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Detailed instructions:




* Introduction: OVBP and Lepton Number Violation (LNV)

e LNV in the “Standard Model EFT”

e OVPRP from d

e OVPRP from c

im-5 operator (“light neutrino exchange”)

im-7 and dim-9 operators

Emphasis on matching to chiral EFT & related LQCD input

** Many thanks to Emanuele Mereghetti for sharing his slides from INT talk on Jun 27
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* Ton-scale OVBP searches (Ti2 >10%7-28 yr) sensitive to LNV from
a variety of mechanisms
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* Ton-scale OVBP searches (Ti2 >10%7-28 yr) sensitive to LNV from
a variety of mechanisms

MacuT

M 4

TeV

“Standard
Mechanism”

(high scale see-sa

Current Bound
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107°
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LNV dynamics at M >>TeV:

leaves as the only low-energy footprint
light Majorana neutrino (dim 5 op.)

dL s
e eL
> e
dL - e~

Clear interpretation framework and
sensitivity goals (“inverted hierarchy”).
Requires difficult nuclear matrix elements.

But only limited class of models!




* Ton-scale OVBP searches (Ti2 >10%7-28 yr) sensitive to LNV from
a variety of mechanisms

M 4 LNV dynamics at Mr ~ eV — GeV:

“Standard additional light Majorana states
MGUT Mechanism”

(high scale see-sa

TeV

eV Light sterile V’s




* Ton-scale OVBP searches (Ti2 >10%7-28 yr) sensitive to LNV from
a variety of mechanisms

LNV dynamics at M ~ [-100 TeV
M . (dim 7 & 9 operators relevant):
|) new contribution to OVBP not
directly related to light neutrino mass;

2) pp — eegjj at the LHC (or FCC)

“Standard
MGUT Mechanism”

(high scale see-sa

Left-Right SM

TeV RPV SUSY

Lisht sterile V’s

eV

Discovery potential and interpretation
S.ee for example / of null results depend on a
Deppisch et al: 1208.0727 different set of (equally difficult)
(and references therein) : .
hadronic and nuclear matrix elements
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To go beyond the “standard picture” in _
a systematic and general way use EFT 07

(mgg) (€V)
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EFT techniques allow one to

e parameterize sources of LNV at high energy with
SU(3)XSU(2)xU(I) invariant operators (assumption: no light VRr)

* connect high-scale new physics to hadronic and nuclear scales

* organize contributions to hadronic and nuclear matrix elements



new physics A > v

l

SUL(2) inv. operator , LHC pheno

at EW scale

!

AL =2 at1 GeV
mI/, Cl(6)9 C](9)9 ¢

Lattice QCD

NN potentials Chiral Effective Theory

Many body

\

T77,(0% = 07)

Courtesy of E. Mereghetti 9



* High scale AL=2 operators appear at dim =5,7,9, ...

A MBSM Cz [gBSM) Ma/Mb]

_ C'®) Oz'(7) 7 Cz'(g) 9
L= = =00 4+ 3 ol 4+ 3 o0l 4

3
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* High scale AL=2 operators appear at dim =5,7,9, ...

A& MBSM

C; [gBSM7 Ma/ Mb]

1 1
—ﬁﬁﬁm

Simple
model

realization
(Left-Right SM)

“unpacking”

Babu-Leung
hep-ph/
0106054

Bonnet et al
1212.3045

Helo et al
1602.03362



* High scale AL=2 operators appear at dim =5,7,9, ...

A MBSM Ci [gBSM) Ma/Mb]

Weinberg 1979

SR




* High scale AL=2 operators appear at dim =5,7,9, ...

A MBSM Cz [gBSM7 Ma/Mb]
) o) Cc®
AL=2 (5) l (7) 1 (9)
L N O + E A3 O, + EZ A5 0,7 +

Lehman 1410.4193

Twelve operators relevant to OVBf

W couplings & semileptonic 4-fermi
with wrong-helicity neutrino

WWee couplings

X

iemn LI C(D,L); H, (D' H),

XX X

u
Q, dy,u LI'C (D*L); e,jamnc_iL,- QJ-TCLm y
12




* High scale AL=2 operators appear at dim =5,7,9, ...

