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* |ntroduction: EFT for LNV and OVBf

e OVPBP from light Majorana v exchange in chiral EFT
e Summary of 2017-18 results
e 2019 updates
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Chiral EFT:

Map AL=2 interactions onto

TT, N operators, organized
according to power-counting in

Q/Ax (Q ~ kr ~ mm)



A
E [ Lpsy J
1 Integrate out
> % v) heavy particles
C/(5) c )
S 1)) i (D) i )
Quarks Lo = A O™ + Z A3 O;" + Z G O;
A Hadronic matrix
X
(~GeV) l elements
Nucleons, -\ A
pions [CN.N = E Ci(C3) OJ
i
| l Nuclear matrix
elements

Nuclei N
| [ Tin[ G [C]] J

Chain of EFTs +
lattice QCD & many-body methods

» Tin[ C [C1] ~ (mw/N)A (A/mw)B (ke/Ay)©

6



OvBPB from light Majorana
neutrino
(dim-5 operator)



* Assume that Lepton Number Violation
originates at very high scale (e.g. GUT
see-saw with heavy VR)

 Dominant low-energy footprint is
the Weinberg operator
(= Majorana mass for neutrinos
written in SU(2)w-invariant way)

e OVBP mediated by light vm exchange

* Light Vr states can be included
(> 3 light Majorana eigenstates)

Kgg, _ %ﬁ (TCep ¢Tels /




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

e QCD + Fermi theory + Majorana mass + local operator
)4 J P

1
Leog = ‘CQCD — { QﬁGFVud ’L_LL’y”'dL ELYuVel *+ §M5ﬂ VGE,CVeL — Cp O + hc}

Op = ee§, apydy ay*dy  Cp = (8V4G3mpes)/ My, x (1+ O(ay/))

A

e Effect of local operator
highly suppressed at nuclear

level ~ O( (ki/Mw)? ) u>w v |
d
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e QCD + Fermi theory + Majorana mass + local operator
)4 J P

1
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Op = ee§, apydy ay*dy  Cp = (8V4G3mpes)/ My, x (1+ O(ay/))

e Effect of local operator
highly suppressed at nuclear

level ~ O( (ki/Mw)?)
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e Determined by neutrino-less non-local effective action

_ 8GZV2m
Saf=? = T F ud PP / d*zdty S(z — y) x e (x)y*~7eS, (y) x T (ﬁmdL(w) ﬂmudL(y))

2!
N\
/ IP1 — p2|/kr «k‘
Scalar massless propagator gt ep(x)es(x) + ...
mgpg
e e
n P
n P
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e Determined by neutrino-less non-local effective action

8G2V2.m Ak g It (k, z)
AL=2 _ FYud''"Bp 4 _ c pr \vs
(excahy |53 he) = =3 [ it (exeqfer(0)ef (0)0) [ oy Tt

f[;rj(k,a,-) — /d47, piker (hf|T(ﬂL7“dL(a; +1/2) aryudr(x — r/2)) \h;) .

Momentum space representation

VM / mPe
LNV hadronic amplitudes e i
such as nn — ppee
receive contributions from
all neutrino virtual n

momenta (k)
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e Determined by neutrino-less non-local effective action

8G2V2.m Ak g It (k, z)
AL=2 _ FYud""BB 4 - c v \v
(excahy |53 he) = =2 [ it (exeqler (o) (0)0) [ oy e

f[;rj(k,a;) — /d47, piker (hf|T(ﬂLfy“dL(a; +1/2) aryudr(x — r/2)) \h;) .

Momentum space representation

BB

m
_ w7 _

LNV hadronic amplitudes € €

such as nn — ppee Chiral EFT captures
receive contributions from contributions from all

all neutrino virtual n P relevant momentum regions

momenta (k)
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n P
n P
Short-range AL=2 operators at
“Hard neutrinos” the hadronic level,
E, k| > Ay~ mn~ GeV still proportional to mgg
T o
4, Gry s e
e Tr e
g gV )
—h—-ée
d G U

Short- and pion-range contributions to
“Neutrino potential” mediating nn—pp
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n P
n P
“Soft” & “Potential” neutrinos: ~ ™
(E, |k]) ~ Q ~ kr ~ mp D \2
e
(EIK]) ~ (Q/mn, Q) . Vie
e
| e
\Y} 11{: E
3~ € Calculable long- and pion-range
—— — . . 6 . : I
n Ge P n P contributions to “Neutrino potential

mediating nn— pp



“UltraSoft” neutrinos:
(E, [k]) << ke

VM

n

n-th state of
intermediate nucleus

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



Kinetic terms and strong NN potential

/

HNucl = H() -+ \/ﬁGFVud N (gv5“0 — gA(S”'iO'i) 7‘+N éL'YpVL -1 QG%Vfd'I’nﬂﬂ éLeE VI:Q




