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The neutrino and its mysteries

Nuclear OV[33 decay

A cosmic mystery

A ‘matter-creating’ nuclear
process whose observation
would have far reaching
implications




* For certain even-even nuclei (48Ca, 76Ge,!36Xe, ...), single 3 decay is energetically forbidden — 33 decay

* 2V[3[3 is the rarest process ever observed, with T\, ~ 102! years

M. Goppert
Mayer, 1935
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Credit: C. Bertulani’s book
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* For certain even-even nuclei (*8Ca, 76Ge,!36Xe, ..

.), single B decay is energetically forbidden — B3 decay

* 2V[3[3 is the rarest process ever observed, with T\, ~ 102! years

* Several “ton-scale” experiments with different isotopes and technologies are searching for Ov[3[3, with

sensitivity up to T12 ~1028 yr, which is 10!8 times the age of the universe!
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* Ton-scale OV[33 searches can discover Lepton Number Violation from a broad variety of mechanisms
that involve different mass scales and interaction strengths
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* Ton-scale OV[33 searches can discover Lepton Number Violation from a broad variety of mechanisms
that involve different mass scales and interaction strengths

Somewhere out here there must be new
physics responsible for neutrino masses

.
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Ton-scale OV[3[3 searches can discover Lepton Number Violation from a broad variety of mechanisms
that involve different mass scales and interaction strengths

Increasing Mass

T

High-scale see-saw

Decreasing Coupling Strength

Somewhere out here there must be new
physics responsible for neutrino masses

If Lepton Number is not conserved
most of this uncharted territory can

be explored only by Ov[3[3 decay




Ton-scale OV[3[3 searches can discover Lepton Number Violation from a broad variety of mechanisms
that involve different mass scales and interaction strengths

Increasing Mass

T

High-scale see-saw

Left-Right SM
RPV SUSY

Decreasing Coupling Strength

Somewhere out here there must be new
physics responsible for neutrino masses

If Lepton Number is not conserved
most of this uncharted territory can

be explored only by Ov[3[3 decay
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Ton-scale OV[3[3 searches can discover Lepton Number Violation from a broad variety of mechanisms
that involve different mass scales and interaction strengths

Increasing Mass

T

High-scale see-saw

Left-Right SM
RPV SUSY

Stand
Mod

Light sterile V’s

Decreasing Coupling Strength

Somewhere out here there must be new
physics responsible for neutrino masses

If Lepton Number is not conserved
most of this uncharted territory can

be explored only by Ov[3[3 decay




 Connecting sources of LNV to nuclei is a multi-scale problem. Best tackled through a tower of EFTs™*
coupled to lattice QCD and ab-initio nuclear many-body calculations to achieve controlled uncertainty

T

** Effective Field Theory:

exploit separation of scales & use appropriate
degrees of freedom at each scale

v

SMEFT LEFT  Chiral EFT

Left-Right SM
RPV SUSY

LNV

Light sterile V’s

parameter

: (T )t & (gin)? (mw/Auv)? (Asd/mw)® (Ke/Ax)©
Decreasing Coupling Strength

White papers 2203. 21169 & 2207.01085 and refs therein



https://arxiv.org/abs/2207.01085

Use appropriate
degrees of freedom
in each range of
energies

Write down all
interactions
consistent with the
given symmetries

At each threshold,
need appropriate
perturbative and
non-perturbative

matching conditions:

Ahi = Alow

Expand amplitudes
to a given order in
Mhow/ Mhi

To connect UV physics to nuclei, use a tower of EFTs

E
S
A .
(> TeV)
Y
- SU(3)c x SU(2)w x U(1)y symmetry
No B, L, CP. flavor
Vew, Mw
>‘< /E\ SU(3)c x U(1)em symmetry
Ay . . .
(~GeV) Non-perturbative strong interactions
9 gtw
kF, My

—

Chiral EFT (NN, ..)

AEnuclear

-~

g

Matching
with BSM
theory

Perturbative
matching
within SM

Hadronic
matrix
elements

Nuclear
matrix
elements



Fermi’s theory of beta decay as the low-energy EFT of the Standard Model weak interactions

+ O(q*/Mw?)