A MBSM Cz [gBSM) Ma/Mb]
) ' )
AL=2 (5) i (7) i (9)
L = A oV + Ez A3 O, + EZ A5 0,7 + ...

e Eleven 6-fermion structures
e 7 Lorentz scalar 4-quark

* 4 Lorentz vector 4-quark




* High scale AL=2 operators appear at dim =5,7,9, ...

A& MBSM

C; [gBSMa Ma/ Mb]

A

* Next, discuss low-energy
manifestations of LNV from

|. Dim 5 operator

2. Dim 7 & Dim 9 operators

/(5 C.(7) C§9)
AL=2 5 i (7) i (9)
L™ = 0P+ 2 qw 07 + 2 5 O +

1 1

new physics A > v

J

SUL(2) inv. operator

at EW scale

> LHC pheno

T
AL =2 at1 GeV

m,, C®,C?, ...
Lattice QCD

NN potentials

¢ Chiral Effective Theory
& currents

~

v

: Many body

T?72 (07 = 07)




LNV from dimension-5
operator

Based on ongoing collaboration / discussions with:

W. Dekens, E.Mereghetti, A.Walker-Loud



e AL=2 operators appear at dim 3 & 9

1 G2
LX) 5= 588 v Cver, + 8V2—EPE LS 56 ipydy gyt

v M2 4
s
// W \\
* mgp + CC weak interaction — e Seems negligible: (kr /Mw)? relative suppression
usual “neutrino potential”

* |n aWilsonian scheme Mw — Ay~ GeV:there’s
some “short distance” physics even in the light-
neutrino mechanism

* |t shows up as a LEC in a mass-indep. scheme

16



¢ AtE~Ax~GeV

ceff — LQCD + ['Fermi + £‘(A5%/:2

* Map onto pion and nucleon operators; expand in Q/Ay (Q ~ kr ~ mq)

e Identify “OvPf potential” V=2 mediating nn—pp to a given order in
Q//\y (generated by V’s and TT’s with 3-momenta ~ Q)

n P
In the process, low-energy N
effective couplings appear, €
to be fixed through data or Va=
LQCD calculations ' €
n P




¢ AtE~Ax~GeV

Eeﬁ — £QCD + »CFermi + ES};:Q

* Map onto pion and nucleon operators; expand in Q/Ay (Q ~ kr ~ mq)

e Identify “OvPf potential” V=2 mediating nn—pp to a given order in
Q/N\y (generated by V’s and TT’s with 3-momenta ~ Q)

n P Use Vai=2 (or some further
In the process, low-energy N | evolved/massaged version).
effective couplings appear, e in nuclear many-body calculations,
to be fixed through data or Va= as a perturbation to Hstrong
LQCD calculations / e
= > Note: “ultra-soft” neutrinos (Vus)

are still present in the low-energy
nuclear effective Hamiltonian



¢ AtE~Ax~GeV

ceff — £QCD + L:Fermi + 'C(AS}J:Q

* Map onto pion and nucleon operators; expand in Q/Ay (Q ~ kr ~ mq)

e Identify “OvPf potential” V=2 mediating nn—pp to a given order in
Q//\y (generated by V’s and TT’s with 3-momenta ~ Q)

e e
e
VA' =2 LFerrni L Fermi
> > + > > > -
ground state of ground state of al n ground state of n th state of ground state of
initial nucleus final nucleus initial nucleus intermediate nucleus final nucleus
Figure adapted from Primakoff-Rosen 1969 Vus contribution down b)’ (En - Ei)/kF

= “Closure” approximation is OK at LO
18



n . p

SM weak charged current

B e

* Leading Order

](/L — (gV70) 8V = 1

J: = —gA(O,O'— 20'-q> ga = 1.27
s




SM weak charged current

P

—8A an-_ 1 o-(q
@ + m3

Leading Order

(gV70) 8V = 1

g4 = 1.27

2
1_ =
3q% + m2

{1 «1— 2o . 5@ (

(q? + m2.)?

(9*)*

1
EYra

7T

S(12)

— (3 0'(1) . fld(2) . fl — 0‘(1) . 0‘(2))




SM weak charged current

e

e N2LO: O(Q/A\)?

