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Neutrinoless double beta decay and TeV* scale physics

Neutrinos have mass and search is on to discover the nature of their mass.

Ongoing or future experiments may detect a “neutrinoless double beta
decay” signal.

Such a signal arises when neutrino masses violate lepton number (i.e.,
Majorana)

Question: is that the correct interpretation of such a signal?

Are there other (new physics scenario) interpretations!?



New physics scenarios for neutrinoless double beta decay

Should a AL=2 signal be detected, such exotic possibilities should be excluded before concluding that
effect is due to Majorana neutrino exchange

Resolving competing explanations may need a next-generation detector reconstructing both electron
kinematics (e.g. NEXT, SuperNEMO)
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Comparison SuperNEMO sensitivity to various admixtures of WR contribution (0%, 30%,
100%). Figure from Arnold et. al. (SuperNEMO, 2010)
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* If hierarchy is “normal”, then planned Onubb have no chance of detecting Standard Model
Majorana neutrinos (outside of the quasi-degenerate region)

* In such a circumstance, only hope is for exotic scenarios



BSM contributions to neutrinoless beta decay
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BSM contributions to neutrinoless beta decay:

Left-Right symmetric model

* new electroweak gauge bosons couple to right-handed
currents

* new right-handed or “sterile” neutrinos, electroweak
partners of Standard Model right-handed electron

* possibility for type-ll see-saw at TeV scale
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* Assuming a type-ll see-saw, C invariance leads
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BSM contributions to neutrinoless beta decay:

R-parity violation inspired AN :
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Effective field theory analysis of BSM contributions to neutrinoless
double beta decay

e new particles generating AL=2 processes have masses in multi-TeV scale.

* Onubb process generated at very short distances.

e Leading effects of such TeV scale physics can be described by series of AL=2 violating
operators involving only quarks and leptons
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At “low energy” - ie QCD scale - there are a number of “short distance” operators that contribute
to neutrinoless double beta decay (Prezeau, Ramsey-Musolf and Vogel (PRD, 68, 2003))
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What is a minimal basis (MG, arXiv:1606.04549) ?

e leading AL=2 operator with two charged leptons has a minimum of 4 quarks, in other words, dimension 9

e For AL=2 phenomenology (e.g., Onubb decay rates) need to know a minimal basis of operators, the set of
relevant operators that cannot be reduced by Fierz operators

* Electromagnetic invariance: 24 (compared to |4 in prior literature): 8 scalar and 8 vector 4-quark operators

e Electroweal invariance: If scale A of AL=2 violating physics is much larger than the electroweak scale, effect of
AL=2 physics appears as a series of higher dimension operators invariant under the full Standard Model gauge

symmetry

e If color + electroweak invariance is imposed, then | | operators at LO in v/A: 7 scalar and 4 vector

e At hadron colliders, if E << A, then collider only probing (color + electroweak invariant) AL=2 contact
operators. In this “contact limit” can classify their experimental signatures.



Electroweak invariant dimension 9 operators:
collider signatures

hadron collider signatures
operator content same-sign ctMET | dijet+ MET Low Energy
dilepton
dimension 9

LM1 1052 (@ Qe) (Trypdr) (LS v J v O11r ® (LL)

LM2 | i0$) Q" AQe) Ry A dr) (B6C) v v v O} ® (LL)

LM3 (UrRQa) (WrQ) (Lalf) v v v Ozprr, ® (LL)
scalar 4-quark ) o X

LM4 A Qo) WRAQY) (Lol O3p; @ (LL
operators (7) Q) () ) v v v s ® (L)

LM5 1033033 (Qudr)(@Q.dr) (TtS) v v v Oz ® (LL)

LM6 | ic@ic® @M\ dr) QN dR)(EtS) v v v 031 @ (LL) <» RPV-inspired theory

LM7 (" dp) (anudr) (EReq) Y e e O3r ® (RR) <» LR symmetric theory

LMS (UpY"dR)io ) (Qudr) Csyued) V v £ O o1 n @ (LR)
vector 4-quark LM | (g Ndr)io g (Qu\dr) Tiucf) v v A O ® (LR)

Table from MG
operators (4) LML (Ery ) (T Qa) T 3 " ’
YHdR)(TRQa) (LaypeR) v v A o ® (LR) .
A o et arXiv:1606.04549
LMI11 WrRY*" A dR) WrRA Qa) (Cayue$) v V = Ot ® (LR)

* Set up systematic formalism for XPT operators in low-energy effective field theory
* Applied general formalism to identify which operators contribute at LO to eeTTTT interactions
(i.e., which ops. in XPT dominate AL=2 amplitude over effects of eeTTNN and eeNNNN interactions)



