Lattice QCD Workshop, Santa Fe, August 26-30 2019

Vincenzo Cirigliano
Los Alamos National Laboratory

A

"« Los Alamos
NATIONAL LABORATORY
EST.1943




e |ntroduction:

* Neutrino mass and Lepton Number Violation
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e OVPBP from (multi)TeV-scale dynamics (LNV @ dim 7,9)
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* Neutrino mass requires introducing new degrees of freedom

Dirac mass:
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* Neutrino mass requires introducing new degrees of freedom

Dirac mass: Majorana mass:

mD%‘bR + h.c. | mys ’(/):11-: Cvyp + h.c.
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* Violates L¢ T, conserves L * Violates Leyr and L (AL=2)



* Neutrino mass requires introducing new degrees of freedom

LVSM — ESM énass

>

e Key question:

\

e Are neutrino Majorana particles! Or equivalently:

e |s Lepton Number a good symmetry of the new dynamics!?

* Most promising probe of LNV is neutrino-less double beta decay (OVR[)
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® Observable in certain even-even nuclei (*¥Ca, °Ge,'3¢Xe, ...), for
which single beta decay is energetically forbidden
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® Observable in certain even-even nuclei (*¥Ca, °Ge,'3¢Xe, ...), for
which single beta decay is energetically forbidden

® B-L conserved in SM — OVB observation would signal new physics

Shechter-
Valle 1982

® Demonstrate that neutrinos are
Majorana fermions

® Establish a key ingredient to generate

. . Fukujgita-Yanagida
the baryon asymmetry via leptogenesis 1987



* Next generation “ton scale” searches (T2 >10%7-2 yr) will
probe LNV from a variety of mechanisms
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* Next generation “ton scale” searches (T2 >10%7-2 yr) will
probe LNV from a variety of mechanisms

M LNV dynamics at M >>TeV:
A leaves as only low-energy footprint light
Majorana neutrinos

High scale see-sa
(“Standard
Mechanism”)
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* Next generation “ton scale” searches (T2 >10%7-2 yr) will
probe LNV from a variety of mechanisms

7 Yz NG LNV dynamics at M >>TeV:
Se Te o .
l (idr leaves as only low-energy footprint light
Te Majorana neutrinos
GeMo
}
l d; L—T— - "y
Xlﬂ W ly=a e
Xm,
W T e
dp - V_A?err = uy
i — 2
_ ST _ A mpgg = Uei m;
i
107°F = . .
SRR Y R S DRI Clear interpretation framework and
10* 1070 10 10" 50 100 150 sensitivity goals (“inverted hierarchy”).
My piese (€V) A Requires difficult nuclear matrix elements:

KamLAND-Zen coll., ‘16 O(100%) uncertainty (spread)



e Next generation “ton scale” searches (T2 >1027-28 yr) will
probe LNV from a variety of mechanisms

M 4

LNV dynamics could be at any scale > eV.

M High scale see-sa
GUT (“Standard

Mechanism”)

For M ~ [-100 TeV one expects
(i) New contributions to OVB[ not directly
related to light neutrino mass;

TeV L‘;fg\?'gbtsiM (i) Collider signatures, such as pp — eejj
dk . V*AA - Uy
eV Light sterile V’s ';Z’;LZ—VM > &

Xmy

Left-Right
SM

I ::/F:V-%A
g d. > V+A > g

Decay rate depends on a
different set of (equally uncertain) hadronic and nuclear matrix elements

9



e Impact of OVBP searches most efficiently analyzed in EFT framework,
connecting LNV scale to nuclear scales

|. Classify sources of Lepton
Number Violation and relate

OVBP to other LNV processes
(such as pp — eejj at the LHC)

2. Organize contributions to
hadronic and nuclear matrix | 5
elements in systematic expansion 10107 107 107 50 100 150

mlightest (CV) A

= controllable uncertainties KamLAND-Zen coll., ‘16




BSM dynamics

Example:
Y Left-Right Symmetric Model

dim5 dim7 dim9
Vew y MW
* AL=2 operators appear only at odd dimension A. Kobach 1604.05726
Ax . N .
(~GeV) * Insertions of small dimensionless (Yukawa) coupling can make

dim=5,,7,9 operators equally important for A~ TeV

e Vg with mass < A can be included in the framework




BSM dynamics

Example:
Left-Right Symmetric Model

v d ¢ SM-EFT’
———— " 5
v d u




Nuclear
potential

BSM dynamics

Example:

Left-Right Symmetric Model

SM-EFT’

Hadronic
matrix
elements

e Xe Chiral EFT (N,m,...)

