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Introduction
Ovi3B

LNV BSM physics

~

- Violates lepton number, AL=2

- Stringently constrained experimentally
 To be improved by 1-2 orders

1/2(76G6) T1/2(130Te) T1/2(136X6)

Gerda Cuore KamLAND-zen

« Would imply
- Neutrino’s are Majorana particles
- Physics beyond the SM
« Connections to LHC, leptogenesis?

>9.10Pyr | >32-10%yr | >23-10%yr

Future reach:
(LEGEND, nEXO,
CUPID)

T > 10%%yr

Schechter, Valle, '82; Graesser et al '22; G. Li et al, ’21,’22; Peng et al '15; Harz et al ’22; Deppisch et al. ’15, ’17;
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Violating physics

OUtIine Lepton-number
A 4
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Violating physics
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Effective Field Theory

Heavy AL = 2 physics
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Effective Field Theory

Heavy AL = 2 physics
(9)
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Dimension-five ' Dimension-seven

e 12 AL=2 operators
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Effective Field Theory

Heavy AL = 2 physics

Dimension-five

Dimension-seven

Dimension-nine

e 12 AL=2 operators

1: ¥2H* + h.c.
OLH EUGmn(LzCLm)HJHn(HTH)
3:¢Y2H3D + h.c.
OLHDe | €ij€mn (L'Cy.e) HHH™DFH™
5: 9%*D + h.c.
O | eij(dv,u)(LICDHLY)
Ofl)ﬂu b | €ii(dyu)(L*Cot” D, L)
(1) 7
9 _
0 up | TnQ)(dCDrd)
OdddeD (evud)(dCDHd)
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e Consider subset of operators

LM1 = io (Q@u1" Qo) @ryudr) (GLS)
LM2 = i03) (Q,7" Qo) @Ry A dg) (€£S)
LM3 = (TrQa)(@rQs) (Lalf)
LM4 = (@pAQq) (@rNQs) (La£5)
LM5 = ioDio® (Q,dr) (Q.dr) (0,(5)
LM6 = io2ioc® (@, \dr) QN dr) (@69
LMT7 = (ary"dr)(@rvudr)(€reS)
LM8 = (@ry"dr)ioy (Qudr) Guef)
LM9 = (@ry*Mdg)ioty QM dr) Cyue?)
LMI10 = (Tpy*dR)(TrQa) LayueS)
LM11 = (@gy* *dR)([@rA*Qa) (lavues)

e Recently complete basis

| Liao and Ma '20; Li et al '20;

Kobach '16; ngnberg '79; Lehman ’14; Prezeau and Ramsey—MusoIf;O3; Graesser ’16; Liao and Ma '20; Li et al '20;




OUtIine Lepton-number violation:

seesaw, left-right model, leptoquarks,...
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Low-energy operators
At/below the weak scale™

SU(3)xSU(2)xU(1) invariant EFT
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100 GeV
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Dim-3

SU(3)xU(1) invariant EFT

* very similar for operators involving vy |
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OUtIine Lepton-number violation:

seesaw, left-right model, leptoquarks,...
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OUtIine Lepton-number violation:

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

A
A
?? TeV
100 GeV
1 GeV Non-perturbative QCD ! | Lattice QCD input
Chiral Effective Theory
{Construct two-nucleon
100 MeV | OvBB operators

1 MeV



Matching to Chiral EFT

A SM EFT’
SU(3)xU(1)em invariant
In terms of quarks, gluons, leptons ﬁ(u7 d7 g, v, e)
Mocp
1 GeV Chiral Effective Theory
In terms of nucleons, pions, leptons »CXPT (]\[7 T, U, 6)

Form of operators determined by chiral symmetry

The operators come with unknown constants (LECs)

Need a power-counting scheme

e Often used: Weinberg counting / Naive dimensional analysis (NDA)

Manohar, Georgi, 84; Weinberg, 90, 91
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Example: dimension-3 LNV
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Matching to Chiral EFT | Warnin asedan 0|

Example: dimension-3 LNV

SM EFT’ Gr
A d\»\ //u
mgaga O
O V/ \Y
MQCD Vp Vp
1 GeV
Chiral Effective Theory
VL (&
vy (& ®
O nt
vy, Uy, O
n p n p
’ITLBB GF GF