Kinetic terms and strong NN potential

/

Hyxwa = Ho + @GFVM N (gy0"0 — g46"0®) 7F N epvyvn W 2G2V2mss erel Vi

“Ultra-soft” (e, V) with |p|, E << kr
cannot be integrated out



Kinetic terms and strong NN potential

/

Hynue = Ho + @GFVM N (gV5“0 —_ gA(Sm:O'i) TN ELYuVL QG%Vfd'nl}g.g éLef-J Vi

“Ultra-soft” (e, V) with |p|, E << kr “Isotensor” OVBP potential mediates nn— pp.
cannot be integrated out It can be identified to a given order in Q/Ay by

computing 2-nucleon amplitudes



Figure adapted from Primakoff-Rosen 1969

Vi=2

>- >
ground state of ground state of
initial nucleus final nucleus

Hard, soft, and potential v

Vo ~ 1/Q2, 1/(A)Y ...

LO N2LO




Figure adapted from Primakoff-Rosen 1969

Vi=2

>- >
ground state of ground state of
initial nucleus final nucleus

>

n th state of
intermediate nucleus

> >

ground state of
all initial nucleus

—>—

ground state of
final nucleus

Hard, soft, and potential v

Vi = 3 (Vg + vis” + ...

a#b

Ultrasoft v

Loop calculable in terms of E,, -E; and
<f [Ju|n><n[J"|i>, that also control 2V[3f.

Vo ~ 1/Q2, 1/(A)Y ...

LO N2LO

Contributes to the amplitude at N2LO




SM weak charged current

Bt avrs

* Tree-level vm exchange

1 2m2 + o2 Hadroni
@b — (@+,04 2 |)1_ 02 0@ .o0) _ @ .qqa®. m adronic
S q’ tmaa|oe 7ooae (g2 + m2)? input: ga




* Tree-level vm exchange

2 2
y@b _ T(a)+T(b){ s {1 _ g [0'(“) o) _ @ . g . q 2Pzt
| q

(@® +m3)?

Hadronic
input: ga

e Short-range coupling gy ~1/Q? ~ | /k¢?
(only in 'So channel) required by
renormalization of nn— ppee amplitude

a,b
Vu(cz2 = —20,

-

(a)+ (b)+

gy~ IIN? ~1/(41TF+)? in NDA /
Weinberg counting



Weinberg 1991, Kaplan-Savage-Wise 1996

E— )
e Study nn—ppee amplitude (in 'So channel) c/
with LO strong potential "o

= y
C ~ 411/(mMNQ) ~ I/F? from fit to ann

e Renormalization requires contact LNV operator at LO!

V. C.,, W. Dekens, }. de
Vries, M. Graesser, E.
Mereghetti, S. Pastore, U.
van Kolck
1802.10097,
Phys.Rev.Lett. 120 (2018)
no.20, 202001

* The coupling flows to gy ~ 1/Q? >> |/(41TFx)?, same order as |/q?

from tree-level neutrino exchange
|18



e Same conclusion obtained by solving the Schroedinger equation

e Use smeared delta function to regulate

2
short range strong potential: 63 (r) — w3/12R§e 5
C —C (Rs)
e Compute amplitude A, = /d3r U (r) Vio(r) it (r)
4

|/

Scattering states “fully correlated” according to the
leading order strong potential in the 'So channel



e Same conclusion obtained by solving the Schroedinger equation

e Use smeared delta function to regulate

2
short range strong potential: 63 (r) — w3/12R§e 5
C —C (Rs)
e Compute amplitude A, = / d’r o, (r) Vi, o(r) o (r)

A, (MeV32)

* Logarithmic dependence
of Ayon Rs =

0.070

0.065

need LO counterterm 00%
to obtain physical, oS8
regulator-independent nos
result e

0.040}

0.005 0.010 0.050 0.100 0.500




¢ In 3Py, renormalization of pion potential requires a LO contact term

_ 7
Psp, = ——80‘20 . ?TQF

7

— 1- —
Nogga et al, nucl-th/0506005 CSPO (NTPSPO N) . (NTP3p0 N)|
Cap, = O(4m/(mnQ?)

