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Tiny masses

» In the original formulation of the Standard Model (Weinberg [967) neutrinos
were considered to be massless particles

» Not crazy: from beta decay experiments m,<m, < m,

Neutrinos, they are very small.
They have no charge and have no mass

Lke’ le qall
And do not interact at all. _Johwn UpdiRe’s Cosmie &

(19¢0)

The earth is just a silly ball
To them, through which they simply pass.




Tiny masses

» In the original formulation of the Standard Model (Weinberg [967) neutrinos
were considered to be massless particles

» Not crazy: from beta decay experiments m,<m, < m,
» But neutrinos do have mass !
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Tiny masses

» In the original formulation of the Standard Model (Weinberg 1967) neutrinos
were considered to be massless particles

» Not crazy: from beta decay experiments m, < m, < m,

» But neutrinos do have mass !

OPPORTUNITY.
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- The problem of neutrino masses points towards new fields/new
scales/new symmetries



Mass generation in the Standard Model

» How does the electron get a mass in the Standard Model ¢

» [t's tricky: a mass term connects a left-handed to a right-handed field

Left-handed: Right-handed:
p > ‘ p g
— —>
S S
Left-handed fields Right-handed fields
have a ‘weak’ charge have no ‘weak’ charge
» We cannot just write down a mass term: =1,

» This would violate ‘weak charge’ conservation (or SU(2) gauge invariance)



Mass generation in the Standard Model

» How does the electron get a mass in the Standard Model ¢

» [t's tricky: a mass term connects a left-handed to a right-handed field

Left-handed:

=
p

=

S

Left-handed fields
have a ‘weak’ charge

» We cannot just write down a mass term:

» This would violate ‘weak charge’ conservation (or SU(2) gauge invariance)

» The Standard Model overcomes this problem through the Higgs mechanism

Z = _yeéLeRgg

» [he scalar field has a weak charge and a nonzero value v In the vacuum

(spontaneous symmetry breaking)
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Right-handed fields

have no ‘weak’ charge
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The puzzie of the neutrino mass

» Easy fix: Insert gauge-singlet right-handed neutrino UR
L ==y, UilUp@ y, ~10712 > m ~0.1eV

» Nothing really wrong with this.. ..

- The v=nightmare scenario




The puzzie of the neutrino mass

o

Easy fix: |Insert gauge-singlet right-handed neutrino UR

L ==y, UilUp@ y, ~10712 > m ~0.1eV

o

Nothing really wrong with this.... But nothing forbids a Majorana Mass term

\'on o9

& =—y,Iup@ — Mpug' Cug

Everything that is not forbidden is compulsary’

0

This is not allowed for any Standard Model particle ! \
Ettore Majorana

o

Mr not connected to electroweak scale: could be a completely new scale

» Footnote: by far not the only way to generate neutrino masses! Can be done without right-handed neutrino’s
(see e.g. type-Il seesaw with a new triplet scalar field)



The puzzie of the neutrino mass

» Easy fix: [nsert gauge-singlet right-handed neutrino UR
L ==y, Uilp@ y,~1071% 5 m ~0.1eV
» Nothing really wrong with this.... But nothing forbids a Majorana Mass term

& =—y,Iup@ — Mpug' Cug

o |+ case: diagonalization leads to Majorana mass eigenstates I/ic = U;

o If Mrs significantly larger than active neutrino masses: see=saw mechanism

Dl
YV . . St G . .
m, ~ [ = < m=~M Active neutrino + heavier sibling (sterile neutrino)

1 M 2 R

R

» Sterile neutrinos




The puzzie of the neutrino mass

» Easy fix: [nsert gauge-singlet right-handed neutrino UR
L ==y, Uilp@ y, ~10712 > m, ~0.1eV
» Nothing really wrong with this.... But nothing forbids a Majorana Mass term
& =y, 0 pe — Mgug' Cug

o If Mrs significantly larger than electroweak scale: integrate it out

H" /H A
\\ . 2 \
Lyﬁi \yL g 4 ":"R <‘
» Obtain dimension-5> SMEFT operator that lead to active neutrino Majorana mass
e ( LTcﬁ) (H'L) Weinberg 79

» Weinberg operator describes many ‘high-scale’ mechanisms



Are neutrino masses BSM?

» A question to fight about at dinner tonight

» Not uncommon opinion: Standard Model can
be redefined to include neutrino masses




Are neutrino masses BSM?

» A question to fight about at dinner tonight

» Not uncommon opinion: Standard Model can
be redefined to include neutrino masses

» But which mechanism?

" Jordy de Vries

@Jordy de Vries

In the Standard Model of particle physics, neutrinoless double beta decay

Pl 7/ rates are
A) 7 = Yy VIVR @
zero 37,8%
T713 adb non-zero 14.4%
B) ¥=Cs(L"CH)(H'L)
This is a BSM question 47,8%
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@ This is the right question!
D) 0000000000OCOCGCOCGOCGFO
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Q George T. Fleming MM @ GeorgeFleming - 20 sep. 2022 X1 -
o Footnote: B and C/D are not exclusive 2 Inthe Electroweak Standard Model, as written by Weinberg, neutrinos are

massless.



The plan of attack

|, Introduction to Majorana neutrinos and Ovbb

2. Ovbb from light Majorana neutrino exchange

o Controlling nuclear matrix elements !

3. Other sources of lepton number violation



Probes of lepton number violation

» Most promising way: look at "neutrinoless’ processes
K —->rnt4+e +e pp—et+et +jets
XZ,N)->YZ+2N—-2)+e 4+ e~

LNV

Light Majorana mass?