* At LO in Weinberg counting, only need the nucleon one-body currents
* All needed low-energy constants are known




Chiral EFT

Dim 3
A
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Ramsey-Musolf ’03; Cirigliano, (WD) et al. ‘17 ; Detmold et al, '22; Nicholson et al.’18



Chiral EFT

Dim 3 Dim 6 & 7 Dim 9
Vector Scalar
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e Contributions of dimension-6,7,9 operators

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



Chiral EFT

Dim 3 Dim 6 &7 Dim 9
Vector Scalar
[ % Nz I AN
v, o v ° .<e .<e
L L VL// \\6 d// \u e d// \u
Mgcep | 3 % f
1GeV | v v v
n . /j;? n # /jp n\ } n > , P " > . > P
_ L e | e T . e
VAap—9 = ve @ Ve .< . e
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e Contributions of dimension-6,7,9 operators

e Give additional interactions and LECs
e LECs for the nucleon currents and 7 interactions are partially known

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



Chiral EFT

e Based on NDA / Weinberg counting

e Not consistent in the 1Sq channel

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



Checking the power counting
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Check that A(nn — ppee) is finite




Checking the power counting

Dimension-3

Check that A(nn — ppee) is finite

« Requires inclusion of the strong interaction

f

Ly = C(NTPgN)' NTPigN — 2V NraN
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Checking the power counting

Dimension-3

Check that A(nn — ppee) is finite

« Requires inclusion of the strong interaction

NS

Ly= C(NTPgN)' NTPgN - ZAvr.NroN |
2F7T N N N N

=

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

n o {T }

| X Divergent




Checking the power counting

Dimension-3

Check that A(nn — ppee) is finite

« Requires inclusion of the strong interaction

NS

®
'NTPg,N - ZAvr NroN | N
2F7T N N N N

=

Ly,= C(N"Pg,N)

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

‘ In MS-bar: !

n e p

~

my 2 2 1 (lo / )
(TN — — + 1
(Gr) (1+26); > —(pl+|p'])> + 0"

n o D +finite Regulator dependent




Numerical results
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* Amplitudes obtained using
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e Coordinate-space cut-off
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J  Clear u or Rs dependence




Need for a counter term

New interaction needed at leading order to get physical amplitudes:

n p n P

o
_ NN €
VAL:2 — Ve @ + 9.
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Z ~ g Gpmgy(Nt*N)(Nt*N)e e;
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Need for a counter term

New interaction needed at leading order to get physical amplitudes:
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How to determine gV

. Could get gNN from a Lattice calculation

« Controlled errors Davoudi & Kadam, '20, '21
. Active area of research Feng et al, "19; Detmold & Murphy, 20
- Currently only (model) estimates available:  See backup |

- Comparison with isospin-breaking observables

- Cottingham approach Cirigliano, et al, "19,'20, 21

- Large-Nc Richardson et al, 21|




Need for a counter term

New interaction needed at leading order to get physical amplitudes:

n/p

»
>

NN

!
VarL=2 = Ve ? T v
o

n ” \\ p
L~ g szﬂﬂ(Nz'JrN Y(NT*N)e, ef

\/
/\

How to determine gV

. Could get g, NN from a Lattice calculation

- Controlled errors Davoudi & Kadam, '20, '21
. Active area of research Feng et al, "19; Detmold & Murphy, 20

« Currently only (model) estimates available:
- Comparison with isospin-breaking observables
« Cottingham approach
- Large-Nc

ISee backup |

Cirigliano, et al, "19,'20, 21

;Richardson et al, ‘21 |

All give

~NN @(1) |




Chiral EFT

‘Non-Weinberg’ counting
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Chiral EFT

‘Non-Weinberg’ counting

Dim 3

mpp
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Chiral EFT

‘Non-Weinberg’ counting affects higher dimensional interactions as well

Dim 3
T mgg
< () >
vy, vy,
Mocp
1 GeV

iNew induced Lli\

_ <4

Dim6 &7

N
e

Dim 9

d

Vector
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Chiral EFT

‘Non-Weinberg’ counting affects higher dimensional interactions as well

Dim 3 | Dim 6 & 7 Dim 9

Vector

Amfﬁ‘ d\»\.//u \d\./u e
A I P

| g s
Mgcp | /
1 GeV : ' _

Inrtotal:

1+2+4 new contact terms |




OUtIine Lepton-number violation:

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

A
A
?? TeV
100 GeV
1 GeV Non-perturbative QCD ! | Lattice QCD input
Chiral Effective Theory
{Construct two-nucleon
100 MeV | OvBB operators

1 MeV



OUtIine Lepton-number violation:

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

A

A
?? TeV

100 GeV

1 GeV

100 MeV
Many Body Methods

LY 2 [ l !;Nuclear Matrix elements




Nuclear matrix elements

NMEs 6Ge
74) 31 [81] [82,83]
Mg -1.74 -0.67 -0.59 -0.68
M4 548 3.50 3.15 5.06
* All NMEs can be obtained from literature”* MEE | -2.02 -0.25 NMEs "Ge
* 9 long-distance & 6 short-distance Mgr || 066 033) appy, | 346 155 -146 11
Mgr" || 051 0250 pas o111 403 487 3.62
Mz T 7| MR, | 535 237 226 -1.37
ME" ||-085 0011 pep 199 085 082  0.42
. . . MEFP 0.10 0.00 AP
* Follow LO ChiPT relations fairly well O O B
T : 0 MER, | 032 000 002 0.38
Barea et al. ’15; Hyvarinen et al, '15; Horoi et al. 17, Menendez et al, "18; Agostini et al. 22




Nuclear matrix elements

NMEs 6Ge
74) (31 [81] [82,83]
Mg -1.74 -0.67 -0.59 -0.68
Mg2 5.48 3.50 3.15 5.06
» All NMEs can be obtained from literature* MAE || -2.02 -0.25| NMEs "6Ge
* 9 long-distance & 6 short-distance Mgr || 066 0331 Ay, | 346 -155 146 L1
Mgr" || 051 0250 pas | 111 403 487 3.62
M4 T 7| MR, | 535 237 226 -1.37
ME" ||-085 0011 pep 199 085 082  0.42
. ) . M;P 0.10 0.00 P ) _ )
* Follow LO ChiPT relations fairly well " Mgl |-085 001 005 -0.97
My 004 000 pee |l 032 000 002 038
: C ioF e a ' Agostini et al, "22;
« The NMEs differ by a factor 2-3 between methods o 2 | -
- QRPA +e * .
- NsM T T { . .
- IMSRG * $
o) - cc I -:A .E r A .A * -
. ey . ‘32“% - . T x ]
- Ab initio NMEs for A > 48 are starting to appear T . . { |
- - » ¥ - I ° A
| Belley et al ’23,’20; Yao et al ’20; Wirth, Yao, Hergert 21 - K . * * ]
- 3 B
Estimate effect of g to be ~ 40 — 90 % -
4808. 76Ge 823e 1OOMo 1160d 130-|-e 136)(6 150Nd

Barea et al. ’15; Hyvarinen et al, '15; Horoi et al. 17, Menendez et al, "18; Agostini et al. 22
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Phenomenology
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From heavy new physics
Dim6 &7 d\'\.//“ Dim 9 \o/</:e
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= 200 .
g 107 39 >
< - . 15 l
101 ‘ *
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136y, Coy C5) o ) oy o) ypet? o
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« 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




Light lepton-number
violation: vp



Including sterile neutrinos

. Up’s can help solve several SM deficiencies:
- Neutrino masses
* Leptogenesis
- Dark matter candidate

- Appear in numerous BSM models: Left-Right/Leptoquarks/GUTs..
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Including sterile neutrinos

. Up’s can help solve several SM deficiencies:
- Neutrino masses
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Including sterile neutrinos

. Up’s can help solve several SM deficiencies:
* Neutrino masses
* Leptogenesis

« Dark matter candidate

- Appear in numerous BSM models: Left-Right/Leptoquarks/GUTs..

- Add n singlets, vp, to the SM-EFT:

E vp — N R aV R /

* Majorana mass e Dirac mass
(L violating) (L conserving)




Including sterile neutrinos

. Up’s can help solve several SM deficiencies:

 Neutrino masses

* Leptogenesis

« Dark matter candidate

- Appear in numerous BSM models: Left-Right/Leptoquarks/GUTs..