P (14 k) )
JH = 2y - o X — 3.
Vv <8V((l)2N i q k1 = 3.7
o-P q
J = — 2 , O — o -
A 8A((I)(2 oy ) q>

|. Corrections to |-body currents (radii, magnetic moment,...)
2. 2-bodyV & A currents
3. Short range effects

LQCD can help with all, but unique input for # 3 (in my opinion)

20



Representative diagrams

\

21



Representative diagrams

\

 Example: VV insertions

/

2

q

2

2
= BA () . g _ g2y |
Vai = Amgs =@l o ) Gnr M e

2
+ mz

-3

(9%)°

(Q? +m3)?

mey
Lﬂ— = lOg F
q2
)

)+

7T

e UV divergence: need LECs that encode physics at E = GeV

21



Representative diagrams

e Example: VV insertions Ly =log —

2 2 2\2 2
= EA (gD . o _g12y | a ., (q) q
VAI—Z Amgg 3 (o g ) (47 F )2 L Q2 + m2 3(q2 + m2)2 +/ m2

7T

e UV divergence: need LECs that encode physics at E = GeV

e LQCD input: matrix elements of non-local effective action

SNL = /d:c dy S,(xz —y) T (JF(z) Jg(y)) g®f | JF =upy.d;

<TT*|SNL|TT™> <pTT*|SNL|n> <pp|SNL|nn>
22



LNV from operators of
dimension 7 & 9

Based on ongoing collaborations / discussions with:

W. Dekens, |.deVries, M. Graesser, E. Mereghetti
S. Pastore, J. Carlson, R.Wiringa

and on VC-Dekens-deVries-Mereghetti 1701.01443



* AL=2 operators appear at dim = 6,7 & 9

A% A%

\Y
dim-7 EWV ops.
B decay with “wrong” neutrino (five Lorentz structures) + two dim-7

26r
V2

6 6
E(A)Lzz = { clo) U diytur Vi Cyuer + Cs,lg dryMug vi Cy,eg

-I-C( ) drur v] Cer, + C( ) drug v Cer, + C( | dgouy vy COW/eL} 056),(7) - %

2G = _ <
Eg)Lzz = \/{; {Cm dryHur, I/Z Ci0 e+ C\(,Q dry* ug u{ Ci 0 MeL}




* AL=2 operators appear at dim = 6,7 & 9

K e K - <

dim-7 EW ops. dim-9 EW ops.

25



* AL=2 operators appear at dim = 6,7 & 9

>W -
W5 . . )
dim-7 EW ops. dim-9 EW ops.
262 | '
9 9) - ~- 9)r _ _ _ _ 9
'C(A%,:2 — TF Z (Cl( ) e; C 6{ —+ Cl( ) erC eI];) O; + ERVMCQ{ Z CZ(V) OQUJ
_i=scalar / [=vector f i

M. Graesser, 1606.04549

Prezeau, Ramsey-Musolf, Vogel
hep-ph/0303205

Pas, Hirsch, Klapdor-
Kleingrothaus, Kovalenko 1999

8 scalar 4-quark

operators

25

/ /

8 vector 4-quark
operators (from dim 9 EW ops.)



* AL=2 operators appear at dim = 6,7 & 9

2G4
LRl =" 2 (¢ ece] + ¢ ercey) 0 + eyuCel Y, Cf) o

4

dim-7 EW ops. dim-9 EW ops.

| i—scalar I=vector _

O = b_lL’YMdL ur, ’YudL 6|,2,3 - O|,2,3 with L «& R
O, = urdg iy dg, O3 = udy i) dg
Os = ury"dr ug vudr, Os = uy fy“dB Up Yudg

26




* AL=2 operators appear at dim = 6,7 & 9

2G:
[’(A9>L_2:—F Z ( c? ¢ Cer —I—C(9>/_RCeR) O; + €R7uC€L Z C(9) 0"

| i—scalar I=vector _

4

dim-7 EW ops. dim-9 EW ops.

3
9) ~O) v
¢, C4,5 O (A3) 8 leading scalar
o) )3 s structures
/ R
C,””",C, N(’)(F> i1=2,3,2,3,4,5




* AL=2 operators appear at dim = 6,7 & 9

2G:
[’,gz:z:—F Z ( c? ¢ Cer —I—C(g)/_RCeR) O; + €R7uC€L Z C(9) 0"

| i—scalar I=vector _

4

dim-7 EW ops. dim-9 EW ops.