Probes of lepton number violation

» Most promising way: look at "neutrinoless’ processes o ' Light Majorana mass?
K- >a"+e +e” — eT +eT + jets N
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o Most promising way: look at ‘neutrinoless’ processes

K ->rnt+e +e”

Probes of lepton number violation

pp — et + e’ + jets

XZN)->YZ+2N—-2)+e + e~

» |sotopes protected from single beta decay

» Neutrinofull double beta decay from Standard Model

X(Z,N) > Y(Z+2,N—2)+2e +27,

T, (°Ge — "Se) = (1.847%13) x 107 yr
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Probes of lepton number violation

» Most promising way: look at "neutrinoless’ processes
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Interpreting 1026 years....

f’/
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2 e?01) = gffective neutrino mass

Vary the lightest mass and the ordering

J Band from varying unknown phases

How close are experiments ?
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|m/3ﬁ| (CV)

Interpreting 1026 years....
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Light Majorana mass?
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Quite close !!

Next-generation discovery possible if
inverted hierarchy or Migntest >0.01 eV

FUNNEL OF DESPAIR and THE DEAD ZONE

See Denton & Gehrlein '23 for the likelihood that we live in the funnel



Predictions are hard, especially about the-futare nuclei

From: Menendez et al review 22
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Predictions are hard, especially about the-futare nuclei

From: Menendez et al review 22
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» Large nuclel —> complicated many-body nuclear matrix elements

» Nuclear methods and codes are benchmarked on ‘single-nucleon-currents’ physics



Nuclear physics from QCD

o In the 90's Weinberg (who else) wrote 2 very nice papers

Effective chiral Lagrangians for nucleon - pion interactions and nuclear forces
Steven Weinberg (Texas U.) (Apr 1, 1991)
Published in: Nucl.Phys.B 363 (1991) 3-18

pdf ¢ DOI [= cite @ reference search
Nuclear forces from chiral Lagrangians

Steven Weinberg (Texas U.) (Oct 9, 1990)
Published in: Phys.Lett.B 251 (1990) 288-292

¢ DOI [= cite |_'='q reference search

2) 1,442 citations

) 1,529 citations

[Submitted on 16 Feb 2025]

Steven Weinberg: A Scientific Life

C.P. Burgess, F. Quevedo

Weinberg used similar tools to compute the inter-nucleon forces implied at low energies by gen-
eralizing the effective theory governing low-energy pion interactions to include nonrelativistic
nucleons [85-87| (see also [88]). By so doing he enabled the calculation of ab initio nuclear en-
ergy levels for the first time, at least for light nuclei involving comparatively few protons and
neutrons. Nuclear physicists at the time were instead fitting data from nuclear measurements
with models in which meson exchange between nucleons assumed phenomenological couplings.




Nuclear physics from QCD

» In the 90's Weinberg (who else) wrote 2 very nice papers

Effective chiral Lagrangians for nucleon - pion interactions and nuclear forces
Steven Weinberg (Texas U.) (Apr 1, 1991)
Published in: Nucl.Phys.B 363 (1991) 3-18

pdf ¢ DOI [= cite @ reference search 2) 1,442 citations

Nuclear forces from chiral Lagrangians
Steven Weinberg (Texas U.) (Oct 9, 1990)
Published in: Phys.Lett.B 251 (1990) 288-292

& DOI [= cite 2 reference search ) 1,529 citations

» Describe the nucleon-nucleon force from chiral perturbation theory

Effective field theory description
of nuclear forces and currents
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Wilson coefficient (low-energy
constants fitted to few-nucleon
data) -> predict larger systems
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Developed by van Kolck, Meif3ner; Epelbaum, Machleidt and many others ....



Example at leading order

) 2

L ke 8A my

T + * >< W= e m
9 -0 -60-000

» Loops appearing here typically diverge and one has to regulate (typically numerically)

6/A6 "6/ A6
—pSIA —p'6/A
Van — €77 X Vyn X e™?

o Fit counter term Co to nucleon-nucleon scattering data for each A



Example at leading order

) 2

L ke 8A my

T + * >< W= e m
9 -0 -60-000

Loops appearing here typically diverge and one has to regulate (typically numerically)

—pO/A° _ 1/ 6/A6
e (S VA e
Fit counter term Cop to nucleon-nucleon scattering data for each A

This is called ‘'non-perturbative renormalization’. This Is now down at very high order.

Use nucleon-nucleon + three-nucleon data to fit constants —> predict nuclear physics

200
I 100+
| Ecy =5 MeV ===== FEcy =10 MeV
100: ] 80- sessmmes Foy =50 MeV ====:= Egy = 95 MeV
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Some successes (hot by me)

o Chiral EFT —> derive nuclear properties + reactions —> equation of state + neutron stars

nature

ARTICLES

https://doi.org/10.1038/s41567-022-01715-8 phySICS

m Check for updates

Ab initio predictions link the neutron skin of 2°¢Pb
to nuclear forces

LETTERS

https://doi.org/10.1038/541567-019-0450-7

nature

physics

Discrepancy between experimental and
theoretical B-decay rates resolved from
first principles

Hu et al 22

Ab Initio Calculation of the Hoyle State

Evgeny Epelbaum, Hermann Krebs, Dean Lee, and UIf-G. Meiléner
Phys. Rev. Lett. 106, 192501 — Published 9 May 2011