Once strong NN force is renormalized, no cutoff dependence in
neutrino-mediated nn—pp

10! : .
p=50 MeV
---------- =100 MeV
10—2 P
571072
% ................................................................
=)
S (e SO
10°°
’ o
o . L - . : : 10
2 4 6 8 10 12 14 16 18 200 40 80 120 160
Ip| (MeV) 1907.11254



V.C, W. Dekens, . de Vries, M. Graesser, E. Mereghetti, S. Pastore, M. Piarulli, U. van Kolck, R. Wiringa, 1907.11254

* Introduce Vstrong 1~ C2 ND?N NN with C; ~ 411/(MQ?A)

Improved description of phase shifts

0 50 100 150 200
p| (MeV)

21

Long-Yang 1202.4053

Nijmegen PWA
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* Introduce Vstrong 1~ C2 ND?N NN with C; ~ 411/(MQ?A)

Long-Yang 1202.4053

* Do we need new LNV short range
coupling ter at NLO?

(Vv.1~ g2v ND2N NN)

e RGE imply that gov has an “NLO” term ~1/(AQ?) determined by LO
couplings and effective range parameter + unknown N2LO piece

21
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* Introduce Vstrong 1~ C2 ND?N NN with C; ~ 411/(MQ?A)

Long-Yang 1202.4053

* Do we need new LNV short range
coupling ter at NLO?

(Vv.1~ g2v ND2N NN)

e RGE imply that gov has an “NLO” term ~1/(AQ?) determined by LO
couplings and effective range parameter + unknown N2LO piece

No new parameter needed at NLO
21



e Known factorizable corrections
to |-body currents (radii, ...)

-
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to |-body currents (radii, ...)

e Known factorizable corrections ﬁ
N/

* New non-factorizable contributions
to Vv2 ~Vvo (ke/4T1TF+)? [TT-N loops
and new contact terms]

V. C,, W. Dekens, E. Mereghetti, A. Walker-Loud, 1710.01729
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to |-body currents (radii, ...)

e Known factorizable corrections i:
N/

* New non-factorizable contributions
to Vv2 ~Vvo (ke/4T1TF+)? [TT-N loops
and new contact terms]

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

e 2-body x 1-body current TN
(and another contact...) M)+ + VI/"'/L +

niA nNnNA nNA

2 Woang-Engel-Yao 1805.10276



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

S. Pastore, J. Carlson, V.C., W. Dekens, E. Mereghetti, R. Wiringa 1710.05026

e New non-factorizable contributions "
to Vv2 ~Vvo (ke/4T1TF+)? [TT-N loops \ \ /

and new contact terms]

* 2-body x 1-body current
(and another contact...)

V.C., J. Engel, E. Mereghetti, in preparation
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V. C,, W. Dekens, E. Mereghetti, A. Walker-Loud, 1710.01729

n4 P4 P4

Vs 14
--- VWY + + +

ny n4g nNA

2 Woang-Engel-Yao 1805.10276



N2LO N2LO LO
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|. Compute TT"=TT%, nn—=pp, ... in lattice QCD and match to EFT

S(ﬁfl’=2 = i4G%Vfdm5/3 / d*z ér(x)es(x) /d4y S(x—y) g T(ﬂLfy,,dL(a:) ﬂLfy,,dL(y))

Remnant of vV propagator /




|. Compute TT"=TT%, nn—=pp, ... in lattice QCD and match to EFT

SQLzQ - i4G%Vfdmg[3/d4x ér(x)er () /d4y S(rx—y) g””T(ﬂLfyﬂdL(:c) ﬂL7ydL(y))

o
/ /
Remnant of vV propagator

| (J+ xJ+) vs (Jem x JeMm) 1=2
~ Y propagator in Feynman gauge

2. Chiral symmetry relates (g,)"® to one of two 1=2 EM LECs (hard Y’s vs V’s)




|. Compute TT"=TT%, nn—=pp, ... in lattice QCD and match to EFT

ST = AGLV, dmﬁﬂ/d‘lxeL(x Jeg (x )/d4yS(a:—y) g””T(ﬂL’yﬂdL(x) 'L_LL”YudL(y))

o
/ /
Remnant of vV propagator

| (J+ xJ+) vs (Jem x JeMm) 1=2
~ Y propagator in Feynman gauge

2. Chiral symmetry relates (g,)"® to one of two 1=2 EM LECs (hard Y’s vs V’s)

e v e Y
n T\i\é P N
n P N
8v gy = C| & Jo  C2 (Jr)




e Estimates of I=2 pion coupling in large-Nc inspired resonance approach

=

Ananthanarayan &
Moussallam

hep-ph/0405206

917/m (,u — mp)

