pp



BSM dynamics

Example:
Left-Right Symmetric Model

Hadronic
matrix
elements

Chiral EFT (N,m,...)

l Nuclear

matrix
elements

Half-life (Ti,2)




BSM dynamics

Example:
Y Left-Right Symmetric Model

’
MyR ,/

Vew, | Chainof EFTs + Controllable uncertainties:
hadronic & nuclear »
Tin~ (mwiNA (Admw)B (ke/A)C 1D

matrix elements

dim3 . . Hadronic
b e ———————— e ————— e ———reee - | matrix
( gx \ ] 0 > elements
ey " R
. © Chiral EFT (N,m,...)
n< . sily
; e o Nuclear
l matrix
kF My elements
’ Half-life (T1/2)




Ov[3[3 from high-scale LNV
(dim-5 operator)

High-scale see-saw

VEW |

| /Coupling



E H /H ... and other ‘
A ' tree-level and ﬂ .

Y 'y oo level LNV originates at very high scale
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... and other
tree-level and
loop-level
mechanisms

* LNV originates at very high scale
(A >>v) = dominant low-energy
remnant is Veinberg’s dim-5 operator:

Ly = % LICeH H ¢Ly

* Below the weak scale this is just the

neutrino Majorana mass (mgg ~ Wee V2//\)

4G _ _
Leg = Lgcp — Wvud ury'dyp epyuler —I/ZLCVGL + H.c.




... and other
tree-level and
loop-level
mechanisms

* LNV originates at very high scale
(A >>v) = dominant low-energy
remnant is Veinberg’s dim-5 operator:

Ly = % LICeH H ¢Ly

* Below the weak scale this is just the

neutrino Majorana mass (mgg ~ Wee V2//\)

4Gp . _ _
‘Ceff = LQCD — Wvud ’U,L’y“dL €L YuVelL _VZLCVeL + H.c.

* 0Ov[Bp mediated by active vm with
potential V,,—pp With long- and short-
range components proportional to mgg

o =2

Vin-pp

n o x, P



e In this case OV[3[3 is a direct probe of vV Majorana mass: [ «|Moy|2 (mpp)2

<

(mpg)® = |)_ Udimuil®

n
107"
¢
Bands: unknown & 107
Majorana phases £
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Inverted Spectrum
| | | \ | Spectrum
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m{}lghtest ( CV) m{/lghtest ( CV)




e In this case OV[3[3 is a direct probe of vV Majorana mass: [ «|Moy|2 (mpp)2

n Gr P
o T2 )
(mgg)® = | Z &Ml I
pe /4/ ©
n Gr p

/

107" Assume range for
~  huclear matrix
% Ton scale glements from
< | MTTTTTTEEOTOTECE T TR N TN AT AN NG assssssssssssssssnsagessssnnannnnannnannnannnnfannanfnannnnnnnnnnnns | dlfferent nuclear
Bands: unknown & 107 calculations
Majorana phases £
=3
10 Normal
Inverted Spectrum
| , | | | Spectrum
107 107 1072 107" 1073 1072 107" 1

m{}ightest ( CV) m{/ightest ( GV)

Assuming current range for matrix elements,

discovery (@ ton-scale possible for inverted spectrum or miigheese > 50 meV
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* High scale seesaw implies falsifiable correlation with other v mass probes.
Future data can unravel new LNV sources or physics beyond “ACDM + m,”

2
Mg = ‘ZUei m,
7

OvBB decay Tritium 3 decay Cosmology
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* High scale seesaw implies falsifiable correlation with other v mass probes.
Future data can unravel new LNV sources or physics beyond “ACDM + m,”

2
Mg = ‘ZU&- m;
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OV decay Tritium 3 decay Cosmology
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* High scale seesaw implies falsifiable correlation with other v mass probes.
Future data can unravel new LNV sources or physics beyond “ACDM + m,”

2
Mg = ‘ZUei m;
7

Ov3P decay Tritium [ decay Cosmology
Engel-Menendez 1610.06548
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VC, W. Dekens, E. Mereghetti, A. Walker-Loud, 1710.01729
VC, W. Dekens, ). de Vries, M. Graesser, E. Mereghetti, S. Pastore, U. van Kolck 1802.10097