- Add n singlets, vp, to the SM-EFT:

L, R = VR a VR

* Major
(Lv

ana mass
iolating)

(

Dirac mass
L conserving)

- Higher-dimensional operators

- Induced by heavy BSM physics




Sterile neutrinos

Can now go through the same steps as before:

100 GeV

1 GeV

100 MeV

USM EFT’

Chiral Effective Theory

Electroweak symmetry breaking

Non-perturbative QCD

—

Integrate out
g BSM fields

Integrate out
heavy SM fields

lv Lattice QCD input

L

Construct two-nucleon
| OvBp operators

'Nuclear Matrix elements
I' = -




Sterile neutrinos

Can now go through the same steps as before:

A
A | Integrate out
?? TeV ..................................................................................................................................................... % ’! BSM ﬁelds
USM EFT o
Electroweak symmetry breaking Integrate out
100 GeV heavy SM fields
USM EFT’
1 GeV Non-perturbative QCD LLattice QCD input
Chiral Effective Theory v
100 MeV {Construct two-nucleon
B e B s
0vf3s operators
Many Body Methods v L
I AV = N 2 TS l iiNucIear Matrix ele'ments

ﬁ TY7 (07 — 07) |

- When/if v, can be integrated out depends on m,,_

- LECs and NMEs now depend on m,,_




Example:
minimal v scenario



Minimal v scenario

- Add n singlets, vp, to the SM:

1 o ‘
Lop = iWrdvR — SV3Mpvr — LHYpuR + LI




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 _
L,, 258 _ ~NMN

v, (0 %YVT\
N = c My: §
UR _YI/ MIJQ
| V2 )




Minimal v scenario

- Add n singlets, vp, to the SM:

v, (0 éYVT\
N = c My: §
UR _YI/ MIJQ
| V2 )




Minimal v scenario

- Add n singlets, vp, to the SM:

1 _
L,, 258 _ ~NMN

v, (0 éYVT\
N = c My: §
UR _YI/ MIJQ
| V2 )




Minimal v scenario

- Add n singlets, vp, to the SM:

1 _
L,, 258 _ ~NMN

v, (o éYVT\
N = c My: }
UR _YI/ MIJQ
| V2 )

. Usually leading contributions ~ Mg vanish in this case:




Minimal v scenario

- Add n singlets, vp, to the SM:

{
128 0
N = c My — }
S Ly
| V2

El/
My,

v YT\

)

mass

. Usually leading contributions ~ Mg vanish in this case:

Need to keep track of m,

dependence!




v; contributions

"Usual’ contributions:

e Similar to My, Case:

e NMEs and LECs now m; dependent




v; contributions

"Usual’ contributions:

(&
e Similar to My, Case: n / p

e NMEs and LECs now m; dependent VAL—o = Vi ?

N
/
n \\ef n

Zo
\<>ie

4
Y

.7 ’ . — —
New: "Ultrasoft’ neutrinos G. Zhou, J. de Vries, E. Mereghetti, J. Menéndez, P. Soriano, WD ’23

o Neutrinos with momenta g° ~ g ~ k%/mN eme

e See to the nucleus as a whole

e Usually N2LO effect, now leading order Girigliano et al, ‘17 1365 o 136g 4




v; contributions

"Usual’ contributions:

e Similar to mg; case: ‘ ‘ p
pp - -
_ : N e
e NMEs and LECs now m; dependent VAL—o = Vi @ o<
e SN
p

New: ‘Ultrasoft’ neutrinos

e Neutrinos with momenta qo ~qn~ kl%/mN

e See to the nucleus as a whole

—

e Usually N2LO effect, now leading order

Cirigliano et al, ‘17 ‘ 136y 136g 4
.
m;
—, AE Sm; S kg
AP N (FL Iy iy x{
m? m,
" In—, m SAE

* Depends on intermediate state energies, AE = E + E,

e QOverlap integrals

—E,




Phenomenology:
A toy mode|



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; ‘




Summary

. . >
- EFTs allow one to systematically describe AL=2 sources
A
&
oy
E ¢ l l Elec:(l'pweak symmetry
. . N G - reaking
- Standard mechanism (dim-5) R A L —
E' mpp : v —V° d — uev (d — uev) @ 9y dd — uuee Mateh to ChiPT
LGV ) A L :; 1 D ‘b + v v (LECs in Table 1)
. . — "
¢ DImenSIOn-7 & -9 SOurCeS % IV_H/I In—)peul Iﬂ-_;ey I Inn_;ppeel In_)pﬂ-eEI I i IConstructOuﬂﬂ
~ 100 MeV [T e + .................................................................... operators (Eq. 24)
g E 0vps oPerators 0vfBp operators
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Summary