Fermi’s theory of beta decay as the low-energy EFT of the Standard Model weak interactions

+ O(q*/Mw?)

More generally: how do heavy particles affect physics at E << M!?

Exchange of heavy particles generates a series of local Homework
interactions of increasing mass dimension (multiplied by S WViardk st mrase dlrrerefen 6f B e
inverse power of the new physics mass scale) consistent

with the underlying symmetries (Lorentz, gauge, ...) * Spin 1/2: [W]=3/2

e Spin0and |: [}] =[V.] =



® |n a model-independent way, describe effects of new physics originating at A >> vey through local operators

[ A & Mgsm ] Ci [gBsm, Mo/ M)

e “Standard Model EFT” (SMEFT):

* Build operators out of SM fields

* Impose Lorentz + SM gauge symmetry, but no other symmetry (B, L, CP, flavor)**

*  Organize operators according to mass dimension: power counting in E//A, Mw//\.

At a given order the EFT is renormalizable and predictive
10



® |n a model-independent way, describe effects of new physics originating at A >> vey through local operators

[ A & Mgsm ] Ci [gBsm, Mo/ M)

' ) c'%
| _ (5) § i (6)
AL=2 AB=1, CPV, FCNG(, ...

e Comment on symmetries in the SM-EFT:

® B L Leur not enforced: per Weinberg’s definition, they are "accidental” in the SM, i.e.
consequence of keeping operators of dimension < 4 built out of SM fields



® |n a model-independent way, describe effects of new physics originating at A >> vey through local operators

[ A & Mgsm ] Ci [gBsm, Mo/ M)

C©®) %
| __ (5) E i (6) ‘
AL=2 AB=1, CPV, FCNG(, ...

e Other EFTs differ in particle content and/or symmetry realization:

e VSMEFT: SMEFT + vr



BSM dynamics

Example:
Left-Right Symmetric Model

(> TeV)

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

A : For low-energy probes such as OV([3, it's much more convenient to
( X V) match to EFT and do the analysis ‘once and for all’
~Ge

kF M

12



BSM dynamics

Example:

v - | ¢
va ’lll Vv muRmWR ) mvkwk €
u v
dimb5 dim/ dim9
VEW ) MW . Babu-Leung ’0| Graesser 1606.04549
Weinberg’79 Liao and Ma 2007.08125

Lehman 1410.4193

X
(~ eV) * 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

. , < . .
VR with mass < A\ can be included in the framework Dekens et al. 2002.07 182

12



BSM dynamics

Example:
A Left-Right Symmetric Model

|3



BSM dynamics

Example:
Left-Right Symmetric Model

e p——— e —— ——————

Hadronic matrix
: elements

| 5 Chiral EFT (N,n,...)
./ - Weinberg °79. °90. °91

kF, M Map AL=2 interactions onto T, N operators, organized according to QCD symmetries
and power-counting in Q/Ay (Q ~ ke~ mn) = NN transition operators Van—pp

|3



BSM dynamics

Example:
Left-Right Symmetric Model

——— — — pe— —_—————

Hadronic matrix
: elements

X
=
T !
n — > Nuclear
l matrix
kF M- elements

Half-life (T1/2)




BSM dynamics

Example:
Left-Right Symmetric Model

——— — — pe— —_—————

v d E e .
yzi < ym ‘;ni ' 1 . SM-EFT
Myp \ VR Wpg : y "'vx”’a'k

Vew, | Tower of EFTs  + Controllable uncertainties:
hadronic & nuclear »
Tin~ (mwiNA (Admw)B (/A D

matrix elements

<dim3 ' o o . 7 | Hadronic matrix
— B — o T B elements

Chiral EFT (N,m,...)