Effective field theory analysis of BSM contributions to neutrinoless
double beta decay:WVeinberg power counting

e Quarks couple to everything, so expect 4 quark operator to generate many multi-hadron interactions

e Two pion interaction important (Faessler, S. Kovalenko, F. Simkovic, and J. Schwieger, 1996; Prezeau, Ramsey-Musolf and Vogel
(PRD, 68,2003)) but not consistently implemented in other literature

n p n p n P
T e : e
O, $ .
()
n p n p n p
(@) (;<§\e (c)

e

O(q—2+AO(7r7T)) O(q—1+A@(7TNN)) O(qO—I—A@(NNNN))

* A number of analyses comparing LHC projections and Onubb limits only include 4-nucleon

interactions, “‘conservatively” suppressing limits from Onubb experiments (unfairly promotes the
competitiveness of the LHC)

* Here power counting is for free field theory only - need to insert inside a nucleus and test power-
counting (see S. Pastore’s talk)
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Effective field theory analysis of BSM contributions to neutrinoless
double beta decay: Estimate of long-distance pion exchange

n p n p n P

T | e : e
O, $ :
J ()
n p n p n p
(a) (tjie\e (c)

O(q—2—|—A@ (77

1 Mz+\0;|n-) 1 Mo, (100 MeV)*

Arn = ~ 10°
A v f2q° APy 1072 f2q?
meg ﬂ
ASM ~ G% q2

chiral PT estimate: Mo,y ~ 1077 (O23.45.05)
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Effective field theory analysis of BSM contributions to neutrinoless
double beta decay (MG, arXiv:1606.04549)

General AL=2 4-quark scalar operator (liowing savage 1999)
O=T%@Tq)@Tq), TY = (1) (1)

C

Transform T such that O is formally chirally invariant

q. — Lq, qr — Rqr,
T - TRX10X,® X3 Xy, X;€{L,R,L",R"}

Construct pion and nucleon operators in chiral theory
such that they are formally chirally invariant

T4 O (m, N)
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Effective field theory analysis of BSM contributions to neutrinoless
double beta decay:WVeinberg power counting

with & = Explr-7/2F,], ¢ = LEUT =UER', N - UN

Construct “proto-O” out of products of £’S such that

~

(proto — O) — (proto — @) RY1RYoRY3Y,y, Y; € {U, UT}

To construct invariants
* only pions: takes all possible traces

* pions and two nucleons: multiply by two N fields in all possible
ways, take all possible traces

* Four nucleons: multiply in by 4 nucleon fields in all possible
ways
* can also generate new operators involving higher chiral order

using chiral transformation properties of quark mass and
covariant derivative
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Example: Operators from VR exchange (Left-right-symmetric model)

O3r = @RWMTJFQR)@R%LTJFQR)
T — Te? RERGRICRY
proto — Oz = TevelielI¢ce!

To construct invariants
* only pions: takes all possible traces -> all vanish (in this example)
* Four nucleons: multiply in by 4 nucleon fields in all possible
ways -> non-vanishing operator involving 4 nucleons
* can also generate new operators involving higher chiral order
using chiral transformation properties of quark mass and
covariant derivative -> Find a number of single and double trace operators,

¢ tr(Dier D, Elert e

For this operator, expect first non-vanishing two-pion matrix element at NLO
-- which we confirmed using chiral SU(3) -- and first non-vanishing 4 nucleon
matrix element at LO
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Electroweak invariant dimension 9 operators:

two-pion couplings

hadron collider signatures

operator content same-sign ¢+ MET | dijet+ MET Low Energy xPT (nr)
dilepton
dimension 9
LM1 103 (@u" Q) (@ryudr) (0ot v v v O1.r ® (LL) LO
LM2 | io$) Q"M Q) (@ryu A dr) (Gt v v v Odp®(LL) | LO
3 ., LM3 (URQa) (URQp) (£als) v i Vv Ozprr, @ (LL) LO
7 “scalar” quark i
operators L (@A Qe) @A Qo) oty v v v Ol ®(LL) | LO
LM5 10102 (Qadr) (Q.dr) (Tpt9) v v v Oz ® (LL) LO
LM6 | iol o3 (QuAdr) (@A dr) (Bt) v v v Oyr®(LL) | LO
LM7 (@rp"dr) (Uryudr) (EreR) v A A Osr ® (RR) NNLO
LMS (UpY"dR)io ) (Qudr) Csyued) V v ~ O o1 n @ (LR)
4 “vector” quark LMY | (ary*Mdr)ioy, (@A dr) (be}) | v/ v A O ® (LR)
operators LM10 (@ dr) (TR Q) Taryc) v % - Ok, @ (LF)
LMIL | (@py"Mdg)(@rA Qo) (Caruc?) v v A ORirr © (LR)

* Only one pair of scalar operators suppressed in chiPT counting (O1,0’)

e Confirm two-pion interactions from vector operators suppressed by electron mass through
NNLO (Prezeau, Ramsey-Musolf,Vogel)