- EFTs allow one to systematically describe AL=2 sources

- Standard mechanism (dim-5)
- Dimension-7 & -9 sources

. Effects from vp

Energy

~ 100 GeV

~ 1GeV

~ 100 MeV

~ 1MeV

—_anddal
BSM-
_ v v
[
L dim — 5 dim — 7 dim — 9
>
n | |
i 7 7 y
b dim —3 dim — 6 dim — 7 dim — 9
E' mpp : v —V° d — uev (d — uev) @ 9y dd — uuee
) i Al
y v y L2 v v
=
% IV—H/”I In—)peul I7r—>eu I Inn—)ppeel In—)pﬂeel I T — ee
] p 1 |
g E OvBp operators L 0vfBp operators
L= [i] (Long- and pion-range) (short-range)
(@]
g v
> > AA,AP,PP,MM AA,AP,PP 5 AP,PP
g '8 _8 | Mr, MGT,T | |MF,sdv MGT,sd ) MT,sd
S oo l
b
0
v T%,(0T — 0%)

EEEEEEEE
breaking

Phase space integrals

« Matching to chiral EFT involves unknown LECs

* Renormalization requires terms beyond usual counting

 Needed Nuclear Matrix Elements determined in literature
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Summary

- EFTs allow one to systematically describe AL=2 sources | s |
A = v v
- . g dim —5 diml =7 diml—g E:gmze -
- Standard mechanism (dim-5) R = A SR E— 2
s mpp V=V d— (d — uev) ® 8, dd — uuee Match to ChiPT
I 1 ~ 1GeV f _— :;I:v """"" Vo AR Vv - MO (LECs in Table 1)
- Dimension-7 & -9 sources A S S TR | R SR —.
- Effects from vp o e
e |ERE | T —
v T0 501 = 0™) (Né:s.te;)for
 Matching to chiral EFT involves unknown LECs ]
- Renormalization requires terms beyond usual counting T L
sr : i . T T iI T ]
. 4
« Needed Nuclear Matrix Elements determined in literature s
Ca
1 < —
| Tas 114'271141=10-2M2
. Ovf3f3 probes . \ TR
3 § 10
- Up to O(100) TeV scales heavy BSM - " S <
. . . . . - O : 10-3 —~—
Light sterile v interactions . [] R N S S = S_—
coy ) ol 0(6) Ok CVL vrCL My [MeV]




Back up slides



Why dim 7, 97



Effective Field Theory

Naive scaling of Dimension 5, 7, 9 operators

A <<w:1‘: So why keep dimension 7 & 97

My, ~ c5v2/A Allows for relative enhancement:

® ¢: < 0O(1), A=0O(1-100)TeV

® Relative enhancement of higher-dimensional terms due to

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

® However, if c¢5 = O(1), A =10 GeV
® dimension-7, -9 irrelevant in this case




Disentangling
operators



Phenomenology

From heavy new physics

‘A=6OO TeV | A=40 TeV |
10
' 76Ge
: 130Te
L 136 e
5_
| as ) [
N % 5 N F
® S Nl O
W N R
_s|
_aol '
04 -0z 00 02 04 O T o o0 o2 o4
mﬁﬁ/ev mpg/eV
29 VT, VL VL




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-— -
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Imgs|=0.05 eV, Creyan=e¢'?/A>
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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




g"V: Relation to
electromagnetism



Relation to electromagnetism

LNV contact term

=
1 > /= d n p
Ve i ' » gIZ/VN \0/</:6
- - SN
q q n p
N

e Hard part of two Weak currents

NN | (@)1, () N

dhq et (@=y)
X ! |

e Leptonic part combines to boson propagator

EM contact term

a 4

Y 2 » 6172

q q

N

e Hard part of two EM currents

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




Relation to electromagnetism

e Only two Al=2 operators can be induced

O =NQ NNQ.N —

O = NQ N NQrN —

Tr Q%

Tr 9, QRN

N7N NTN + (L — R)