~—~-_—
Ph)’SICS See Viewpoint: The carbon challenge

Gysbers et al 20
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Piarulli et al. PRL 120, 052503 (2018)




Light Majorana neutrinos (standard mechanism)

» Neutrinos are still degrees of freedom in low-energy chiral EFT V] t—l—p

» Basically just use low-energy chiral Lagrangian with weak interactions L

n P L, rermi =Grtz (ay”_ ey, ) ;

1%
Vi € +G,, I_’()’M T gAyuy5 )n Gl o 7\\6



Light Majorana neutrinos (standard mechanism)

» Neutrinos are still degrees of freedom in low-energy chiral EFT V] t—l—p

» Basically just use low-energy chiral Lagrangian with weak interactions L

Lot bl ;7T
n p Lx,Fermi =GFer (a,uﬂ: eLy VL ) E
= T B0 il V
Y € +Gp. p()’ o AL )neLy Y pilh
n_>-.<_'/
V(1S) = (2G2m, )+t _(1 +2¢2) + gime ® 2, ef
A9 FIppM "2 A8 il
» This is the leading-order ‘'neutrino potential .
» Then insert this ‘potential’ between nuclear wave functions A, =V, I

» Note: the nucleons appear in a bound state and q Is a loop momentum



Light Majorana neutrinos (standard mechanism)

» Leads to ‘long-range’ nn = pp + ee

» Contributions from virtual hard neutrinos  q ~ A, ~ 1 GeV

» Naive-dimensional analysis tells us this 1s NNLO

Mg

Vshort i
1% A2
X

» Loops and other corrections at higher order in chiral EFT expansion



Leading-order transition currents

1

n —*YP
€ W (2G2 ) St
Ll g v Fpp)t1 T e
n—*olp

» |Leading-order Ovbb current is very simple

» No unknown hadronic input | Only unknown is 7144

- Many-body methods disagree significantly |.

» Original idea: study simpler nuclear systems
- Not relevant for experiments but as a
theoretical laboratory

(1+2g3) +

2
gAmﬂ'

4

(q% + m2)

= (6
X ere;

long

EDF
IBM
QRPA
NSM
IMSRG

~ CC

] | | ] |
8288 100M0 11GCd 130Te 136Xe 150NC




Neutron-Neutron @ Proton-Proton

» Study simplest nuclear process:nn = pp + ee

» Derive wave functions from chiral effective field theory

o4

2
gA mﬂ'

t rp it § S
i 42 @ +m

Weinberg

Van Kolck et al,
Epelbaum et al,
Machleidt et al,

And many more...

Weinberg 90" 9 |



It doesn’t work

0.07; ‘ T
i — Pem = 50 MeV |
0.06-___ Pem =25 MeV ||
T ——— — Pem =10 MeV |-
N R 0.05; - ~——— — Pem = 1 MeV [
> 0.04° o
= i -
= 0.03- N *—o—p
= ;
0.02]
n :
0.01
0.007 . T | R I | .“’““‘.‘“’J““."‘.‘t
0.005 0.010 0.050 0.100 0.500
Rs (fm)
@\ :
) N“0 1 H
~ (1 +2g9) — + log — .
S\ Tar s 27 New divergences

The leading order amplitude is not renormalized !

New Leading Contribution to Neutrinoless Double-8 Decay

Ubirajara van Kolck
Phys. Rev. Lett. 120, 202001 - Published 16 May 2018

Vincenzo Cirigliano, Wouter Dekens, Jordy de Vries, Michael L. Graesser, Emanuele Mereghetti, Saori Pastore, and




It doesn’t work

o

0.07 ‘ -
; — Pem = 50 MeV]!
0.06.___ Pem =25 MeV |1
: \ — pem =10 MeV ||
N _ 0.05; ~——— — Pem = 1 MeV [
> 0.04° e ]
s oo
= 0.03" o
=X i 1
n 0.02 u
0.01"
0.00: L L 1 PR | L L | M| .'\T'":-‘T‘T
0.005 0.010 0.050 0.100 0.500
Rs (fm)
2 2
~ (1 +2g3) ~Co l+1og— :
o . p2 New divergences

Logarithmic regulator dependence

Divergence indicates sensitivity to short-distance physics (hard-neutrino exchange)

Suggest to add a counter term: a short-range nn = pp + ee operator

Literature: 'breakdown of Weinberg power counting’




A new leading-order contribution

‘Short-distance’ neutrino exchange

Long-range neutrino-exchange required by renormalization of amplitude

- Short-distance piece depends on QCD matrix element g

» This was inttially unknown but has now been determined (long story for a technical talk)

Cirigliano, Dekens, JdV, Hoferichter, Mereghetti PRC "|9 PRL 2| JHEP 2| Richardson, Schindler; Pastore, Springer 2 |
Davoudi, Kadam PRL 21 Briceno et al "9 20 Tuo etal '19; Detmold, Murphy 20 22
Van Groffier 24 Yang, Zhao 23 24

» Ovbb calculations have to be redone —> This Is now happening by many groups



A connection to electromagnetism

» A neutrino-exchange process looks like a photon-exchange process

Cirigliano et al '[9

gv gv=Cj C (Juv) C, (JuJr)

Walzl, Meil3ner; Epelbaum ‘Ol

» Chiral connection between double-weak and double-EM NN interactions



A connection to electromagnetism

» A neutrino-exchange process looks like a photon-exchange process

Cirigliano et al '[9

gv gv=C| Ciddy S (uUw)