<«» RPV-inspired theory
<«» LR symmetric theory

Table from MG,
arXiv:1606.04549
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Effective field theory analysis of BSM contributions to
neutrinoless double beta decay:

V. Cirigliano,W. Dekens, MG, E. Mereghetti, 1701.01443,PLB 2017

- P n—P_ n P
T ~ € e
m
T e : = e
n
n P n P P
From the minimal basis, 8 scalar quark operators:
O = @yrral " d;
02 = @i} dprta /
O3 = QIO‘%T—F(]? QZT—FQ% _I_ 017273 fl”OHl L < R oI 01’273
Os = @wrtaf @'ty
Os = @tvrtay a7 a%

For Onubb phenomenology, need matrix elements

(m 0|7
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O;, /1 two pion matrix element determined by M. Savage (1999) using chiral SU(3) symmetry
to relate st amplitude to Al=3/2 K-> stw decay

we were able to extend Savage’s analysis to all such operators, by relating two pion matrix
elements to those involving AS=1, 2 matrix elements which are now accurately computed on the

lattice

preliminary lattice computations exist for two pion matrix elements

(Nicholson et.al., 2015, see A. Nicholson’s talk)
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* 4 quark operators belong to irreducible representations of SU(3);, X SU(3)r

dL.rR ~ ILR

01 = @yttt ') O ~ 27t @1
SU(3), x SU(3) 1 L R
O — —057_—|— 87 _67_—'_ B L~ i —_—
2 dr7T 41 9pT qj O ~ 6 R 6
O3 = @artq]l aprtad # 2,3 L R
Os = @vttaf Gy dy O45 ~ 81, ® 8r
Os = qryu.t +Cl€ @fﬂ“7+qj'é

e + O%23byL <-->R from O1.3; by parity same QCD matrix element

001 N(ﬂLdL)(ﬂLdL) — I:(ZL,OR)
88 = 274+104+10+8+8+1

and only 27 contains 1=2 —> 271 ® 1R
e O23 ~ (Urdp)(Urdy) — I=(1g,1Rg)

and contains “symmetric component” —> 6L X 6R



U—exp(l?éﬁ), w( 27T 6 _%4_% KO ) U % LURT

Os5 = q1T%v"qr QRTb’YMQR
T — LTLT
T — RT'RT

Only 1Ir T°UT UT s formally invariant
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| st K t
U:exp< 2m>, ™= T _ T3 4 78 KO U — LUR

O23 = qrl“qr QRTbQL
T 5 RTPLT

Here there are two formal invariants

Tr T*UT?U and Tr TU

Specific linear combination keeps the 6 and projects out the 3*
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F4
° a’?b - A =~ b _ 0 b b
Oo3 @ Ogls=arT 0 a7 w| = g = [T (TUTU) + T (10 ) T (T0)|
a,b qr % =0~ 1 F(;l a brrt
04 5 . Ogis = arT"vuqr qrI™Y"qr —  gsxs ITI (T ur'v ) :

* Non-perturbative dynamics encoded in each low-energy constant
g6®67 g8®s8
e for each chiral rep, each color contraction has its own LEC g

e AL=2 operators T¢ — T! +iT?

e K-Kbar mixing AS=2 operators

T — T _;7°
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4
° a’?b — A a — b B FO a b a b
o3 Oge=0rT"w GrTqL| = Goxc {Tr (T UT U) +Tr(T U)Tr (T U)}

4
ab =~ a - F a
04 5 - Ogis = @wTvuqr GrT"Y'qr — gsxs IOTI (T UTbUT) ,

i1, B o
g <7T+ O t12,1+ T > _ <KO 06 v7,6—17 KO> — KK
00 6x6 6x6 00 (LO in chiPT)
T i 1+12,1492)  — o —~01 6—17,6—17| -0\ __ KK
8x8 = <7T 08><8 m > — <K 08><8 K > = Mgys




Ts = MG x —FS X (14 Agxg) = MES X Rsxs
K
ki  Fz? KK
{1 Mgzé = MGXB X —F2 X (1 +A6><6) = M6X6 X RGXG ,

K

1 _m721' 2 3 5 2 2 ]

Agys = nF)? | 4 (=4 +5L;) —mij(—1+4+2Lg) + Zann — agxs (myx —m3)

1 | m72r 2 5 2 2 |

A6><(_5 — (47TFO>2 - 4 (4_3L7T) _mK(_l +2LK) -+ ZanU — Ugx6 (mK _mﬂ')

L = logus/m?
™, K,n O8 Ky /M K

* We agree with loop corrections to K-Kbar (Becirevic,Villadoro, 2004)
e Counter-terms from NLO local operators have the form (V. Cirigliano, E. Golowich, 2000)