7N N7N + (L < R)

with spurions
Qr = u'Qru, Qr = uQgul,

u = exp (im - 7/2Fy)

LNV

LNV :@G%mmOl ee’
QL — 7_+7 QR =0

Chiral symmetry
NN
g, =0Ch



Relation to electromagnetism

e Only two Al=2 operators can be induced

_ _ Tr O2 _ _ . .
O, =NO,NNO;N — rQr NTN NTN + (L — R) with spurions

¥ = Tr QLQR — — QL — UTQLua QR — ’U/QR’U,T,
OQZNQLNNQRN— NTNNTN—I—(LHR) u:exp(iﬁ-T/QFﬁ)
EM LNV

QL:QR:TB/z |

e EM induces an extra term

e Equivalent up to 2 pions Chiral symmetry

g, " =C

e Hard to disentangle




Relation to electromagnetism

e Al=2 in NN scattering

e Charge-independence breaking (pn + app) /2 — Gny

e From photon exchange & the pion mass difference

N
AN

e (1 + (C5 (needed at LO in isospin breaking)

e Allows an estimate of (VN 0.06
o Extract C1 + C2 from CIB S
.« Assume () = S el 2
e Roughly 10% effect for Rs = 0.6 fm _E 0.04r
<
e Uncontrolled error = -
0.03"
0001 0005 0010 0050 0.00 0500

Rg (fm)




g"V: Estimate from
Cottingham approach



Determination of the counterterm

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

Cirigliano, (WD) et al, 20, ‘91 |

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, (WD) et al, 20, ‘91 |

Ao (d4’“ e [ b e Tt )55 (0) o

2m)4 k2 + ie
e %\ k
" " - d*%k 1 " P
= x | dk a(k))=
A . ’ [ w J (2m)* k2 + ie O
: A\
~ . NAQ 100 .
. Gives g]yVN(,u =m_ ) = 1.3(6) in MS |
—_ 10
5 |
- Estimated 30% uncertainty %o.mo model OPE |
- Validated in isospin-breaking observables T 0010, \
- Consistent with large-Nc estimate 0.001 |
‘Richardson et al, 21 Il 005 0.0 | 050 1
R | k| [GeV]

W. Cottingham ’'63; H. Harari, ‘66



g™V: Impact in nuclei



Estimate of impact
Light nuclei

M. Piarulli, R. Wiringa, S. Pastore

e Using g, = (C1+C5)/2
e With:

e Chiral potential M. Piarulli et. al. "16

* AV18potential g wiringa, Stoks, Schiavilla, ‘95

e ~10% effect in eHe - ¢Be
e ~60% effect in 12Be - 12C
e Due to presence of a node

e Feature in realistic OvBp candidates

C(fm™1)

12

3.5 - ' 7
- Al=0: 6He - 6Be H _
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o.0f <.
[ ] .H L
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1.of © &
0.50 .« e
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1.5/
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—1.00 — A 6 8 10

12



B Wirth, Yao, Hegert ’21}%

T : 5 1 6He »°Be
stimate of Impact ‘s s |
0 ‘ EMN(2.0) ;
° O ‘ LNL(2.0)
Heavy nuclei S moweo
8He —>88e O AN2LOgo ()
0‘ EM(1.8/2.0)
| Q‘ EMN(2.0)
i O¢ LNL(2.0)
ANZ?LOgo(2.0)
. ey . g: AN?LOgo()
- Ab initio NMEs for A > 48 are starting to appear e TNCSM
) | 48Ca -»*Ti  IM-GeMm
Belley et al ’23,'20; Yao et al '20; Wirth, Yao, Hergert ‘21 | o 4 EM(L.8/2.0)(€wx = 6)
E— O ¢ EM(1.8/2.0)(emax = 8)
| O ‘ EM(1.8/2.0)(emax = 10)
NN O¢ EM(1.8/2.0)(extra.)
- Can estimate effect of g,”" : I S T B S R
M Vv

|
\

. ~40% effect in **Ca, assuming Cottingham estimate giVN Belley, Miyagi, Stroberg, Holt 23