; i . l Nuclear

matrix
elements

Half-life (T1/2)




Ov3[3 from high-scale LNV
(dim-5 operator)

|/Coupling



... 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 = % LIced H eL,,




H /H ... and other
' tree-level and

Y 'y oon.level e LNV originates at very high scale
oOop-iev .
Ve mecﬁanisms (A >>v) = dominant low-energy

N\ remnant is Weinberg’s dim-5 operator:

(>> TeV) E
Ly = A LIced H eL,,
Vew , Mw e Below the weak scale this is just the
‘ neutrino Majorana mass (mgg ~ Wee V2//\)
4G
‘Ceff — ‘CQCD — T;Vud ’l—j,Lfy“dL éL’Y/.LVeL —VZLCVQL + H.c.
A, |
(~GeV)




, ... and other
y | 'y trlee-levlel alnd LNV originates at very high scale
oop-leve | .
foove N . ' >> y) o _
A L : | echanisms ! (A >>v) = dominant low-energy

remnant is Veinberg’s dim-5 operator:

e e ————

Ly = @ LIced H eL,,

» Below the weak scale this is just the
neutrino Majorana mass (mgg ~ Wee V2//\)

4G _ _
‘Ceff — ‘CQCD — TQFVUd ’U,Lfy“dL €L YuVelL —VZLCl/eL + H.c.

< i —
dim3
Ny |
(~GeV) T S e 0vPBB mediated by active vm with
potential Vnn—pp with long- and short-
range components_proportional to mgg
kF, My

n p
\
e
Vin-pp
< e
|6 N P




* Within the high-scale seesaw, OV[3[3 can be predicted in terms of VvV mass parameters: [ «|Mov|2 (mgg)?2

2 _ 2 2 ~
(mgp)* = | Y Uzmyi|® .
o
P — ()’ (m, )’ E——
m,) m, (Any., n Gr P
(m, ) e———
ve
(AmY),,
e (An),
v‘t
E— e (m,)”
(Am?)_
. (m,)’ (m,) s E—
A
NORMAL SPECTRUM INVERTED SPECTRUM
2=

Miightest

|7



* Within the high-scale seesaw, OV[3[3 can be predicted in terms of VvV mass parameters: [ «|Mov|2 (mgg)?2

(mpg)? = | Y _UZmuil* | .

107"
C
4 N <
Bands: unknown K 1072
Majorana phases s
\- Y,
-3
" : Normal
Inverted Ordering Ordering
107 107 107 107" 107 1072 107" 1

m{’ightest (eV) mi}ightest ( CV)

|18



* Within the high-scale seesaw, OV[3[3 can be predicted in terms of VvV mass parameters: [ «|Mov|2 (mgg)?2

-

\_

Bands: unknown
Majorana phases

~

J

<mﬁﬂ>2 = ‘ZUeQimviP <

Assume range for

Ton scale nuclear matrix
SEEEEEEEEEEEEEEEEEEEEER ----------------------II ................ . elements from
1072 different nuclear
calculations
-3
10 | 1 Orders Normal
nverted Ordering . Ordering
1074 1073 1072 107" 1073 1072 10" 1
mi,lghtest ( eV) leghtest ( CV)

Assuming current range for matrix elements, discovery @ ton-scale possible for inverted

spectrum or Miightest > 50 meV
18



* Within the high-scale seesaw, OV[3[3 can be predicted in terms of VvV mass parameters: [ «|Mov|2 (mgg)?2

-

\_

Bands: unknown
Majorana phases

~

J

(mpp)?

| Z UeQimvi|2 -

Ton scale

"""""""""""""
llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

Beyond ton scale target

-3
10 | 1 Orders Normal
nverte rderin :
. . , S \ | Ordering
107 1073 1072 107" 1073 1072 107" 1
mi,lghtest (eV) leghtest ( CV)

Natural (but challenging!) beyond ton-scale target is mgg ~ meV

|18

Assume range for
nuclear matrix
elements from

different nuclear
calculations



* High scale seesaw implies falsifiable correlation with other v mass probes

OVBPB decay Tritium B decay
E lllllllll I llllllll lllllll_ 1E T |||||| | | | II'IIE
~ F — 107'F 20 (NH)
> >k
LA 9, 5
E% i 2 i 20 (I1H)
3 = 102 =
llllllll lllllllll | I N —3 1 1 | | | | I I . . |
10
107 107 107" 1 10~ 1

mg [eV] 19 > [eV]