Walzl, Meil3ner; Epelbaum ‘Ol

Chiral connection between double-weak and double-EM NN interactions

Isospin-breaking nucleon-nucleon scattering data determines €;+Ca2

Electromagnetism conserves parity coupling and g,~C only

Large—Nc arguments indicates Cl + C2 > Cl — CZ Richardson, Schindler, Pastore, Springer PRC2 |

ThIS seems to WOI’"< SU rprisingly vve|| Cirigliano, Dekens, |JdV, Hoferichter, Mereghetti PRL "2 |
Van Groffier 24 Yang, Zhao PLB 2324



Pastore, Piarulli et al ‘|9
12Be _,12(7[ Al=2

Impact on nuclear matrix elements

1.5 } YEFT
| . | X
» Use VMC + Norfolk chiral potentials for wave functions {}*};} ‘o5
1.0
: : A= [drc()
N | . fg\ 0.5 : ‘o. }}
t &
uclear e Long Range Short Range > F A *
elements 0.0 '/ "t eyt e
i @
&
12 12 e
Be - “C+e +e 0.7 0.5 o5 8V *};@g
0 2 4 6
r (fm)

» Short-distance effects are sizable and change matrix elements by O(|)

» Caveat: [hese are not nuclel of experimental interest

» Can we do better?



Impact on realistic nuclei

e TRIUMF

The Year We Regained Hope: Coupling Constant Fit

Match nn — pp+ee amplitude from approximate QCD methods: estimate contact term to 30%

> L
4 L+S

8He -»%Be

Ca ST,

®He —»°Be

& EM(1.8/2.0)
; & EMN(2.0)
’ @ LNL(2.0)
& AN“LOgo(2.0)
o AON‘LOgo(=)

EM(1.8/2.0)
EMN(2.0)
LNL(2.0)
AN?LOG0(2.0)
AN?LOgo(=)

IM-GCM

EM(1.8/2.0)(€musx = 6)
EM(1.8/2.0)(ep3« = 8)
EM(1.8/2.0)(€max = 10)
EM(1.8/2.0)(extra.)

3

4 5 6 7
MOv

1.8/2.0 (EM) 'Y M{)v ' le)v g Mgv
¢ =
O
VS-IMSRG ..0.. ; ‘ '
76Ge
IM-GCM Y b
E R S 825e
> 3 130Te
¢ —— 136Xe
0.0 OTS lTO 1T5 270 2?5 3?0 3T5 4.0
MOV

» Slides from Jason Holt (TRIUMF) at Institute of Nuclear Physics Seattle (2024)

» The contact term enhances NMEs by 100% (Ca) to /0% (Xe) (factor 3-4 on the lifetime)




Impact on realistic nuclei

S dliNireim 2307, 151561 (Belley et al) and PRL | 32, 182502 (2024 papenstiie iz

1—

130
130T I Te

10-1 T’“Xe ]

136y T

10‘7;

Mpgg [eV]

103

Phen. Ab Initio

| M. PO | PP &
1010"‘ 10°° 1072 1071

mhghtest [ eV]

» Ab initio calculations find rather small NME compensated by contact term
» Counter term leads to smaller model dependence: uncertainties at 30-40% level

» Not clear to me how to connect chiral EFT to phenomenological nuclear models



Higher-order corrections

» [t seems now that the leading-order Ovbb current contains 2 terms

» Are there more surprises?



Higher-order corrections

» [t seems now that the leading-order Ovbb current contains 2 terms

~ bound state

P J
‘
- n P
e Ve
/! ‘ ( c
. / n p )
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l"’

‘Soft’ neutrinos ‘Ultra-soft’ neutrinos

» Ultrasoft depends d’k ]

on nuclear structure ; U m 11 J (27)? E[E, + (E, =Byl



Higher-order corrections in the nuclear shell model

» Soft loops (Cirigliano et al "I /) and ultrasoft (JdV et al "24) calculated in chiral EFT
» Implemented by Javier Menendez and collaborators (2408.03374) in Shell Model

Nucleus NSM
LO N2LO

L S usoft loops
BCa  0.92(14) 0.43(20) 0.01(3)  0.05(7)
Ge  3.57(25) 0.97(48) -0.26(0) 0.05(16)
2Ge 3.38(20) 0.91(43) -0.24(1) 0.05(15)
QGZI’
1000\ o
IIBCd

124y 2.79(63) 1.06(52) -0.21(5) 0.06(16)
130Te  2.68(79) 1.07(50) -0.20(7) 0.06(16)
136Xe  2.26(53) 0.86(41) -0.17(5) 0.05(13)

» Confirms that these effects are relatively small (usoft -10% corrections roughly)

4 bound state




Intermediate summary

130
130Te I Te

10} 1136Xe .

136y T

10‘2;

Mpgg [GV]

103

Phen. Ab Initio

4L i) " PEPSPTOw | PPN
1010 ‘ 10°° 1072 1071

Miightest [€V]

» NMEs are still a big problem but there has been progress

- Next-gen experiments to reach inverted hierarchy but normal hierarchy
remains difficult (unless m; ~ 0.01 eV)



Measuring nuclear matrix elements

« Can't we extract NMEs from data on 2nubb ?

Kotila“l2
Simkovic et al ‘19

Tw v GI% (M(I}(TLII A L22 1 MéTLH ) L21)

1 [}
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* The dominant amplitude Is sensitive to very different nuclear physics | No info for 2nubb



Measuring nuclear matrix elements

« Can't we extract NMEs from data on 2nubb ?