Map AL=2 interactions onto
TT, N operators, organized
according to power-counting in

Q/Ax (Q ~ kr ~ mn)



BSM dynamics

Example:
Left-Right Symmetric Model

SM-EFT’

Hadronic
e —— e —— e —— e | matrix
( GX V) . P elements
~oe . . o, p_
VI:G_ VDG RS >< Chiral EFT (N,TT,...)
T " P — p ° ; Nuclear
l matrix
K, My elements
Nuclear Halflife (T11)

potential




X
(~GeV)

KF, My

BSM dynamics

Example:
Y Left-Right Symmetric Model

SM-EFT’

Hadronic
matrix
. ) N elements
y I::: < >< Chiral EFT (N,r,.
O ; | Nuclear
: X
Chain of EFTs + Lo

Tin~ (mw/NA (Ay/mw)B (ke/Ay)©

lattice QCD &
many-body methods




OVBPB from light Majorana
neutrino
(dim-5 operator)

|/Coupling

13



e Standard Model + Weinberg dim-5 operator

U
Log = Ly + { . eiiemnLT*CLP H,H, + h.c.}
ALNv
H\ /H X X
'/ > '
L L \Y; \Y;

* Model-independent seesaw leading to Majorana mass for neutrinos

Mag = —Uas(V?/ALNV)

v = (V2Gp)1/? ~ 246 GeV

| 4



e QCD + Fermi theory + Majorana mass + local operator

1
Leog = ‘CQCD — { 2\/§GFVud ’L_LL’yy'dL ELYuVel *+ §m55 VZ,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)?)

e e
W‘V ‘W




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

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\
/ |p1 — p2|/kr «k‘
Scalar massless propagator gt ep(x)es(x) + ...
mgpg
e e
n P




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

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

BB

m
_ w7 _

LNV hadronic amplitudes € €
such as nn — ppee
receive contributions from
all neutrino virtual n P
momenta (k)
n P




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

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)
n P




VM

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



VM

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



VM

“UltraSoft” neutrinos:
(E, [k]) << ke

| N
n-th state of
intermediate nucleus

Double insertions of the
weak current at the

hadronic / nuclear level
20



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

21



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

21



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

21



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

22




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

22




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

23



* 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

23

a,b
Vu(cz2 = —20,

-

(a)+ (b)+

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



Weinberg 1991, Kaplan-Savage-Wise 1996

— X\

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

e Study nn—ppee amplitude (in 'So channel)
with LO strong potential

-mme

24



Weinberg 1991, Kaplan-Savage-Wise 1996
(e )
c/

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

e Study nn—ppee amplitude (in 'So channel)
with LO strong potential

-mme

Kaplan-Savage-Wise nucl-th/9605002 0 50 100 150 200

24



Weinberg 1991, Kaplan-Savage-Wise 1996
r

S )
1

= y

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

N - . D ' '
Bl () e
n L4 p : L

e Study nn—ppee amplitude (in 'So channel)
with LO strong potential

25



Weinberg 1991, Kaplan-Savage-Wise 1996

e Study nn—ppee amplitude (in 'So channel)

— R
o &/
with LO strong potential H

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

bl J UV finite

+ - UV finite

25



Weinberg 1991, Kaplan-Savage-Wise 1996

e Study nn—ppee amplitude (in 'So channel)

(e )
o &/
with LO strong potential H

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

J UV finite

UV finite

2-loop diagram is
UV divergent!