Of = upy'dp urdg O3 = upy"dp updy, 4 |leading vector

Og = %y dﬁ da OZ = u%y dﬂ da structures

28




\
SM weak / \ Doi, Kotani, Takasugi 1985
charged current e

A Pas, Hirsch, Klapdor-

Kleingrothaus, Kovalenko 1999

Non-standard
vertex \ ./

n 2

* Long range neutrino exchange (but no mass insertion)

* Hadronic input: isovector nucleonV,A, S, P T form factors

29



\
SM weak / /\\ Doi, Kotani, Takasugi 1985
charged current e

A Pas, Hirsch, Klapdor-

Kleingrothaus, Kovalenko 1999

Non-standard
vertex \ ./

n 2

* Long range neutrino exchange (but no mass insertion)
* Hadronic input: isovector nucleonV,A, S, P T form factors

e Missing input from LQCD: gr{!) (now taken from quark model)

PPy @0 d|n(pa)) = Tp(py) |9r(a®) o +95(6%) (4% — G7)

+ 00(@) @Po — 0 F) | un(pa)

29



X e_
New pion-range effej7 f 3 e New short-range effects

n P

n P h P
- ; e
o) — WS U |
ul e” \if,//e‘ e”
n P n P

O(pn4N)

Z?n'zr'lr_2 | Z)n'n'NN_1 | pn4N p ~ Q/N\y

30



New pion-range effej7 Q:v short-range effects
O(p™™)

n P
o) — W oW % ><
T e
n P

p'n7r7r_2 | panN—l | pn4N| p ~ Q//

e Relative importance depends on Oj’s chiral properties:
in Veinberg’s counting, 2-pion exchange dominates only if nr=0

* Needed input from LQCD: <11%|Oj|Tt™>, <pT1*|Oi|n>, <pp|Oi|nn>

30



LEADING CHIRAL
REALIZATION

OPERATOR SU@3)xSU(3)r IRREP

01 — lth’)/’udL thL ’Y,u,dL (27L, 1R) %gz7><11 gL,uJZL'fz .
U = exp (—@;”)
4

>3 = urdg ur dr (61, 6% ) géxé%Tr(taUtb U) L, =iU'8,U

4
(94,5 — b_tL’yp’dL UR ’Y,u,dR (SL, SR) g28x8 %Tr(t“UthT)

31



LEADING CHIRAL
REALIZATION

OPERATOR SU@3)xSU(3)r IRREP

Oy = wy'driLyudr  (27,1r)  2garx1 FoLunLl
U = exp (f;”)

_ 4
Oy,3 = urdg L dg (61,68r)  goxg 2 Tr(1'UL V) L, =iU'9,U

(94,5 — ﬁLﬁ/“dL UR ’Y,udR (SL, SR) 88x8 7 TI‘(Z‘ Ut UT)

* Note: to determineVa=2[O1] at LO, need all three
<10*|Oy|TT™>, <pTr*|O)[n>, <pp|Oi[nn>
* Forall <T1*|Oi|TT™>
* Direct LQCD calculation (CalLat)  Nicholson etal, 1608.04793
e Indirect LQCD calculation: K-K + chiral SU(3)

VC-Dekens-Graesser-Mereghetti 1701.01443

32



* Chiral SU(3) relates <11*|Oi|TT™> to <K°|OX|K"> (equal at LO!)

d d d
T G KO ——m—— KO
u S I S

uld uld sld sld

d
-
u



* Chiral SU(3) relates <11*|Oi|TT™> to <K°|O;X|K°>

e Chiral corrections Q O

1 [m2 3 2 2\

A8X8 - (47(F0)2 - ( 4 + 5L1|-) — mK( ]. + 2LK) + m L — A8 xR (mK — m,r)-

1 [ m? 5 ]

AgxE (AnFy)? -——(4 3Ly) — mK( 1+ 2Lk) + 1M L afxg (m%( — m?r)
/

5, o LEC can be determined in principle by studying
Lk = log py/mz i mu,d and ms dependence of K-K matrix element



* Chiral SU(3) relates <11*|Oi|TT™> to <K°|O;X|K°>

e Chiral corrections Q O

C]

Asxs = 0.02(30)
Ay = 0.07(20)