High scale seesaw implies falsifiable correlation with other v mass probes

Future data coupled with improved theory can challenge the 3-neutrino paradigm and reveal new
sources of LNV or physics beyond “ACDM + m,”

2
Mpg = ‘ZUei m
7

Ov[3B decay Tritium B decay Cosmology

Project8 KATRIN

Ton scale - I Frrrrn | e - | T 1T
g | ' Ton scale |
— — —_— 1 —1 — 20 (NH)
% : > -
- 2, \ 26 (IH)
2 = f o
E o re én G|= === -
3 107°E
E E Bound is quite sensitive to
- . prior on 2 (2>0 used)
| | llllll | | lllllll | | —3 1 L Ll
10
10 10 107 1

mg [eV] 19



High scale seesaw implies falsifiable correlation with other v mass probes

Future data coupled with improved theory can challenge the 3-neutrino paradigm and reveal new

sources of LNV or physics beyond “ACDM + m,”

Ov[33 decay Tritium B decay

T

These important quantitative
connections require knowing 3
nuclear matrix elements and
their uncertainties!

IIIBlUVJ i

Cosmology

Engel-Menendez 1610.06548

A =
— REDF v =
- QRPAJy X AL -
—QRPATu T A 4 —
— QRPACH + v I A -
- v v ]
- 1BM2 B | g L A -
C smmi T . XYLV e
SMStMTk @ X X [ =
_ Tz X m N - 4
= ¥ ®¢o ©H be. m -
- A r_ ® A -
| O I —
- + ¥ =
— 9 —
- || L -

| | | [ | | | | |

48 76 82 96100 116124130136 150

IH)

1)

te sensitive to
(2>0 used)



V. C.,, W. Dekens, E. Mereghetti, A. Walker-Loud, 1710.01729

2 )
4G R _ ~ m
Leg = LqcD 7 Voa gy dy epyuver, — —2 v Crr, + Hee.

2
- Y

20



V. C.,, W. Dekens, E. Mereghetti, A. Walker-Loud, 1710.01729

* AL=2 amplitudes determined by neutrino-less non-local effective action

_ 8G2V2m B
S4F=2 = F ud PP / d*zd*y S(x — y) x ep(x)y"7" e (y) X T(ﬂL’Yde(-’B) UL’YudL(y))

2!
AN
/ iP1 — p2|/kr <<1\\
Scalar massless propagator gt er(z)ef ()

»

21



V. C.,, W. Dekens, E. Mereghetti, A. Walker-Loud, 1710.01729

* AL=2 amplitudes determined by neutrino-less non-local effective action

8G2V2.m A4 g" I (k, z)
AL=27, \ _ FYud''"BB 4 - c puv \"s
(ereahy| S5 he) = =E3002 [ty (erealen @) @]0) [ s T

[LEF (k) = / P e () f|T(amdL (z +7/2) ary,dL(z — 7’/2)) ) -

Momentum space representation

LNV hadronic amplitudes such
as nn — ppee in principle
receive contributions from

neutrinos of all virtualities (k)

Chiral EFT captures contributions
from all relevant momentum regions

k= (KO, k)

22



“Hard neutrinos’’:

0, |k| > Ay ~ mn~ GeV Short-range AL=2 operators at the hadronic level,

still proportional to mgg

d GF u
e oo T
.,.. e~
& V -_— T T .<
_>__4 e T[ e
d Ge U

23



“Hard neutrinos’’:

0, |k| > Ay ~ mn~ GeV Short-range AL=2 operators at the hadronic level,

still proportional to mgg

d Ge U n P
- i -
g vV © —_— <e
_»__46— TT : e
d u :
Gr R 5

Short- and pion-range contributions to
“Neutrino potential” mediating nn— pp

23



“Soft” & “Potential”’ neutrinos:
Soft: (K9, |k|)~ Q ~ kr ~ mn
Potential: (k,|K|) ~ (Q%/mnN, Q)

24

Calculable long- and pion-range contributions
to the “Neutrino potential” mediating nn— pp

4 )
n : P
\e
Vi=2
/e
_ ),

At the nuclear level, these operators
mediate the transition between the
initial (0*) and final (0*) nuclear states