25



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
26



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

27



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)

e Logarithmic dependence o

0.070

on Rs =

0.065
need LO counterterm 0060
gy ~1/Q?%log Rs to obtain 0055

0.050

physical, regulator-
independent result

0.045

0.040f

0.005 0.010 0.050 0.100 0.500

27



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)

28

Long-Yang 1202.4053

Nijmegen PWA



V.C , W. Dekens, J. 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)

Long-Yang 1202.4053

* Do we need new short range
parameter 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
28



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

-

29



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

29



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

29 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

n P n ) n
: i
: @ ! o
@ ‘
1
. e i o
n P n P n

' '
' '
[ '
- '
.~ '
. -
' s
' .
T, Vv ;
\ ’
N i
~o v
' ’
' '
§ [} /

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

n4 P4 P4

Vs 14
--- VWY + + +

ny n4g nNA

29 Woang-Engel-Yao 1805.10276



N2LO N2LO LO

30



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

SAL=2 — 4GV dmﬂﬁ/d4:c ér(x)es(x /d4yS(:c—y) g'r (UL’Yde(x) uL’)'udL(y))

Remnant of vV propagator /

31




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

ST = AGLV, dmﬁ[g/d‘lxeL(x Jer(x )/d4yS(a:—y) g”VT(’L_LL”mdL(ZD) ’aL”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)

.CIL T qu
qr T QR

qa T qL

L

qu T+ QL

qu TZ qv

Y C C>

qTC|L

31



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

ST = AGLV, dmﬁ[g/d‘lxeL(x Jer(x )/d4yS(a:—y) g”VT(’L_LL”mdL(ZD) ’aL”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)

.CIL T qu
qr T QR

ql— T CIL q|_ TZ |_

gV gv= CI CI 2

CIL T+ ql— q T CIL

31




e |=2 operators involving pions

EM case

. L= PRk [mgzmm Te(Qf" ) — 5 Tr (QF"QF™) Tr (w¥u,) + (L — R)
OL=%5,0r= %

5 viwiy
AL=2 case TKM:? = (2\/§GFVud) mgg eLCGL 3(1671’)2F2 QL — uTQLu
g _ L }
O=7",0r=0 [Tr(Qwu“)Tr(QLu#) - §Tr(Q"LV W) Tr(u”'u,,)] L He SR - uQru
he14 T

2F

e Estimates of ks in large-Nc inspired resonance approach =

Ananthanarayan &

T Cano .
Moussallam L= — —76| 30% uncertainty
hep-ph/0405206 Yv ( P)

32



e |=2 operators involving pions

EM case 1
O =T, =2 "7 —eFrng [WQ%“‘U") Tr(QF"uu) — 5 Tr (QE"QE™) Tr (wwy) + (L — R)

YIS 2 — — 5g;’/r7r
AL=2 case AL|=2 = (2\/5 GFVud) mpg e, Cef WF’? Qr = uTQLu
— 1t Op = 1 — T
Qr=7" 0 =0 « [TH(QF ) To(QF ) ~ 3 T (QF Q) Tr ()| +He. R = MR
e

e Estimates of ks in large-Nc inspired resonance approach =

Ananthanarayan &

T Ao .
Moussallam L= — —76| 30% uncertainty
hep-ph/0405206 Yv ( P)

e Good agreement with LQCD range* ¢, (it =m,) € [—12, —8.5]

* Xu Feng et al., 1809.1051 | For related work see
Detmold-Murphy 1811.0554
32



(See also Walzl-Meifner-Epelbaum

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

EM case e (NQLNNQLN — [GQL] NTN -NTN + L — R) QL =u'Qru

OQL=%2.r=% 4 . Or = uQgu’
2, (NQLNNQRN - r[QéQR]N N-NTN+L — R) W—14+ ”;F T

4 s
AL=2 case
0 =7t.0r=0 8G%V.2mpgseres v (NQLNNQLN — [QL] NTN -NTN 4+ L — R)
4

* Chiral symmetry = g, = C,

 Can we get C| from experiment !