= 1
Oty = agxs M3 + bgxs (m%{ + 57717%)
T 2 2 1 2
8xg = (agxg My + bgxs <mK + §m7r>

e Low-energy coefficients {a} could be extracted (in principle) from K-Kbar mixing computed
using lattice QCD at different values for the quark masses



Q. O

e For central value for A’s, set renormalization scale to rho mass and counter-terms =0

2

F
M78T>7Z8 — M8><8 X —5 (1+A8><8) — ngg X Rgxs

]

F2
2

TTTT F?T
M6><6 — M6><6 x F—2 (1+A6><6) - M6><6 X Rgxs

T

* Adopted two prescriptions for estimating the error due to unknown 58><8, 8% 8

* Naive-dimensional analysis :|CL8><8,6><6| ™~ 0(1)

gives Agys = 0.02(20), Agyg = 0.07(20)

* O(l) change in (log) renormalization scale (Manohar ’96): Afft)

gives Agyg = 0.02(36), Agyg = 0.07(16)

* For final analysis, chose Agyg = 0.02(30) ,

* This choice gives

0.72(21) (~
0.76(14) (~

30% uncertainty)
20% uncertainty)

= +|dA}°P%) /d(log puy )
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Relate our operators to those defined by FLAG (Aoki et.al, 1607.00299)

average central values for Nf=2+1 and Nf=2+[+|

B2 Bs B, Bs FTAG2016
5 2F2 m4 +
+ - - 2 _ _ KMk -
(mT|O2|m™) = 5 Bs K X Rgy6, K (g + 15 )2 CJ|\|F' . o . . s
1 o
(nF|Os]m™) = EB:’)K X Rgy <
<7T+‘O4‘7T_> = —%B5K X Rgxs _ HH HH HH HH SWME 15A
<7T+‘05‘7T_> = —B4yK X Rgxs c—|1'|_ HH —— HH T+ SWME 14C
= {1 —{ H_H HH RBC/UKQCD 12E
LQCD input: B2, B3: O(10%) error
I HH T O O ETM 12D
. o 1 1 1 1 1 1 L
B4’ BS' O(ZOA) error 0.4 0.5 0.65 0.85 0.7 0.9 0.40.60.8
(7H|O1m™) = (1.0£0.1+0.2) x 107* GeV? Fractional error:
4 — L —2 4
(rT]O2|7™) = —(2.74£0.3+0.5) x 107* GeV O2, O3: O(ZO%) error
(rt]0s|7™) = (0.9+£0.1+£0.2) x 1072 GeV*
. (o)
(TH|04lm™) = —(2.6+0.8+0.8) x 1072 GeV* Os:  O(40%) error
(7H]0s]77) = —(11£2+3) x 1072 GeV* O+:  O(35%) error




Updating M. Savage’s (1999) determination of (7|07 ")

Observation is that
017 OASZQ? 527@)1) € 27

\

Kt — gtg0

2
527><1) —> g27><1 FSL (LMBQLlfl —I— §LM31L/1L2)

5)
Oag—2 — §927><1 FSL Lu32L§2

5) .
401 — §927><1 FSL Lu12L/f2 LZ — Z(UTa’uU)’L]



* Chiral loops and counter terms again give:

3 2 172 m72'(' T
= g27x1 mwa 1+ I3 (_1+3L7T)+527><1

(o) = 3

D +. 4.0
§927><1 F, (m%(—mi) {1—|—A§7 T }

(mt700iQq| KT

e for AS=1 part, loops are small, and counter terms found to also be small at
large Nc because of factorization of Q2 into product of currents
(Cirigliano, Ecker, Neufeld, Pich, 2004)

* Jattice QCD computation of K-> pi pi O(10%) error (Blum et.al.2015)

--> 227 =0.34(3)LecD(2)chiPT

* with 20% error in 04-, ¢ gives our estimate for O :

(rTO1|77) = (1.0+£0.1+£0.2) x 107* GeV*
* As expected from general considerations, this matrix element is
suppressed compared to other AL=2 two pion matrix elements
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Summary

progress on these interactions from
LQCD and chiral PT

progress on these interactions from
LQCD just beginning
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Summary

e New sources of AL=2 LNV could dominate “standard non-standard” contribution (i.e., long-
distance Majorana neutrino mass contribution)

e |f neutrino hierarchy is “normal”*, such non-conventional sources for AL=2 LNV and Onubb only
physics case for discovery

e Discussed possibilities, from both model-dependent and effective field theory descriptions. In
contact limit reduced set of electroweak invariant operators.

e first chiral estimates of al/l two pion matrix elements arising from scalar quark operators,
necessary ingredient for leading Onubb matrix elements arising from such non-conventional
sources

e expect error to be improved only through direct LQCD computations

e big inverse problem if AL=2 LNV discovered, but that is a good situation to be in

*and outside of the quasi-degenerate region
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