1 [m3 3 2 2y
Agxg = (47rF0)2 - ( —4+5L;) — mK( 1+2Lk)+ m L — a8x8§ (mK — m,,r)-
1 [ m? 5 5 N
AgxE (AnFy)? -——(4 3L;) — mK( 1+2Lk)+ 1M L ajxg (mK — m,,)-

5 In practice set these to zero at Py= mp
Lz kn = log puy/mz i and take as error the maximum between NDA and

ALY = £1dALP) /d(log )|



e Input: K-K matrix elements (M€= B)) at 4 = 3 GeV in MS scheme

Ne=2414+1

2+1

N¢

N¢=2

e Use conservative range from FLAG 2016 review
B B3 | FLAG2016
- N our average for Ny;=2+1+1
- - - ETM 15
HH — - our average for Ne=2+1
HH —_— RBC/UKQCD 16
gl - i SWME 15A
L | SWME 14C
—{— —HH—t— RBC/UKQCD 12E
—l —l— our average for N:=2
—l- —l— ETM 12D
04 05 0.85 04 06 0.8

6LX6R

8LX8R

Aoki et al.,
1607.00299




e Input: K-K matrix elements (M€= B)) at 4 = 3 GeV in MS scheme

e Use conservative range from FLAG 2016 review 0557
| (mt|Oglm™)y = —(2.7 x 1072 GeV*
(7t|Osl7=) = (0.9 1072 GeV*?
(H|O4lm~) = —(2.6 x 1072 GeV*
(rt|os|7~)y = -1 1072 GeV*
First error: S "_ Second error:

lattice QCD input

* First controlled input for phenomenology

e Benchmark for CallLat calculation

37

chiral corrections



O = ITtL’}/“dL ur ’YudL (27L, lR)

. -
N e .

. R M Savage

P ) | - oS nucl/th-981 1087
T, e K

* Chiral corrections to K-K mixing are large, use K = 1111

e RBC-UKQCD input on (w+wO|Q§|K+) + chiral corrections

Blum et al, 1502.00263 VC-Ecker-Neufeld-Pich hep-ph/0310351
(H01|77) = (1.0£0.14+0.2) x 107% GeV*
X *
| / N
Lattice QCD input Chiral corrections

|5% larger than M. Savage 1998, who used experimental input on g27x|

38



O,it = ’l_l,R"}’”dR 'l_l,LdR Og ’l_I,R’)’“dR ’L_I,RdL

O = ayHdy, ) d%, Of = ayHdy, whd®

Prezeau, Ramsey-

* For L, O#, TITT matrix elements proportional to me Musolf, Vogel
hep-ph/0303205

e <pTT*|O#|n>, <pp|Oi¥|nn> do not suffer from this suppression:
need these from LQCD

39



* For generic LNV physics one has

VAI=2 ~ Alept [mﬁﬁ Vv + C'lrg'ir V7r + C1r1rg7r7r V1r1r + CC‘TgCT VCT]

Wilson coefficient Chiral LEC, determined by
(model dependent) hadronic matrix element (e.g. TTTT)

e Define rescaled potentials (that all behave as Q)

T = %

T T cT
V, = ! x O(o,T) V= a x O(o,T) q’ L
v — m. q2 ) i m ( + m2) ) V7r1r = e (q2 n m3)2 X O(O', T) VCT m?r X O(O' T)

e Test power counting in light nuclei: relative size of <V,>

40



Density [fm('n]

40 10"

20 107

=)
=)

1

(<}

=)
1N

40 10"
6.0 10°
80 107"

1.0 107

Pastore, Mereghetti, Wiringa et al: PRELIMINARY

Axial o« T/ 150109

Tensor o 1:1 () Sz

Courtesy of Saori Pastore
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T T T r T T He(0—|—,2) % Be(o—l_,()) I T T e_(’./R)Z