“UltraSoft” neutrinos:
(K9, |k|) ~ Q%/mN << kr

25

i(0+) n f (0%)

Sum over intermediate nuclear states

Double insertions of the weak current
at the hadronic / nuclear level



ELY VL |H QG%»Vfdm sp €rer, Vi—s

“Ultra-soft” (e, v) with (E,|p|) << k¢ “Isotensor” OV[3[3 potential mediates nn— pp.

computing 2-nucleon amplitudes

26



Figure adapted from Primakoff-Rosen 1969

ground state of ground state of
initial nucleus final nucleus

Hard, soft, and potential v

Vi, = (V,,(f(",’b) + V5D 4 )

Vy ~ 1/Q2, /(A ...

]

LO N2LO

27



Figure adapted from Primakoff-Rosen 1969

e
+ > — > >
ground state of ground state of all n ground state of n th state of ground state of
initial nucleus final nucleus initial nucleus intermediate nucleus final nucleus
Hard, soft, and potential v Ultrasoft v

Visa = ) (V,,(,%’b) -

a#b

VgD + ... )

Vy ~ 1/Q2, /(A ...

|

LO

|

N2LO

27

Loop calculable in terms of E, -Ei and

<f [Ju|n><n|J4|i>, that also control 2V[3[3.
Contributes to the amplitude at N2LO



Figure adapted from Primakoff-Rosen 1969

> >

al n

e

ground state of n th state of
initial nucleus intermediate nucleus

ground state of
final nucleus

)

 EFT result corresponds to the full amplitude expanded according to chiral power counting (by design):

AOCZ/

Pk 1

2m)3 |k

(fIT7 (%)) (n] 75 (K |d)

|k‘ T (En T Ei = EeQ)

(fI Ty () ) (n| J = (=K)]|i)

|k‘ T (En _ Ei = Eel)

28




Figure adapted from Primakoff-Rosen 1969

2.

al n

y
ground state of n th state of
initial nucleus intermediate nucleus

e

ground state of

)

final nucleus

 EFT result corresponds to the full amplitude expanded according to chiral power counting (by design):

(F1TE(k) ) (] JEB(—k

k1
A “Z/ (27)3 [K|

k| + (E, — E; +E€2)

(1) ) () 758 (—k

k| + (E, — E; +E€1)

Complete set of QCD states

28

Quark-level weak currents




Figure adapted from Primakoff-Rosen 1969

e e

2. > >
all n ground state of n th state of ground state of
initial nucleus intermediate nucleus final nucleus

 EFT result corresponds to the full amplitude expanded according to chiral power counting (by design):

A OCZ/ Pk 1 f|‘k )|m) nl’ . f|‘k 1) ( nl.

2m)3 K| k| + (E, — E; +E€2) | k| + (E, — E; +E€1)

Complete set of QCD states Quark-level weak currents

e Note: for hard, soft,and potential modes the ‘closure approximation’ is justified ( k| >> E, — E; + E.; )

28



Figure adapted from Primakoff-Rosen 1969

e e

2. > >
all n ground state of n th state of ground state of
initial nucleus intermediate nucleus final nucleus

* Traditional approach uses this form at the nucleon level

A OCZ/ Pk 1 f|‘k )|m) nl’ . f|.k n)( nl.

2m)3 K| k| + (E, — E; +E€2) | k| + (E, — E; +E€1)

Complete set of nuclear states
Nucleon-level weak currents

(Built as bound states of nucleons)

* Note: the sum over nuclear states cannot reproduce effect of hard modes, that probe different degrees of freedom!
29



Figure adapted from Primakoff-Rosen 1969

+ > > %:i/

ground state of ground state of all n ground state of n th state of ground state of
initial nucleus final nucleus initial nucleus intermediate nucleus final nucleus
Hard, soft, and potential v Ultrasoft v
Loop calculable in terms of E, -Ei and
=2 = E : a <f [Ju|n><n|J4|i>, that also control 2V[3[3.
aFb Contributes to the amplitude at N2LO

Vy ~ 1/Q2, /(A ...