Kotila“l2
Simkovic et al ‘19
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* The dominant amplitude Is sensitive to very different nuclear physics | No info for 2nubb
* But there are additional 2Znubb contributions at next-to-leading-order in chiral EFT el Morabit et al 24
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- Modifies the total rate (but uncertainties too large) but also the electron spectrum



Measuring nuclear matrix elements

« Can't we extract NMEs from data on 2nubb ?

Tw v GI% (M(I}(TLII A L22 1 MéTL12 ) L21)
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* The dominant amplitude Is sensitive to very different nuclear physics | No info for 2nubb

» But there are additional 2nubb contributions at next-to-leading-order in chiral EFT
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* Extracting the nuclear matrix elements requires <%
accurate spectrum measurements (not impossible at
next-gen Ovbb and DM experiments)

« Also worries about radiative corrections....

* Interesting: but more work Is needed
- Collaboration with XenonNT



The plan of attack

|, Introduction to Majorana neutrinos and Ovbb

2. Ovbb from light Majorana neutrino exchange

o Controlling nuclear matrix elements !

3. Other sources of lepton number violation



Other mechanism of Ovbb

- Many beyond-the-SM model induce different Ovbb mechanism
» Examples: Left-right symmetry, supersymmetry, leptoquarks, .......

ur dp - s ur dg > -




Other mechanism of Ovbb

- Many beyond-the-SM model induce different Ovbb mechanism
» Examples: Left-right symmetry, supersymmetry, leptoquarks, .......

ur dp - s ur dg > -

dr

- If new fields are heavy, can use effective field theory !

Energy
A epera Caacreen w—
A i > ----------

T e TR

Effective operators
EeXp << A >< /g\




Higher-dimensional operators

» Effective operators appear at odd dimension (5, 7,9, .....) Kobach ‘16

Dimension-five

Ly = (f—'\"(l.”‘('ﬁ)(ﬁ"‘/,)

* One operator
* |Induces Majorana mass

Dimension-seven

e 12 AL=2 operators

. «J.ehman ‘14

Dimension-nine

Li et al 20
Many many terms

19 4-quark 2-lepton
operators after EWSB

Graesser et al ‘17 ‘18




Higher-dimensional operators

» Effective operators appear at odd dimension (5, 7,9, .....) Kobach ‘16
Dimension-five Dimension-seven Dimension-nine
egecnan "4 Li et al 20
e o m e Many many terms
Ls = —'\’(I,’('H)(H’ L)

19 4-quark 2-lepton
operators after EWSB

* One operator

* Induces Majorana mass Graesser et al 17 ‘18

e 12 AL=2 operators

» Higher-dimensional terms relevant if dim-5 operator are suppressed

» Example: in left-right symmetric models

cs ~ ¥z ~ 10719 ¢~ ¥, ~ 107 Co ~ Yp ~ 1
| . Ve
» If scale is not too high: o y, = A~ (10 - 100) TeV

» Dim=-7 or dim-9 can dominate low-energy phenomenology !



Some examples

4 u u
d U g
M,
EW ” d u Jd 7]
100 GeV
a . e
* Four-quark 2-lepton operators
e * Neutrinoless interactions
A, ~2xF, d e
1GeV T Chiral perturbation theory
n p
e e g
T ™
n/ g
A e n NN P
8i 8i

* Pionic operators lead to leading-order neutrinoless double beta decay contributions !
 Depend on four-quark matrix elements: lattice QCD

gf" =—(1.9%0.2)GeV* g7 = — (8.0 £ 0.6) GeV*

Nicholson et al ' 8



The Ovbb metro map

Cirigliano etal "I/ '8

Energy

SM-EFT

Electroweak symmetry

~ 100 CeV ¢ ¢ ¢ ¢ breaking

dim — 3 dim — 7 dim — 9
mgp : v — V° (d — uev) ® 0,

dd — uuee

| Match to ChiPT

¢ * * (LECs in Table 1)

~ 1GeV

ChiPT : SM-EFT’
<

| | J | | Construct 0v33

operators (Eq. 24)
~ 100 MeV | &L ......................................................

| OvBpB operators | | Ovf5 operators |

(Long- and pion-range) (short-range)

%)
©
> > AA,AP,PP,MM AA,AP,PP ;AP PP
= b 2 Mg, Mgr'r MFp,sa, Mgrpsa y Mp o
s
0O
| E % Phase space integrals
~ 1 MeV ‘l’ (Table 4)
Ov + + Master formula
v I T1/2<O — 0 )I (Eq. 38)

» Open-access Phyton tool (NuDoBe) that automizes all of this in SM-EFT framework

download: https://github.com/OScholer/nudobe Scholer; Graf, JdV' 23
online tool: https://oscholer-nudobe-streamlit-4foz22.streamlit.app/




Using the framework

» Example: a model of heavy leptoquarks (LHC probes | TeV leptoquarks roughly)

7 C, ~ (v/A)
e A>400TeV




Using the framework

» Example: a model of heavy leptoquarks (LHC probes | TeV leptoquarks roughly)

7 C, ~ (v/A)3
e, A>400TeV

Normal Hierarchy

Imgs=5)| (eV)
l —

Current bound

10-] _________________________

10-2 D 1. 1

103 F
|
\ !
1 |

104

— Criquu = €/A°

CLLQuH =0

10-4 10-3 10-2

Inverted Hierarchy

|m§a(em| (eV)

103 |

- -

Current bound

103 10-2 10! 1
mvligmest (eV)

10

Ton-scale
expectations

» Can lead to very different Ovbb phenomenology (populate the ‘dead zone’)
» Sensitivity to 500-TeV new physics scales
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Disentangling the source of LNV

A single measurement can be from any LNV operator

Can we learn more from several measurements !