* Transition operator to leading order in Q/Ay (Q~kf~mn, NAyx~GeV)

fn — P , \

‘Usual’ vm exchange e
~1/ke2 ~1/Q?2 «— ym
Coulomb-like potential

‘New’: short-range
coupling g, ~1/Q?2

—
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VC, W. Dekens, E. Mereghetti, A. Walker-Loud, 1710.01729
VC, W. Dekens, ]. de Vries, M. Graesser, E. Mereghetti, S. Pastore, U. van Kolck 1802.10097

* Transition operator to leading order in Q/Ay (Q~kf~mn, NAyx~GeV)

( n N P \

‘Usual’ vm exchange
~1/ke2 ~1/Q2 «—1  ym
Coulomb-like potential

‘New’: short-range
coupling g, ~1/Q?2

—

* Required by renormalization of nn—pp amplitude in presence of strong interactions

UV divergence « (mnC/4m)2 ~[/Q2

LO strong potential

= X]

C ~ 41/(mnQ)




* [sospin symmetry relates gy to one of two |=2 e.m. couplings (hard y’s & V’s)

gv gv=C| Ciddy S (dw)

e NN data (anntapp-2anp) determine C;+C», confirming LO scaling!



* Assuming gv~(Ci+C3)/2 — O(l) impact on m.e. and mgg extraction

1.5 I I ] [ I T I ] |
b 12 12 XEFT - : -
& BeotC] st 61 R [™Ge - — G
1.0 { { :\ B n ""Cs,max m
¢ I i | —_— i
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2“ d?i O ) _ -
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70% effect in 2Be transition, using
Variational Monte Carlo methods +
Norfolk chiral potential [1606.06335]

VC, W. Dekens, J. de Vries, M. Graesser, Jokiniemi-Soriano-Menendez, 2107.13354
E. Mereghetti, S. Pastore, M. Piarulli,

U. van Kolck, R. Wiringa, 1907.11254

30-70% effect in QRPA and 15-45% in NSM.
Similar or larger in other isotopes




* Assuming gv~(Ci+C3)/2 — O(l) impact on m.e. and mgg extraction

ML_MS : | T | T | | IIIIII:
~1 prnQRPA i
M \: NSM |
L 1
Mi+Ms o —
3
£ _
a
= 10 E
NORMAL :
1 E
B L1l 1 l RN EEE
0.1 1 10 100

Milightest (meV)
Jokiniemi-Soriano-Menendez, 2107.13354

|6

Key question:
is the interference
constructive or
destructive?



* Large-Nc arguments point to gy~(C,+C;)/2

Richardson, Shindler, Pastore, Springer, 2102.02814

e lattice QCD

F— ~— . Tuo et al. 1909.13525;
® TU—Tr*e e precisely known Detmold, Murphy 2004.07404
e Formalism for NN developed Davoudi, Kadam, 2012.02083

* Analytic approach inspired by Cottingham formula for dm;, (EM)

VC, Dekens, deVries, Hoferichter, Mereghetti, 2012.11602, 2102.03371
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VC, Dekens, deVries, Hoferichter, Mereghetti, 2012.11602, 2102.03371

o Useful representation of the amplitude

A, / o e ol T L )33 0) m)

Forward “Compton” amplitude

18



VC, Dekens, deVries, Hoferichter, Mereghetti, 2012.11602, 2102.03371I

o Useful representation of the amplitude

Ao [ b e R T ()i 0 an

Low k: chiral EFT to NLO High k: QCD OPE

977\ k — pmmmmeees LR S . 64\lk

d *—— u
n P \QQ‘ZQQ%%

d - -
n P

kK\%

=

/X'
o

Intermediate k: resonance =============s=s=s=--ccccccccc--c---- ' n z%

N , 9
contributions in M and @ , , Y ><

. . Forward “Compton’” amplitude K3V
TINN intermediate state, ... P P (“)2

n k\% P
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VC, Dekens, deVries, Hoferichter, Mereghetti, 2012.11602, 2102.03371

* Determine Ci2 with ~ 30% uncertainty (dominated by intermediate k)