]

LO N2LO

30



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

* To leading order (LO) in Q/Ay (Q~kr~mp, Ay~GeV), the nn = pp transition operator has two contributions:

~

‘Usual’ vm exchange ~1/kg2 ~1/Q?2
Coulomb-like long-range potential

Potential 1 - V1172 2 7 :
heutrino Vy(,%’b) = r(a)+,(b) — {1 — g% |0 .o® —gla). qo® . q T2n1r + ;l ' } Ii-lnadur:nlc
exchange q i (q® +m3z)= put: ga

31



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

To leading order (LO) in Q/Ay (Q~kr~mmn, Ay~GeV), the nn = pp transition operator has two contributions:

‘Usual’ vm exchange ~1/kg2 ~1/Q?2
Coulomb-like long-range potential

Potential
heutrino
exchange

” d e

P )

‘New’: short-range potential with
coupling g, ~1/Q?

V(@b — @)+, ()

1
q2

{l—gfx

a'(a) . a'(b) — a'(a) . qa'(b) -q

2777,,,2r - q2

(@® +m3)?

Hard

neutrino
exchange

-

31

Hadronic
Input: ga

gy ~ 1/1Q2 >>[/N\y2 ~1/(41Fn)2
(Much larger than estimate from Naive
Dimensional Analysis)



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

* To leading order (LO) in Q/Ay (Q~kr~mp, Ay~GeV), the nn = pp transition operator has two contributions:

* LO contact term is required by renormalization of the 'So nn— pp amplitude in presence of strong interactions

: C
LO strong potential L X C ~ 41/(mNnQ)

UV divergence < (mnC/41T)2 ~1/Q2

32



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

To leading order (LO) in Q/Ay (Q~kr~mmn, Ay~GeV), the nn = pp transition operator has two contributions:

LO contact term is required by renormalization of the 'So nn— pp amplitude in presence of strong interactions

Renormalization group running induced by short-range nuclear interaction in 'Sp channel implies that the
coupling flows to gy ~ 1/Q? >> 1/(411Fr)?

C ~ 4n/(mnQ)

33



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

8V gy = C, Ciddy <o (Jr)

* NN scattering data at low energy (anntapp-2an,) determine C;+Cy, confirming LO scaling!

34



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

ML_MS : | | IIIIII] | | IIIIII[ | | llllll:
~ pnQRPA -
ML I NSM :
~— ]
Mi+Ms ~saq[~ ———
; Key question:

For 76Ge: > is the interference
30-70% effect in QRPA £l _ constructive of
Similar or large in other isotopes . E § destructive!

NORMAL :
1p =
B L1 o1l 1 L1 111l

0.1 1 10 100

Miightest (MeV)

Jokiniemi-Soriano-Menendez, 2107.13354

35



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

* Several approaches to determine gy

Richardson, Shindler, Pastore, Springer,

* Large-Nc arguments point to gy~(C+C;)/2 2102.02814

o . Tuo et al. 1909.13525; .
* Lattice QCD — gearing up Detmold, Murphy 2004.07404 Davoudi, Kadam, 2012.02083

* Dispersive approach inspired by Cottingham formula for dmg, (EM)

VC, Dekens, deVries, Hoferichter, Mereghetti, 2012.11602, 2102.03371
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Forward Compton amplitude Self-energy ~ mass

Ee e

Cottingham (1963) approach to electromagnetic contributions to hadron masses
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nn — pp amplitude controlled by a forward “Compton” amplitude
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VC, Dekens, deVries, Hoferichter, Mereghetti, 2012.11602, 2102.03371

nn — pp amplitude controlled by a forward “Compton™ amplitude

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

,72’ k

d%%;u
di -

u

%

Intermediate k: resonance contributions g2 n % P
[ L s
(infliand @, ~ R >2<
TINN intermediate state, ... n k\ p
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Determined gy with ~30% uncertainty (validated with Al=2 NN electromagnetic coupling C| + C;)

A 00
A, o [0 dJk] a<(k]) + [ dJk| as (|k])