Example: ratios of decay rates of various Isotopes

Deppisch/Pas ‘07, Lisi et al "1 5
Scholer/Graf " 22

Unfortunately, different isotopes not too discriminating
Ratios suffer from nuclear/hadronic uncertainties

100

A’ CLLuH

S50F

—50+

vvvvvvvvvvvvvvvvvvv

76(}e

_SZSe

_lOTe

—136X€

11 S S S
-04 -0.2 0.0 0.2 0.4

m '3,3/ eV

10

3
N’ CrLeudH
o

-10

76Ge
I“OTe
BGXC’
...................
-04 -0.2 0.0 0.2 04
m/g/;/eV




» A single measurement can be from any LNV operator

Disentangling the source of LNV

o Can we learn more from several measurements !

- One could in principle measure angular&energy electron distributions

A ~ 50TeV

3 ia
V, «—8— V| d u C,~(v/A)e
Vi €r
: — i /A3
|mﬂﬂ|:O'05 eV, CLeudH:em///\3 |m,8,8|—0.05 eV, CLrenau=€"Y/A
].O T T T T 05 [ T LI B T T T T T . i

T\ - ” :_ f“\\ /,—~\\ _:
S 08 T N SN
?n/ : \\\\ /”” Lq I \\\ =TT TN ~ II ]
8 0.6- \\\\ /”’ T D 03_ \y’ ~ I, 7

L \\ ” i 4
"Q : /\) (:\ o : ,,,/ \\\ 7 \\\
% 0.4F /”” \\\\\ . B h« 025 /,, ; \? 1 d ]
- : -7 a varied | g - a varied |
~ “ -7 —0 | e \ / [-- Creuqu=0 [
— 0.2¢ -~ -- CrLenau=0| 01,7 \ / §

T/ - mﬂﬂ:O N I “\ ’ — ’77,8,8:0

I T : \\ /,

00 . R R . . R R . ooL—— vt T A R S R
-1.0 -0.5 0.0 0.5 1.0 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
cos(0) Ey/m,




Disentangling the source of LNV

o A Siﬂé le_meaciirement can he from anv | NI\ aneratar
[Submitted on 14 Feb 2025]
e Cany _ _
Reconstructing neutrinoless double beta
- one ¢ decay event kinematics in a xenon gas butions
detector with vertex tagging
¥ —e— 7L o4 P? C7~ VT € A ~50TeV
VAR
|mpg|=0.05 eV, Creudn =e'@ /A3 |mpp|=0.05 eV, CLeudn=¢'*/A’
1.0 S — R r 0.57' L L e B e S S S B B S B ]
6\ 08_ \\\\\\\ ”””1_ ~ 04;, . /I/ \\;—
%/ x\\\\ ”’,” S :_ \\\ ————————————— - ,,, i
O 06~ ‘\\\ ”,’ - 03 \y” \\yl
E | ’\)(\” : I ,/’ \\\ I, \\\
[ ”/ \\\ ; P / \\ ]
e 04" ””,’ \\\ (Yvaried j \'\U 02: ,,/ \\\ II alvaried 1
L1 I ’/’ b S F ,/ \\ 7 C —O ]
iy 02f ,/”’ -- Creuau=0 [ 0_1;/' \ /,’ == CLeudH =Y [
o - mﬂﬂ:O \\ // - 1713520
00 L ) L P . L P P— 00>1 ,x.‘lxx.\(\Fr—.',,‘.x.,‘.x(,‘.x‘.‘.
-1.0 -0.5 0.0 0.5 1.0 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
cos(6) Ei/m,




And more .....

» Neutrinoless double beta decay great test for light sterile neutrinos

CMB

107°
10°°
Supernovae :
10—10
VY CMB +BAO + H, .."'--.".S(‘,esa.w
107 L 9 —6 =3 | '3
10~ 10~ 10~ 10

my |GeV]




And more .....

» Neutrinoless double beta decay great test for light sterile neutrinos

» Provide a test for low-scale leptogenesis (and indirect high-scale leptogenesis) Harzetal™ 5

Akhmedov/Rubakov/Smirnov '98
Pilaftsis/Underwood '03
Asaka/Shaposhnikov '05

Drewes et al '| 624

100 500 1000 5000

M Inverted
» And data on two-neutrino doublebeta c 19
decay can be used as a BSM test 3
g 20 _ _ —
» It's just a great observable ! £ e
° 0
0.0 0.2 0.4 0.6 0.8 1.0
ExIQ

Deppisch, Graf, Simkovic, PRL 20 El Morabit et al 24
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Concluding remarks

Neutrinoless double beta decay best way to determine if neutrinos

are Majorana states

n

Heroic experimental effort! Hadronic/Nuclear theory to interpret data

Progress from EFT + lattice + nuclear structure

New findings: standard mechanism depends on short-distance physics
Impacts ab initio calculations of heavy nuclear decays

End-to-End EFT framework for high-scale LNV source (easy to use)

» New work on impact of light sterile neutrinos (not today)

Mgg [eV]

| Phen.