A 00
A, /0 dJk| a(|k|) + / dJk| as (|k|)

A
_ a-(1k _
| a<(|k]) > (k) :
— =5t :
|> L i
S ay (|k|) Dominant uncertainty frcm
— 107 inelastic channels (NNrTT, ...):
I \ K
S -15) >/’.\<
000 o5 10 15 \k\g/

k| [GeV]
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VC, Dekens, deVries, Hoferichter, Mereghetti, 2012.11602, 2102.03371I

Determine Ci> with ~ 30% uncertainty (dominated by intermediate k)

Validation: C+C, = (anntapp)/2 -anp = 15.5(4.5) fm versus 10.4(2) fm (exp)

Provided ‘synthetic data’ for the nn—pp amplitude at threshold

First calculation of 4Ca —48Ti with contact fitted to synthetic data =

contact term enhances nuclear matrix element by (43+7)%

Wirth, Yao, Hergert, 2105.05415
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VC, Dekens, deVries, Hoferichter, Mereghetti, 2012.11602, 2102.03371I

Determine Ci> with ~ 30% uncertainty (dominated by intermediate k)

Validation: C+C, = (anntapp)/2 -anp = 15.5(4.5) fm versus 10.4(2) fm (exp)

Provided ‘synthetic data’ for the nn—pp amplitude at threshold

First calculation of 4Ca —48Ti with contact fitted to synthetic data =

contact term enhances nuclear matrix element by (43+7)%

Wirth, Yao, Hergert, 2105.05415

Good news, while we wait for lattice results
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Ov[3f3 from multi-TeV

scale dynamics
(dim-7,9, ...operators)

A

A

Left-Right SM

VEW 1 RPV SUSY

| /Coupling
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Higher dim operators arise in well
motivated models

See talks by Babu, Fileviez Perez., ...

31 operators up to dimension 9

New mechanisms at the hadronic scale:
need appropriate chiral EFT treatment.
Not including pion range effects leads to

factor ~ (Q/Ay)2 ~1/100 reduction in
sensitivity to short-distance couplings!



* Leading order hadronic realization of dim-9 operators:

n P
n P
T E e- e-
— S —
i e -
! €
n P : P
In Weinberg’s counting, , . :
ion-exchanse contribution T matrix element known Renromalization requires a
P 5 from Lattice QCD at <10% contact at the same order!

dominates

Prezeau, Ramsey-Musolf, Vogel Nicholson et al (CallLat),

N\
hep-ph/0303205 1805.02634 )

VC, W. Dekens, ). de Vries, M. Graesser,
E. Mereghetti [1806.02780]

Vergados 1982,
Faessler, Kovalenko, Simkovic, Schweiger 1996

e Several unknown LO NN contact couplings! Opportunity for LQCD
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e TeV-scale LNV induces contributions to OV[3[3 not directly related to
the exchange of light neutrinos, within reach of current experiments

New contributions can add incoherently or interfere with mgg,
significantly affecting the interpretation of experimental results

23



e TeV-scale LNV induces contributions to OV[3[3 not directly related to
the exchange of light neutrinos, within reach of current experiments

New contributions can add incoherently or interfere with mgg,
significantly affecting the interpretation of experimental results

Creuant €3 (dy* ) (LyCype) H;

TOV —-1/2
(eff) _ Mme 1 / 2 L —
Meg = B\ @ - 1
gaMy 01 . .
Inverted Hierarchy Normal Hierarchy
T Img®D| (eV)
l —

10-1 = N ————————o=2

102 Gr

LNV vertex

— CLeudn = €7[A3 \.
n

\

10-3

L -3
— CLeat = €'%/A3 10
—  CLewaun=0
10-4 1 1 ] 10-4 1

104 10-3 10-2 10-! 1 10 10 10-3 102 10-! 1 10

m, izt (eV)) m, izt (&V7) A =40 TeV

_/

—  CrLeuan=0

p

VC, W. Dekens, ]. de Vries, M. Graesser, E. Mereghetti, 1708.09390
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e TeV-scale LNV induces contributions to OV[3[3 not directly related to
the exchange of light neutrinos, within reach of current experiments