33



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

* NN observables cannot disentangle C,| from C; (need pions),
but provide data-based estimate of C|+C;

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

34



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

* NN observables cannot disentangle C,| from C; (need pions),
but provide data-based estimate of C|+C;

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

e Fit to data, including LO strong,
Coulomb potential, pion EM mass
splitting, and contact terms confirms

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

Ci+C % _ 1
1+ QE(mN ) (2.5—1.8ln(m,,/u)) =%

2 47

35



np = —23.7 £ 0.02 fm, ann = —18.90 £ 0.40 fm ac = —7.804 £ 0.005 fm.

np — =

* NN observables cannot disentangle C,| from C; (need pions),
but provide data-based estimate of C|+C;

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

e Fit to data, including LO strong,
Coulomb potential, pion EM mass
splitting, and contact terms confirms

the scaline C, + C, >> |/(41TF»)?

The EFT analysis survives comparison with data!

The analog of €?(C+C,) is included in all high-quality potentials
(AV 18, CD-Bonn, chiral, ...) MeV)



C(fm™!)

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

12Be 512 | AI=2
1.5¢ { ;(EéFT -
L
}{} ® 65
P .
g ! A= [drC(r)
e
05t {{
“
0_0n!' f..MW
[ i .
o
—0.5] 8V ;}iiﬁg
0 2 4 6 8
r (fm)

36

4 )

Assume g,~(C+C3)/2 with (C+Cy)
taken from fit to NN data

Evaluate impact in light nuclei using
Variational Monte Carlo,

with wavefunctions corresponding to the
Norfolk chiral potential [1606.06335]

gy contribution sizable in Al=2
transition (due to node):

. forA=12, As/AL=0.75




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

1.5 . YEFT |
® oL
}{} ® 65
Lol |
' ! A= [drC(r)
0.5} : ... }{
s °* 1
0,0n!. f ..W
[
o
—0.50 8V #}*ﬁs
0 2 4 6
r (fm)

4 )
Assume g,~(C+C3)/2 with (C+Cy)
taken from fit to NN data

Evaluate impact in light nuclei using
Variational Monte Carlo,

with wavefunctions corresponding to the
Norfolk chiral potential [1606.06335]

gy contribution sizable in Al=2
transition (due to node):

. forA=12, As/AL=0.75 y

Transitions of experimental interest ("°Ge— 7Se, ... ) have Al=2
(and node) = expect significant effect!
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e Ton-scale OVBP searches will probe LNV from a broad variety of
mechanisms — high discovery potential, far reaching implications

e EFT approach provides a general framework to:

|. Relate OVBP to underlying LNV dynamics (and collider & cosmology)
2. Organize contributions to hadronic and nuclear matrix elements

* |dentified new leading order short-range contributions

* Implications for mgg not yet clear (size of gy & relative sign)

Improving the theory uncertainty is challenging, but there are good
prospects thanks to advances in EFT, lattice QCD, and nuclear structure
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OVBP from multi-TeV

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

~ Left-Right SM

VEW RPV SUSY

|/Coupling
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Pion-range Short-range

effects / effects
n P n = P o p
T ~ e e”
Ll e £ e~ o
n P n P " P

Vergatos 1982, Faessler, Kovalenko, Simkovic, Schweiger 1996
Prezeau, Ramsey-Musolf, Vogel hep-ph/0303205
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Pion-range Short-range

effects / effects
O(pn4N)
n P n P ) N j p
- NxNN € e
O(p"™) —> " e O(p™7)
Tr<e‘ \“ %e— o
n P n P " P
o —2 T —1
" | PN | pn4N| b~ Q

Naive dimensional analysis — Vg dominates for all but one operator

Vergatos 1982, Faessler, Kovalenko, Simkovic, Schweiger 1996
Prezeau, Ramsey-Musolf, Vogel hep-ph/0303205
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o
Pion-range §>< o Short-range
effects / d u \ effects

. LN .
T - e” e~
-< T i
TT e : e~ e~
n P n P " P

* Two recent developments: 3
d d
|. TTTT matrix elements now "_>.<7T+
precisely know via direct u \ n
and indirect lattice QCD
calculations uld uld