Ab Initio

Many : Chiral : ChiPT : SM-EFT’. SM-EFT

— T [—] [=]
| |

. - Match to ChiPT
(LECs in Table 1)
In~>peu| I1r~>eu I Innappeel In~>p1ree| I T — ee I
1 + 1 2 1 T c

0v35 operators
(short-range)

TY/(07 = 07)

bbbbbbbb

onstruct 0v/33




Backup



This is perhaps not fair

» Consider minimal 3+2 extension (lightest active neutrino is massless)

my =M — AM/2,

m5:M+AM/2,

AM

H= "

» For small mass splittings, the heavy neutrino pair can form a pseudo=Dirac neutrino

» Ovbb amplitude proportional to

i M)
Mpp = Mpg e

+ (M) p U; + O(u?)

~ M(0) :

» Bounds can be moved up for small and/or degenerate masses.

1r
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M2 2 ATLAS

1076

Ovbb becomes weak
for (pseudo-)Dirac
sterile neutrinos

Need an
independent handle
on the mass splitting



A connection to electromagnetism

» A neutrino-exchange process looks like a photon-exchange process

Cirigliano et al '[9

gv gv=Cj Cir(dy <2 (ur)

Walzl, Meif3ner, Epelbaum ‘O |
» Chiral connection between double-weak and double-EM NN interactions

» [sospin-breaking nucleon-nucleon scattering data determines €;+Ca2
» Electromagnetism conserves parity coupling and g,~C only



A connection to electromagnetism

» A neutrino-exchange process looks like a photon-exchange process

Cirigliano et al ‘19

gv gv=C| Ciddy S (uUw)

Walzl, Meif3ner, Epelbaum ‘O |

Chiral connection between double-weak and double-EM NN interactions

°

PY

Isospin-breaking nucleon-nucleon scattering data determines €;+Ca2

L

Electromagnetism conserves parity coupling and g,~C only

o

Large—Nc arguments indicates Ci+C,>C -G, Richardson, Schindler, Pastore, Springer ‘2 |

0

We originally assumed g,~(C,+Cz)/2, what happens to
neutrinoless double beta decay?



An analytic approach

» The nn = pp + ee amplitude can be represented as an integral expression

2|1 A Gunlb o AN :
e F[(Zﬂ)4 k2i,[d xe <pp|T{JW(x)JW(O)}Inn>E

JE = weak current (V-A)

» Can represent the red box' in regions of the virtual neutrino momentum k

Cirigliano, Dekens, |dV, Hoferichter, Mereghetti JHEP 22 PRL 2|



An analytic approach

» The nn = pp + ee amplitude can be represented as an integral expression

< G2 [ B[ gasgikn o T8 1%, 0)) [y
v F (272.)4 k2i PP W W E
------------------------- 27\k
» At small virtual momentum: NLO chiral EFT Q

o Intermediate momentum: (model-dependent) resonance
contributions to nucleon form factors and to NN scattering

» Large momentum: Perturbative QCD + Operator Product Expansion

%.\ k< \k

d u n P
g2 E Small dependence on local
~ k2)? 4-quark matrix elements
d u (% n k\%\? P

k \%




Determining the contact term

A 00
A, ~ [ dk a_(k) + J dk a_ (k)
Steep falloff 0 A
controlled by the !So Small uncertainty due to

effecgve G — A,Anknown local operator
model-independent N0/ ——

] matrix element
\x (1'>(|k|) :
a<(|k|)

I
&g
T T T

: ﬁ)minant uncertainty from
-10} ay (|k|) inelastic channels (NNTT, ...):

a(|k|) [GeV™]

N

-20 ., 3y . .. \\/
0.0 0.5 1.0 1.5 k

k| [GeV]

I
—
o
T T T

Consistent with <30% effect in
Cottingham approach to

TLN EM mass splittings/
- 1 4+ 242
» Matching: 2C1(py) = + 294 _

Hx A o0
A [ di] a(kD) + [ dik] a<(i) + [ dlkd as (1K)

» Inelastic channels studied by Graham van Goffrier (UCL PhD thesis 24) and found to be small
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The total amplitude

The result Is an expression for total nn = pp + ee amplitude

Ip| =25MeV
APl 1p' DI = = 0.019(1) MeV~>
|p’| =30MeV

Example: in dimensional regularization in MS-bar scheme

eM(u=m)=(1.3%0.1%02=%0.5)

Matching to fake-data’ possible for any scheme suitable for nuclear calculations

Now used to include the contact term into ab initio Ovbb calculations

Same strategy was used to ‘predict’ EM corrections to nucleon-nucleon scattering

G SR k=)

acrp = p; " — (14 + 5)fm %t = (10.4 +0.2) fm

Cirigliano, Dekens, |dV, Hoferichter, Mereghetti JHEP "22 PRL 2|



Impact on realistic nuclei

» Some results from last year (230/.15156 Belley et al) using VS=IMSRG
See also: Belley et al PRL 24 for detailed 76Ge analysis

130Te 136Xe
I | —@— Ab initio (this work
r [ —&— QRPA
I | —&— NSM
_ V. - BM
6 Phen. —Vv— EDF
» 1 —— GCF
1 —8— EFT
5 ¥y -
I A I
I > I
% 4:_Ab s> : Ab
E% | initio > initio

N w
h
O
R N
>
AA A A MA
————f———
<

r M, M +Ms M, IT M, M +Ms

M,

mg;; [GV]

130Te

ljbxe

| Phen.