New contributions can add incoherently or interfere with mgg,
significantly affecting the interpretation of experimental results

CLLQuH €ij (Qm") (err; CL;) H;

S —
70w \ —1/2 Inverted Hierarchy
m(eﬁ) _ e 1/2 jmgeeM| (eV)
BB 9,24 M, \ Go 1r
107! fmmm mm e e e e L
1072 102}
-
LNV vertex
1073 — Cuqu=eoA3| 7 ¢/A’ \V ©
—  Crquu=0
lo_‘ 1 1 i 1 1 J 10.4 1 1 1 1 J n p
104 10-3 10-2 10-! 1 10 10-4 103 10-2 10! 1 10
m, st (gV) m, I (V) A = 600 TeV

- J

VC, W. Dekens, ]. de Vries, M. Graesser, E. Mereghetti, 1708.09390
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e TeV-scale LNV induces contributions to OV[3[3 not directly related to
the exchange of light neutrinos, within reach of current experiments

* May lead to correlated (or precursor!) signal at LHC: pp —ee jj

Keung-Senjanovic *83 Classic LRSM example
Maiezza-Nemevesek- ( d
Nesti- Senjanovic ]
1005.5160 \"Y
i R
j e
Helo-Kovalenko-Hirsch- v
Pas 1303.0899, 1307.4849 R e
Cai, Han, Li, Ruiz d WR u
1711.02180
Ov[3[3
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e TeV-scale LNV induces contributions to OV[3[3 not directly related to
the exchange of light neutrinos, within reach of current experiments

* May lead to correlated (or precursor!) signal at LHC: pp —ee jj

Keung-Senjanovic ’83

14— £=100fb"

Maiezza-Nemevesek- 1.2} I_--. £=300fb~! Simpnf‘ed model
Nesti- Senjanovic ) -1 —
1005.5160 1.0 - £=3000fb =Mr =M (gerr)*=81%8
Helo-Kovalenko-Hirsch- = 0. BH Ppp ee”

Pas 1303.0899, 1307.4849 @) 0.6k

T

Cai, Han, Li, Ruiz 0.4k
1711.02180 3
0.2§ _ Aovpp ~ (ef)*/ (Mer) >
0.0 P T S S S
Peng, Ramsey-Musolf, 1 2 3 4 5
Winslow, 1508.0444 A (TeV)
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* Framework to interpret OV[3[3 searches in terms of any high-scale model
and possibly unravel the underlying mechanism in case of discovery

~ 100 GeV

~ 1GeV

~ 100 MeV

~ 1 MeV

Energy

5 . S N [
3 - -
E' Mpg : vV — V° d—)uev d — uev) ® 0, dd — uuee
m
—
s 7
Q
.g t Ovj33 operators
L w (Long- and pion-range)
Q
......... % e P
> > AA,AP,PPMM AA,AP.PP ,,AP,PP
£ 9 Mr,sa, Mgrea™", My
S oo
. 7
Ov 0+ +
v T7/5(0m = 07)

V. Cirigliano, W. Dekens, ). de Vries, M. Graesser, E. Mereghetti, JHEP 1812 (2018) 097 [1806.02780]
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* Ton-scale OV[3[3 searches have significant discovery potential — we
simply don’t know the origin of my and the scale A associated with LNV

e EFT approach provides a general framework to:

|. Relate OV[3[3 to underlying LNV dynamics (and collider & cosmology)
* Master formula for OV3 up dim-9 operators
2. Organize contributions to hadronic and nuclear matrix elements

* |dentified new leading order short-range contributions

Improving the theory uncertainty is challenging, but there are exciting
prospects thanks to advances in EFT, lattice QCD, and nuclear structure

26
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e N2LO

o ]'[N IOOPS -+ new Contact VC, W. Dekens, E. Mereghetti, A. Walker-Loud, 1710.01729

* 2-body X 1-body current (and a new contact) Wang-Engel-Yao 1805.10276

* Neglecting contact terms, calculations in light and heavy nuclei
find O(10%) corrections: encouraging!