* ~60-90% Iin Te, Xe

130Te 136Xe

—@— Ab initio (this work)
7r T —&— QRPA
| —¢— NSM
o [ —>— IBM
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| —0— GCF
8- EFT
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Ab inito Nuclear Models Ab inito Nuclear Models
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Sterile neutrinos



Momentum scales

Active + sterile s

A
N |
e | “hardv's’:
o R
n p
€ p
+ g ‘ ‘soft v’'s”: |
E q() ~ é) ~ m]l' V .
mﬂ N kF ~ 100 Mey | e n\e > AL=2
n /ep
1 ‘potential 's’:
n \\ep )
QNEn_ElN]-OMev .................... |
m ‘ultrasoft v's":
do ~ g ~ En _ Ei
136 e 136,

Ay — (136Ba| VAL=2 |136Xe> + A;lsoft




EFT approach
One momentum scale at a time

A

A, ~1GeV

m_ ~ ky ~ 100 MeV

Q ~E,— E; ~ 10 MeV
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A% ~ 1 GeV

e U; can be integrated-out at quark level

o Determines m; dependence: A (m;) ~ Uezi/l’rl,-2




A —_—
ml ...................... o
d
<
/
f
A){ ~ 1 GeV )

T

-/

YN

e U; can be integrated-out at quark level

o Determines m, dependence: A (m;) ~ U%/m?

e Match to chiral EFT without 7;

e |nvolves several LECs




A e
A
v, ®
D S
m, | A e
d U
\o/</:z
RN
d U
A;( ~ 1 GeV } , . ) p
: A\
g{VN \./</:6 n | e giw[ T >./v/6
n/ \> e ——»—cl//'//—>— ) =,
n ng b w9/

e ; can be integrated-out at quark level

o Determines m; dependence: A (m;) ~ Uezi/l’rl,-2

e Match to chiral EFT without 7;

e |nvolves several LECs

. Only@ known

N|cholson et aI 18; Detmold et al ’22




EFT approach
One momentum scale at a time

A

A, ~1GeV

m_ ~ ky ~ 100 MeV

Q ~E,— E; ~ 10 MeV



EFT approach
One momentum scale at a time

A

A ~1GeV

m][ ~J kF AU 100 Mev ......................

Q~E, —E; ~10MeV
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e Have to keep 7; in the chiral theory

e Again have "potential’ + "hard’ contributions

e m; dependence in NMEs and giVN
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Soft contributions O —12 e
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e Have to keep 7; in the chiral theory

e Again have "potential’ + "hard’ contributions

e m; dependence in NMEs and giVN

e ‘soft’ contributions can be significant
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Soft contributions O —12 e
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€

e Have to keep 7; in the chiral theory

“hard’ contributions

e m; dependence in NMEs and giVN

e ‘soft’ contributions can be significant

Present in usual approach

(P
(p?) + m}

A, (m) = A,(0)

2.5¢ e el Often-used
§ *. Interpolation
2.0F
£ 15F
= §
1.0F
0.5
3) 10 50 100 500 1000

m; (MeV)




Required NMEs/LECs



Overview

Required input m<AE  AE<m <k, kp<<m <A,
gIJ/V N(mi)
Low-energy constants n p
; \'/</:Z
R
hort—di
MS ort—distance

M,(m;) = (fIV]i)

(flz¥e|n)
AE ~E, —E,

Nuclear matrix elements

e Known from LQCD
e Use NDA for g™, g""

« Interpolate g\ between m; = 0 and m; > A, regions

e Shell model calculations for the NMEs




Phenomenology
with sterile neutrinos



Phenomenology

From heavy new physics + light vp

Example with v,

- Toy Model

U,Gr e

- SM + 1 |ight Up F()yﬁﬁ ~ ZZ? m,
=U€:C?F< e

- Add dimension-six interaction
N A

- SM + 1 light vp + VR//‘\\u A =10TeV

> I/'/=

FOvﬂﬁ ~ Vz? m,,
P> .\\: -

T35 ("*Xe) [yr]

1030 B

1027 B

1024 B

1021 B

1018

O(100%) uncertainties not shown W

pure 3+1 scenario

expt. limit

N A

1076

3+1 scenario + o
AN
0.01 1 100 10*

m,, [GeV]

10~

- Higher dimensional v terms can have a large impact!