R T N U A T

Miightest [€V]

I ]30Te

[136xe

Ab Initio

Ab initio calculations find small long-distance NMEs compared to other methods
Partially compensated by new short-distance interaction (50-100% effect)
Just using various ab initio methods leads to significantly smaller uncertainty bands

Question: how to compare ab initio to phenomenological interactions including short-distance ?




Heavy-weight neutrinos

- See=-saw (variants) can work for essentially any right-handed scale

> MR?
eV keV MeV GeV TeV 1015 GeV
Described by Weinberg operators
H H v

—

.
A
.
Y
.
.
’
s’
s
’
-

\Y

%5 =2 (LTCH)(HL)



Feather-weight sterile neutrinos

- See=-saw (variants) can work for essentially any right-handed scale

> Mg?
eV keV MeV GeV TeV 1015 GeV
\ What about here? /
» For masses below a GeV, the Ovbb matrix elements become mass dependent
2 2
| Mo, (mp) |~ = {07 V,(mg) | 07) |
. 1
P ' ' ' Ay . Uezlml_ + U€2 m4
In principle this looks easy enough ; (p?) 4 S m2
M(m4) 0 5t 1
M(my) ~
)+ m
Shell model Xe T
(Menendez) 10} <p2> ~ (100 MGV)2
0.1 I TT 100 1‘0.00 T WZ4(M€V)




Feather-weight sterile neutrinos
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Feather-weight sterile neutrinos

1
SR . ok 2
» Saturate Ovbb lifetime with m4 contribution A, ~ Ugmy— =
G5 my
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This is perhaps not fair

» Consider minimal 3+2 extension (lightest active neutrino is massless)

_AM

my =M — AM/2, ms =M + AM/2, b=

» For small mass splittings, the heavy neutrino pair can form a pseudo=Dirac neutrino

-

N il y 2 2
Moy + (M) p Uz + O(u)

» Ovbb amplitude proportional to Mgg = Mpp




This is perhaps not fair

» Consider minimal 3+2 extension (lightest active neutrino is massless)

my =M — AM/2,

m5:M+AM/2,

AM

H= "

» For small mass splittings, the heavy neutrino pair can form a pseudo=Dirac neutrino

» Ovbb amplitude proportional to

i M)
Mpp = Mpg e

+ (M) p U; + O(u?)

~ M(0) :

» Bounds can be moved up for small and/or degenerate masses.
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Ovbb becomes weak
for (pseudo-)Dirac
sterile neutrinos

Need an
independent handle
on the mass splitting



Low-scale leptogenesis

Arxiv:2407.10560

» Low-scale leptogenesis requires a small mass splitting as well !

» We can do leptogenesis at the same time in the minimal 3+2 extension

13.7 billion year

» Production of asymmetries enhanced by small mass splittings

Akhmedov/Rubakov/Smirnov '98
Pilaftsis/Underwood '03
Asaka/Shaposhnikov ‘05




Low-scale leptogenesis

Leptogenesis contours calculated by
Drewes/Georis/Klaric

» Simplest solution to neutrino masses + matter/antimatter asymmetry Arxiv:2407.10560

» Scans give contours like this (fixed mass splitting at %)

Constraints from Ovbb

K TR TN
10 10° |
108 1078 = 1 . .
. s | Consistent with
_—y { 4o} /_/ leptogenesis
10—12 B s 10—12 L
100 5 5(I)0 | I1I(;OO - I5£)O‘0. 9 = 100 e 506I H1000 2000 — — Neutrino masses
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» Simplest solution to neutrino masses + matter/antimatter asymmetry

Low-scale leptogenesis

» Scans give contours like this (fixed mass splitting at %)

Leptogenesis contours calculated by
Drewes/Georis/Klaric

Arxiv:2407.10560

Constraints from Ovbb

1076 |
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10—10 e
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‘\I g
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Consistent with

| _— leptogenesis

108 u=001 7
1 1070+ /—
_ 10-12 L
500 1000 5000 100 500 1000 5000
M Inverted M Normal

— Neutrino masses

» For inverted hierarchy, Ovbb is ruling out part of the space

Mpp = Mg

M) |

~ M(0) |

+ (M) p U?

» In inverted hierarchy, next-gen should see something unless we have a cancellation !



Low-scale leptogenesis

» Simplest solution to neutrino masses + matter/antimatter asymmetry

10—10

Inverted hierarchy

100 500 1000

1 =0.01

M (MeV)

Leptogenesis contours calculated by
Drewes/Georis/Klaric

Arxiv:2407.10560

Consistent with
no signal in
next-gen Ovbb

» Inverted hierarchy, can rule out 3+2 leptogenesis if no signal in next-gen Ovbb (100x better)

o |f we do see a signal —> Nobel prize, neutrinos are Majorana, but..... not clear if

light sterile neutrinos were involved

o Normal hierarchy: similar to IH but requires |0x better experiments then IH.

» Analysis much harder for 3+3 (see e.g. Chrzaszcz, Weniger et al’ |9) more parameters !



Is the signal ‘outside’ the band

o If we do see a Ovbb signal, Question: is it different from the ‘standard mechanism’

1032, 1032,

1071 10
31030 1030
0
x
O
< 102° 10%°
cllh

1028 1028

10771 1077

10 w 1w

Inverted hierarchy M (MeV) Normal hierarchy M (Mev)

» Unfortunately: within 3+2 leptogenesis it is hard to enhance Ovbb rates in normal hierarchy

- Key lessons: we should all hope we live in the Inverted Hierarchy