A
Or
= -5l
L _ _
C : ax(‘k‘) Dominant uncertainty froh
= -10; inelastic channels (NNTT, ...):
=3 \ k
%0 05 10 15 \k\ﬁ/ j
k| [GeV]
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Determined gy with ~30% uncertainty (validated with Al=2 NN electromagnetic coupling)

l

We provided ‘synthetic data’ for the nn—pp amplitude to be used to fit gy in nuclear calculations

l

Contact term fit to synthetic data and used in ab-initio calculations for
48Ca [1], 130Te [2], 13¢Xe, [2], 7¢Ge [3]

[2] Wirth, Yao, Hergert, 2105.05415 [3] Belley et al, 2307.15156 [4] Belley et al, 2308.15634

Enhances matrix elements by ~40% [Ca, Ge] and >50% [Te, Xe] —

good news for phenomenology, while we wait for Lattice QCD results
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Figure adapted from Primakoff-Rosen 1969

e
+ 3 — > >
ground state of ground state of all n ground state of n th state of ground state of
initial nucleus final nucleus initial nucleus intermediate nucleus final nucleus
Hard, soft, and potential v Ultrasoft v

Visa = ) (V,,(,%’b) +

a#b

VgD + ... )

Vy ~ 1/Q2, 1/(AY? ...

|

LO

|

N2LO

39

Loop calculable in terms of E, -Ei and

<f [Ju|n><n]||4|i>, that also control 2V[3[3.
Contributes to the amplitude at N2LO



{f\
™.
* Known factorizable corrections to |-body currents (radii, ...) i/

* Non-factorizable contributions to Vy 2 ~Vy o (ke/4T1F)2
[T-N loops and new contact terms]

/

n4 P Pl
e 2-body x 1-body current (and another contact...) ™ LKA &
- + +

nA N n A

Wang-Engel-Yao 1805.10276
40




Calculations of these effects in light and heavy nuclei show O(10%) corrections

®
KI’IOWH fac S. Pastore, ]. Carison, V.C., W. Dekens, E. Mereghetti, R. Wiringa 1710.05026

o
|

* Non-factorizable contributions to Vy 2 ~Vy o (ke/4T1F)2 \
[T-N loops and new contact terms]
HE "(
{ e //

V. Cirigliano, W. Dekens, E. Mereghetti, A. Walker-Loud, 1710.01729

n4 P Pl
e 2-body x 1-body current (and another contact...) ™ LKA &
- + +

72} AN 72/ 72’ AN

Wang-Engel-Yao 1805.10276
40



Figure adapted from Primakoff-Rosen 1969

e e
2. > >
all n ground state of n th state of ground state of
initial nucleus intermediate nucleus final nucleus

Tusoft (Mus ) =

Sl (nh# {<E2+E,,-E,-> (log 2(E2g‘§n>_5i) = 1)+1 Hz}

V. Cirigliano, W. Dekens, E. Mereghetti, A. Walker-Loud, 1710.01729

e Ultrasoft V’s couple to nuclear states: sensitivity to E, -Ei and <f |Ju|n><n[[-[i> (see also 2v[3[3 amplitude)

* Ultrasoft v loop suppressed by (E. - Ei)/(41kr) ~ (Q/Ay)2— N2LO contribution. Sen’kov-Horoi 1310.3254,
This scaling is consistent with previous studies of the closure approximation Wang-Zhao-Meng 2105.02649

* |lus dependence cancels with Vy 2 : consistency check

4]



e Several first-principles many-body methods are
being used for the calculation of matrix elements

e Sources of quantifiable uncertainty:

* EFT for nuclear force (effective
couplings, convergence, ... )

* Transition operator (contact term,
closure approximation, ...)