—7.6|

* Good agreement with
matching |-loop ChPT

TT'TTT —e e to LQCD
calculation™

* Xu Feng et al.,, 1809.10511

For related work see
Detmold-Murphy 1811.0554

0.0

-0.1

l\/I\LI) —02:

-0.3

-0.4
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~30% uncertainty

G (1 =m,) = 76

100 200

400

300
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(See also Walzl-MeiBner-Epelbaum

 Two |=2 operators involving four nucleons nucl-th/0010109)

EM case 0} (NQLNNQLN - [6QL] NTN -NTN + L — R) QL = u' Qru

OL=%.k=% 4 . Qg = uQgu'
2, (NQLNNQRN - r[QéQR]N N-NTN+L — R) W—14+ ";‘F T

4 s
AL=2 case
0=t 0r=0 8G%V.2mpgseres v (NQLNNQLN - [QL] NTN -NTN + L — R)
4

 Chiral symmetry = g, = C,

* NN observables cannot disentangle C| from C; (need pions),

but provide data-based estimate of C;+C;
26



anp = —23.7+0.02 fm ann = —18.90 = 0.40 fm ac = —7.804 £ 0.005 fm .

e C,+ C; controls CIB combination of
'So scattering lengths a,, + ac - 2 anp

(. .

V4 /
X X

1907.11254
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anp = —23.71£0.02 fm, ann = —18.90 £ 0.40 fm ac = —7.804 £ 0.005 fm.

e C,+ C; controls CIB combination of
'So scattering lengths a., + ac - 2 anp

e Fit to data, including LO strong,
Coulomb potential, pion EM mass

splitting, and contact terms confirms | 507 11954
the scaling C| + C, >> 1/(411F)? 0- % 160 150
bl (MeV)
2 C——
Ci+C C A
1+ &2 = (mN ) (2.5 —1.8 ln(m,,/p,)) )
2 iy A(p = m;) = O(100 MeV)

MS-bar scheme analysis [1907.11254]
28



anp = —23.71£0.02 fm, ann = —18.90 £ 0.40 fm

e C;+ C; controls CIB combination of

'So scattering lengths a., + ac - 2 anp

e Fit to data, including LO strong,
Coulomb potential, pion EM mass

splitting, and contact terms confirms

the scaling C| + C, >> 1/(411F)?

ac = —7.804 £ 0.005 fm.

1907.11254

50

Ip| (MeV)

The EFT analysis survives comparison with data

The analog of €?(C+C,) is included in all high-quality potentials

(AV 18, CD-Bonn, chiral, ...)

28

150

MeV)



1907.11254

e2 C1+Co

Ve, s = — 712 51(12 (r)

6 2

T12) — 37'351)7'?52) — 71 72)

Model |Ref.|Rg (fm)|(C; + C2)/2 (fm?) Model Ref.|A (MeV)|(C; + C2)/2 (fm?)
NV-Ia* | [37]| 0.8 —1.03 Entem-Machleidt| [33] | 500 —0.47
NV-IIa*|[37]| 0.8 —1.44 Entem-Machleidt| [33] | 600 —0.14

NV-Ic [[37]| 0.6 —1.44 Reinert et al. |[38]| 450 —0.67
NV-IIc |[37]| 0.6 —0.91 Reinert et al. |[38]| 550 —1.01

NNLO,,; 36] | 450 —0.39

e The above fits include higher order chiral terms
e Our LO fit gives (Ci+C2)/2 =0.71 fm? @ Rs = 0.8 fm

e All confirm strong violation of Weinberg counting
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C(fm™!)

1.5}

1.0t

0.5}

0.0

—0.5}

12Be »12C | Al=2

YEFT |1

¢oL
L

A= [dr C(r)-

30

4 )
Assume gy~(C+Cy)/2 with (C+Cy)/2
taken from fit to NN data

Evaluate impact in light nuclei using
Variational Monte Carlo, with wavefunctions
corresponding to the Norfolk chiral

potential NV-la* [1606.06335]

gy contribution sizable in Al=2

transition (due to node):

. forA=12, As/AL=0.75 p




C(fm™!)