i phoee, - - —_
B mu“ " _ 40 10° C(r) (7;)3/2 R3
I * Moo i i AL

b gelitteny 8 o040 : 20 10°F o ’ 400

i, ' Hth00, ]
:_ ’:’M ““’ . _: _ 0.0 %’;—:T—::‘.thgm;x;v OO NP KA :u:-;:«.»*‘t‘)"&fbﬂéﬁbb?bbsf
i * 1 200 @ . : B
¢ ot « v Axial =-0004] 4 Faowf Y o © V. Axial =-00044] -
i . . 7t Tensor = 0.0018 ] A i w‘ . « CT Fermi (R=0.5)= 0.0012 1
B " * nn Tensor = 0.0003 - 60 10° o + CT Fermi (R=0.8)= 0.0018 | -
l , ol =000t Foo « CT Axial (R=0.5) =-0.0037|
L =0 i CT Axial (R=0.8) =-0.0054|
i f - . “ -
i Yo ] 10107 F . =
- ¢ - i i
0- 1 5 1 ‘I‘ 1 é . -1.2 10-3 [ 1 | 1 | 1 | —
0 2 4 6
r [fm] My r [fm]

Power counting seems to work
reasonably well in light nuclei

Benchmark for other
many-body methods



e LNV from dim 5: matrix elements of non-local effective action

SNL = / dedy S,(z—y) T (JF(z) TS (y)) ¢°°

']c-x*- — ﬂL Yo dL

<TT*|SNL|TT™> <pTT*|SNL|n>* <pp|SNL|nn>%#*

e LNV from dim 7,9

e “Long distance” neutrino exchange: tensor form factors gr(!)

e “Short distance’:

o <T17|Oi|TT™>, <pTT*|Oi|n>*, <pp|Oi|nn>*** for five 4-quark scalars

e <pTr*|OiH|n>*, <pp|Oi¥|nn>*** for four 4-quark vectors

* Need to be matched to non-perturbative EFT calculation
*# Calculation at different mq could give a handle on all needed LECs



Backup



e Counterterms for matrix the two elements

2
58x8 = agxg My + bgxs (mK +

[\.J|.—x [\)l.—s
';|N
N—

N
\_/

2
38x8 =agxg My + bgxs (mK +

€¢C_ %

e “a” controls the ratio (“b” drops)

‘¢ ”

 To extract need the ms and mq dependence of the matrix element

44



Lehman 1410.4193

1: ¢2H* + h.c. 2 : Yp2H?D? + h.c.
OLu ‘ €€mn(LICL™)HI H(HVH) O | €ijemn L'C(DFLIYH™ (D, H™)
OP) | €imenLiC(D*LIYH™ (D, H™)
3: ¢2H3D + h.c. 4: 2H2X + hec.
Orupe | €j€mn (L'Cyue) HHH™DFH™  Orps €ij€mn (L'Co, L™) HI H™ BHY
Oraw | €j(71€)mn (L'Cop L™) HI H"WHY
5:¢*D + h.c. 6: ¢*H + h.c.
OS]ZEUD €ij (dyuu)(L'C D" LY) Orrren | €ij€mn(€L")(L/CL™)H"
O | €;(dyu)(LiCo* D, LY) o'l o | €i€mn(dL)(QICL™) H"
OF) van (QC,d)(LD"d) OF) an | €imem(@L)(QICL™)H"
O%dw (L7,Q)(dC D*d) Orroun | €ii(Quu)(L™CLY)H
Odddzp (€y,,d)(dC D*d) Otogarr | €ij(Lmd)(QmCQY)H
OfdddH (dCd) (Zd) H
OLudar (Ld)(uCd)H
OLecudn ¢ij (L' Cyye)(dyu)H
OcQddn ¢i;(€Q")(dCd) HI
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Graesser 1601.04549

LM1 = w(?(QGW“QC)(ﬂR’de)(MS )
LM2 = wéb)(Qav“)\AQC) (ﬂRVM)\AdR)(ZbécC)
LM3 = (TrQa)@rQp)(Caly)
LM4 = (@rAQ.) (@rA Q) (2u5)
LM5 = wc(;)wé? (Qudr)(Q.dr)(0ptS)
LM6 = wc(bb)w( )(Q A )(Qc)\AdR)(Zbéc(l])
LM7 = (@gy"dg)(@rvudr)(Ere$)
LM8 = (upy"dg)ic'> (Q dr) (CyvueR)
LM9 = (@py"A? dR)w h (Q A4 dr)(Cyy,.€%)
LM10 = (@py"dRr)(WrQa)(Cav,.e%)
LMI11 = (@py" A dRr)(@rAQu) (Cavy,e§)
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