* Truncations in many-body methods

MOV

2.607 28

EMBT €EOp

0.88 0.47

€LEC €, EFT

0.75 0.3

e Overall uncertainty still sizable but improvable

 Smaller results compared to nuclear models.
e This input + LEGEND-200 result: | mgs < 320 meV|

LEGEND-200: 2505.10440

2308.15634 and references therein

Belley et al,

- a 68% confidence interval including €gm

68% confidence interval including €em and Eyerr
68% confidence interval including €em, Eyerr and Eop
8 68% confidence interval including &gm, Eyert, €op and Emsr 7| [
m—— Mean NME

MOv

o
% 4 & &
76Ge - 765e %o Ko % %
< < 0 ‘0
0 0.0 10 15
" & v Q- Q- L. o> v el B 5 : '
S € §&° & & S5 & S SO S A S S
O O © O ©

Various nuclear models ‘Ab initio’ methods using

different chiral interactions
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LECs in dim. reg. with modified minimal subtraction

20—

15/

0.0k

-~

(C1 + Co)(py = My) = 2.9(1.2)

Ci(ny = My) = 1.3(6)

10/

05/

™~

Uncertainty in matrix
element of local operator
controlling the high-k tail

1 1 1 T 4 1 ||

i 3l
i o~
00

N + 2-

S |

_ N

. 0110. o 1115. o 1210, .
A [GeV]

44

25 30 35
A [GeV]
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VC, Dekens, deVries, Hoferichter, Mereghetti, 2012.11602, 2102.03371I

e LEGCsin dim.reg. with modified minimal subtraction

~

Cy (11 = M) = 1.3(6)

(C1 + Co)(py = My) = 2.9(1.2)

_ Y. v = C’1
* Validation: use C|+C; to predict CIB scattering lengths to LO in XEFT
4 )
nn + ay,
acig = 5 add Anp = 15.51-33 fm VS 10.4(2) f[[l, from data
\_ _J

Fairly good agreement.

Note: (Ci+C2)(Mn)=0 — acie ~ 30 fm: contact term pushes result in the right direction.

Uncertainty estimate is realistic
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* Provided ‘synthetic data’ for the nn—pp amplitude to be used to fit gv with regulators suitable for
many-body nuclear calculations

|p| = 25MeV p’| = 30 MeV
a )

A (|pl. |p")e—'i(5lso(Ipl)+61SO(Ip'I)) — —0.0195(5) MeV 2

(A) (B) (C)

Uncertainty dominated by topology C (fractional error of ~30-40%),
but A and B give large contribution to the amplitude at this kinematic point
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* Provided ‘synthetic data’ for the nn—pp amplitude to be used to fit gv with regulators suitable for
many-body nuclear calculations

|p| = 25MeV p’| = 30 MeV
~ N
—i(6 5 ‘ _
Au(|p|, [p’])e 150 IPD+o1s5, (IPTD) — () 0195(5) MeV 3

- Y

= 25 MeV
0.01_ T T T "P‘ NN B R S A A B A
* |llustrated fitting procedure with S o Temeeseesseseaaan. R —
. 0 00 B ontact term ]
various cutoffs % ........................................................ :
E ~0.01} Total (synthetic data) -‘_‘_____::::::-
e Constructive or destructive! The sign £ -0.02} g “~Long-range :
of the interference is regulator %‘ —o.03 A=2fmt

dependent! < v A= 20 fm-!

_0-04' N T S S T
25 30 35 40 45

u p'l [MeV]



MOvBB

Belley, Miyagi, Stroberg, Holt.,, 2307.15156

‘Ab-initio’ results (VS-IMSRG) tend to be systematically lower than phenomenological nuclear models,
with signifiant impact on the interpretation of current and future experiments in terms of mgg

130Te 136Xe
: | —e— Ab initio (this work)
T | —&— QRPA
+ —4— NSM
. A [ —— IBM
6 'Phen. - —v— EDF
' | i [ —0— GCF
§ § t 8- EFT
S| £ T
' | i | r ¥
- A T |
i . T | ;E
ar 4> T i
Z > i § ‘
_ A< | S
- = i >
37 < T roan
3 [« I e
! : 1 :‘<
Q ' :
N I i i i A<
| i ! } 3
L N [_‘______J + T i
4 I o
M, M +Ms - M M +Ms T M M +Msg - M M, £ Mg 1
Ab inito Nuclear Models Ab inito Nuclear Models

1071

1072F

Mpp [EV]

1073

-4 L
1070-2 1073
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Phen.

IlBOTe

]:136Xe_:

{ Ab Initio

107

Miightest [eV]
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