V.C , W. Dekens, ). de Vries, M. Graesser, E. Mereghetti, S. Pastore, M. Piarulli, U. van Kolck, R. Wiringa, 1907.11254

lZBe _>12C A|=2
L5 . YEFT |
® oL
}{} ® 6 S
P |
bt A= [drC(r)
0.5 : ... {{
“« ¢
0,0n!' f..MW
[ i .
o
—0.5] 8V #}iﬁg
0 2 4 6 8
r (fm)

-
Assume gy~(C+Cy)/2 with (C+Cy)/2
taken from fit to NN data

~

Evaluate impact in light nuclei using
Variational Monte Carlo, with wavefunctions
corresponding to the Norfolk chiral

potential NV-la* [1606.06335]

gy contribution sizable in Al=2

transition (due to node):
forA=12, As/AL=0.75

=

Transitions of experimental interest ("°Ge— 7Se, ... ) have Al=2
(and node) = expect significant effect!

30



* Write full amplitude as convolution of a
known kernel with forward amplitude

W*(g)nn = W-(q)pp

* Evaluate W7(gq)nn — W+ (q)pp in various
momentum regions (q) using different
techniques:




* Write full amplitude as convolution of a
known kernel with forward amplitude

W*(g)nn = W-(q)pp

* Evaluate W7(gq)nn — W+ (q)pp in various
momentum regions (q) using different
techniques:

* Pionless EFT at g—0




* Write full amplitude as convolution of a
known kernel with forward amplitude

W*(g)nn = W-(q)pp

* Evaluate W7(gq)nn — W+ (q)pp in various
momentum regions (q) using different
techniques:

* Pionless EFT at g—0

e pQCD + local matrix
element at qe2>> GeV?




* Write full amplitude as convolution of a
known kernel with forward amplitude

W*(g)nn = W-(q)pp

* Evaluate W7(gq)nn — W+ (q)pp in various
momentum regions (q) using different
techniques:

* Pionless EFT at g—0

e pQCD + local matrix
element at qe2>> GeV?

e Use electromagnetic I=2 contact term as a sanity check



e Chiral EFT analysis of light vm exchange contribution to OV

Contact nn — pp operator appears at leading order in the 'So
channel. Related to I=2 NN electromagnetic contact term.

First rough estimate of the coupling implies O( 1) correction to
matrix element in light nuclei

No new contact needed at NLO
At N2LO

* new non-factorizable potential (O(10%) correction in
light nuclei, same as form factor effects)

* corrections to closure approximation due to“ultrasoft”
V’s (not discussed today)

e 2body x |body currents

32
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* Analysis in both in pion-less and chiral EFT

Chiral EFT with 3 regularizations / renormalization schemes
* Dim reg (with scale M) + minimal subtraction

* Momentum-space cutoff A (in Lippmann-Schwinger egs.)

 Coordinate space gaussian regulator (Rs)

Study of higher partial waves & NLO derivative operator

Connection to electromagnetic |I=2 operators worked out in detail

Matrix elements in light nuclei using “Norfolk™ chiral potentials

34



Figure adapted from Primakoff-Rosen 1969

e

> >

al n ground state of
initial nucleus

>

n th state of
intermediate nucleus

>

ground state of
final nucleus

Tusoft (Nus) =

o ST Wln) 1) { (Bx+ 1) 10g (i)

2(Ey +\En/— E;

)+1)+1<—>2}

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

* Ultrasoft V’s couple to nuclear states: sensitivity to E, -Ei and
<f [Ju/n><n]|JH|i> that also determine 2vB[3 amplitude

® Tusof/ To ~(En - Ei)/(4TTke) = N2LO contribution

® Uus dependence cancels with V2 : consistency check

35




—Tiept ) (fI [T, [J¥, Hol] |i) = Thept. ) (fI A, [A, Hol] |7)

d10g jius
— _9 T‘lept > Z(flT(a)+T(b)+ V(a b) IZ)
a,b
d(Vu 2)fz a)+-(b)+ (a b)
f1-‘11'-31:)1; dlog/_l,us — +2:Flept X ; <f|T( ) T( ) v IZ)

4 (a) (b) 2 1(a) (b)
~(ab) gy, o'%Y.-qo"-.-q + q°1%xl1 g4 (a) (b)
VAA =9 (47er)2 2 % (47r)2 A48CT 1\ x 1
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