S. Pastore, ). Carison, V.C., W. Dekens, E. Mereghetti, R. Wiringa 1710.05026
J. Engel, private communication

P n P
E e’ a
E e e
P n P n 4 pl\ p;;

n p n
L
n+p -

; - /
.
. ’
LI \Y p
Al ’ ’
N 4 /7
- ’
' l: Pl
' ;
' | - ’,
-

T | v
----W + + A +

nyge nNnNA nNA
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e N2LO

o ]'[N IOOPS -+ new Contact VC, W. Dekens, E. Mereghetti, A. Walker-Loud, 1710.01729

* 2-body X 1-body current (and a new contact) Wang-Engel-Yao 1805.10276

* Neglecting contact terms, calculations in light and heavy nuclei
find O(10%) corrections: encouraging!

S. Pastore, ). Carison, V.C., W. Dekens, E. Mereghetti, R. Wiringa 1710.05026
J. Engel, private communication

|“ P - P n PI

N 7

Full analysis beyond leading order requires again matching to Lattice
QCD and dedicated many body calculations — long term goal

- - " ’,’
' ’ .
; : v -
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Pion-range Short-range
effects / \ effects
n P n P N p
T ~ e e
i Sl " >'<
n P n P " P
Q-2 Qo Qo

Hadronic realization of dim-9 operators in chiral EFT

Weinberg’s counting (NDA for NN contact) = Vmmdominates

Prezeau, Ramsey-Musolf, Vogel hep-ph/0303205
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o
Pion-range B/\é o Short-range
effects / d ° \ effects

: . P D+P— n P
T 5 ~ . e e
m ]
TT : e : e” e~
n P n P " P

* Two recent developments:

|. T matrix elements now . J
precisely calculated in lattice \
~lNno
QCD (~10% or better) “Id old

Nicholson et al (CalLat), 1805.02634, PRL
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o
Pion-range B}é o Short-range
effects / d \ effects

: . P n*p_ n P
TT e e e
T
TT e : e” e~
n P n P " P

* Two recent developments:

2. Renormalization @ Vmrand
VNN are both leading order

V.C, W. Dekens, ). de Vries, M. Graesser, E. Mereghetti [1806.02780]
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2G
‘Cg;},: = 7 (C\(,GIZU uL'y“dLeR,'prVL,J +cf )U uR'y“dReR,'n,CVL,]

6 6
CS("RZ Py urdpe €L, CVLJ CéL)U ugdy ey, i CVL 4 CT 55 upot’dgey, 30w CVLJ) + h.c.

2G
LX}; = \/{; (C\(Zg i arytdrer; Ci 8 L’J + Cv7) R.ij ugpy'drer; Ci 0 ,,VT ) + h.c.
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1 o e _ _
[,22:2 =3 Z [ (Cﬁ? epCep + Ci(?,) eLCe{) O; + Ci(g)efy,,'yg,CeT O:‘]

]

O1 = GEnrtad gy'tre;, Ol =TT a5 YT dh

O = G Gurtd), Oh=girras @i ap
Os = a%rta? dPrtae OI_-a+qﬂ—5+a

3 = 4Rr7T {q; 9pT 4L, 3=49L7T 4p 9;,7 4R ,
Oy = GEy1rad Gt s,

05 — @g’YpT+qg qu,yp,r+q§,

Of = (qur™"qr) (@t qr) , Ok" = (qrm™v"qr) (Gr7qL) ,
Of = (qwt*t™"qr) (@t qr) , O%' = (qrt*tv"qr) (qrt*tHqL) ,
Of = (@™ ar) (Grm7aL) , O%" = (qrm™"qr) (@7 qr) ,
Oy = (qwt*t™"qr) (qrt"T7qL) , 04" = (qrt**qr) (qLt*7%qr) ,
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VW e
136Xe 10 | >< '
e - L , /
" 340 340
260 900 , Wi e

Dim 7 in Z : i
SM-EFT =107 - 5 1 u
/N\)3 = :
(VIN) 0! —
c®) ¢® o® (6) o) o Cig) o
136X€
Dim 9 in = 10* | 4
SM-EFT N 27 ;
~ . L. e
= LB I i °
(VIS 10— x d v
c®  o®  o® (9) o (9) e

Bounds reflect dependence on Ay /A and Q/A\y
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