40 Nicholson et al., 1805/02634



Pion-range §><

Short-range

effects / d

P

o
\ effects

* Two recent developments:

TTTT matrix elements now
precisely know via direct
and indirect lattice QCD
calculations

41

: I n P
T - e” e~
-< T i
TT _ e : e~ e~
n P " P

VC, Dekens, Graesser, Mereghetti, 1701.01443



o
Pion-range B)é o Short-range
effects / d u \ effects

n - P % n P
T i e e e
.< T i
TT _ e : e e~
n P n P " P

* Two recent developments:

2. Renormalization @ V7 and
VNN are both leading order

V.C, W. Dekens, ). de Vries, M. Graesser, E. Mereghetti, JHEP 1812 (2018) 097 [1806.02780]
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Framework to interpret experiments in terms of high-scale LNV sources

3 —aa
s . a
&
A
&
¥ Tm—9
; Eleotroweak cymmetry
~ 100 GeV

~ 1GeV
~ 100 MeV |77 m e e e e e P P 2N

E t 55 operstoes i8S eperators

£ (Lorg- and pion-cange) ishort-arge)

e — e — NMEG (Table 2

v

5 f Mo M AT

g 8 ﬁ Phace cpaoe Infagrak
~ 1 MeV 2 (Table 4)

v T{f(0" = 07) Mactar formuts

(Eq. 33)

V. C,, W. Dekens, ]. de Vries, M. Graesser, E. Mereghetti, JHEP 1812 (2018) 097 [1806.02780]
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* Framework to interpret experiments in terms of high-scale LNV sources

“Inconsistent hadronization” (e.g. no pion
range) can lead to factor ~100 change in
sensitivity to short-distance couplings

~ImIGey 2 AEmmEbEmeELE = e e -

~ 1GeV v | comppppp——— p——————————— S

(1 . 4 (s

Phace cpaoe Iinfegrak
(Table 4)

v T?u2(0+ — 0+) (Eq. 28)

V. C,, W. Dekens, ]. de Vries, M. Graesser, E. Mereghetti, JHEP 1812 (2018) 097 [1806.02780]
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~ 1 MeV




* Framework to interpret experiments in terms of high-scale LNV sources
|

Detailed “connection” to existing
calculations of hadronic and
nuclear m.e.

(input can be easily updated)

“Inconsistent hadronization” (e.g. no pion
range) can lead to factor ~100 change in
sensitivity to short-distance couplings

~ AU G t —=—-
3
A
~1GeV |77 '
&
~ 100 MoV | e
e
=
o
= ,3#',:‘:',:'#’ MTA"""
~ 1 MeV g ;’:{f—: :\Daw infsgrak
v Ti5 (0" = 0%) Mactar formsts

V. C,, W. Dekens, ]. de Vries, M. Graesser, E. Mereghetti, JHEP 1812 (2018) 097 [1806.02780]
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VC, W. Dekens, ). de Vries, M. Graesser, E. Mereghetti, 1806.02780

‘ Y, e
1360 10° 24C ; /
- 340 340 99 v Wi
Dim 7 in

> | i S
SM-EFT SIS I I 4 54 d u
- :
3
(vIN) 0! -
c®)
5]

6) 6 6 6)
Csp C5L O Oy

136Xe
Dim 9 in - 10" | . |
SM-EFT =) 3 I I I e
< LN l I i <
(V/A)S 100 ‘ d U
(7(9) (9) (9) (9)

Bounds reflect dependence on Ay /A and Q/A
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1907.11254
* We studied P- and D-waves in similar fashion Jordy de Vries

* Strong tensor force attractive in °Py and an NN counter term is needed
for the strong phase shifts = Nogga et al 05

* But once NN force is renormalized so is nn = pp +ee

o p = 50 MeV 1077 ' ' ) ' ) ' ' ' } ) 10!
- - p = lm MeV .

1074

A (MeV )

10°%

1076 N 10°°
2 4 6 & 10 12 14 16 18 200 40 30 120 160
A{fm™) p|(MeV)
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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
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