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* Neutrinoless double beta decay and TeV sources of LNV
* Generalities and EFT approach

e Operator Basis

* Leading pionic matrix elements from (i) chiral SU(3) and
(ii) lattice QCD kaon matrix elements

e Conclusion

Based on arXiv:1701.01443
VC, W.Dekens, M. Graesser, E. Mereghetti
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® B-L conserved in SM — new physics, with far-reaching implications

Shechter-Valle 1982

® No matter what the underlying
mechanism, observation would
demonstrate that neutrinos are
their own antiparticles




* 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
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LNV dynamics at M >>TeV:

leaves as the only low-energy footprint
light Majorana neutrino
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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
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LNV dynamics at Mr : eV — GeV:
additional light Majorana states




* Ton-scale OVBP searches (Ti2 >10%7-28 yr) sensitive to LNV from
a variety of mechanisms
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Mechanism”
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LNV dynamics at M ~TeV:
1) new contribution to OVBP not
related to light neutrino mass;
2) pp — eejj at the LHC
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Interpretation framework and sensitivity
goals not yet systematically developed

Different set of hadronic and nuclear

matrix elements
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* ldentify leading (dim-9) gauge-invariant
operators characterizing any model with
LNV at the TeV scale

* Renormalization group evolution from
TeV to GeV scale of effective couplings

* Map quark operators onto pion and
nucleon operators using chiral EFT

 Hadronic matrix elerrlents — estimate
chiral EFT couplings Ci [C]

* Nuclear matrix elements = T2 [ Ei [Ci]]



® |dentification of leading (dim-9) AL=2 gauge-invariant operators

® |ow-scale: impose only SU(3)c x U(1)em invariance
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LNV |i—scalar / i1=vector / i
M. Graesser, 1606.04549 / /

ek Kok
** Prezeau, Ramsey-Musolf, Vogel 8 (5 ) scalar operators 8 (4 ) vector operators

hep-ph/0303205



® |dentification of leading (dim-9) AL=2 gauge-invariant operators

® |ow-scale: impose only SU(3)c x U(1)em invariance
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kK kK
** Prezeau, Ramsey-Musolf, Vogel 8 (5 ) scalar operators 8 (4 ) vector operators

hep-ph/0303205

® 7/ (scalar) + 4 (vector) remnant of dim-9 SU(3)xSU(2)xU(l) invariant
operators. Others suppressed by (vew/ALny)" with n = 2,4
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® For a given quark operator Oj, chiral symmetry determines form of Tt
and N operators O; and their chiral order (0 ~ O(p), mq~O(p?))
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® For a given quark operator Oj, chiral symmetry determines form of Tt

and N operators O; and their chiral order (3 ~ O(p), mq~O(p?))
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® Chiral power counting implies dominance of pion-exchange (if Ny =

® <T1*|Q;|TT™> is the key hadronic input for LO calculations of Tix
10
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® Our strategy:

® Use SU(3) chiral symmetry to relate <TT*IOj|TT™> to the
matrix element of the chiral partner of O; between K°%and K°

® Use lattice QCD results for kaon matrix elements
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* Basis of 8 independent Al=2 operators

x,P:

color indices

01
09

M. Graesser, 1606.04549
Gabbiani et al, hep-ph/9604378
Buras-Misiak-Urban hep-ph/0005183
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(qr — Lqp

e Chiral symmetry properties

qr — Rqg
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(qr — Lqp

e Chiral symmetry properties

qr — Rqg
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e Chiral symmetry properties w — La L,R e SU(3)

IR — RQRJ

O1 = @Gytaf @"rre) | 27 x 1g
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e Focus on O334;5 first and later revisit O



* Unique non-derivative realization

b _
Ogls = arT*qr GrT"qL

o = (s 2 [1e(rvr0) om0 (140)
Ogrs = arTuar GrT*"ar — gsxs FTLITr (TaUTbUf)

AN

Same non-perturbative input for all flavor structures
Chiral Symmetry relates Al=2 to AS= 2 and AS= | matrix elements
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* Unique non-derivative realization

b _
Ogls = arT*qr GrT"qL

o gees - |Tr (TOUTHU) + Te(T°U) T (TVU ) |

6x6
F4 b
Ost = . Tvuqr GrT"Vqr — gsxs T'I‘r (T“UT U*)

AN

Same non-perturbative input for all flavor structures

* 96x6 | from K-K mixing

98x8\ from K-K mixing and K = TTTT



* Unique non-derivative realization

6B —  J6x6 ) [Tr (T“UTbU) +Tr(T“U)Tr (TbU)]
Ogrs = arTuar GrT*"ar — gsxs %4% (T“UT"U*)

b _
Ogls = arT*qr GrT"qL

AN

Same non-perturbative input for all flavor structures

e Leading order symmetry relation

T — [+ |12, 142 _—\ 0 6—i7,6—iT) 7-0\ _ KK
6x6 = (T 1045 ) = (KOg.q K7) = M6
4y A1+i2,1402) =0 ~6—i7.6—i7, 7.-0n _ A 4KK
Mgig = (7" |Ogyg m) = (K7|Ogys K") = Mgy
p..A K\
Matrix elements we Computed in LQCD

want for NLDBD by several groups
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LEC can be determined in principle by studying
my,d and ms dependence of K-K matrix element
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In practice set these to zero at Hy= mp
and take as error maximum between NDA and

ARV = E[dALTP /d(log iy )
19



Asys = 0.02(30)
Age = 0.07(20)

* Dominant chiral corrections captured by (Fn/Fk)? = 0.71

20



e Use conservative range from FLAG 2016 review

e Input: K-K matrix elements at g4 = 3 GeV in MS scheme

Aoki et al.,
1607.00299
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e Use conservative range from FLAG 2016 review

e Input: K-K matrix elements at g4 = 3 GeV in MS scheme

Aoki et al.,
1607.00299

(t|Os|m™) = —(2.7 0.5) x 1072 GeV*

(rt|0s|m™) = (0.9+ 0.2) x 1072 GeV*

(|04~ = —(2.6 0.8) x 1072 GeV*

(rt|0s|m™) =  —(11 3) x 1072 GeV*
First error:

lattice QCD input

21




e Input: K-K matrix elements at g4 = 3 GeV in MS scheme

e Use conservative range from FLAG 2016 review 0557
(t|Oslmr™) = —(2.74 x 1072 GeV*
(rt|O3lm™) = (0.9+ x 1072 GeV*
(mt|O4l7™) = —(2.64 x 1072 GeV*
(nt|O0s|ln™) = —(11 1072 GeV*

First error: \ Second error:

lattice QCD input chiral corrections

21



* Can extract gexs from “electroweak (7)) 1=2| Q78| K 0)|

penguin” matrix elements

* Lattice input + chiral corrections in both K = TTTT and TT—= 1T

Blum et al, 1502.00263 VC + E. Golowich, hep-ph/9912513 & hep-ph/0109265
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* Can extract gexs from “electroweak (7)) 1=2| Q78| K 0)|

penguin” matrix elements

* Lattice input + chiral corrections in both K = TTTT and TT—= 1T

Blum et al, 1502.00263 VC + E. Golowich, hep-ph/9912513 & hep-ph/0109265

(T Oy|7m™)

(mT|Os5|7™)

—(2.6 £0.84+0.8) x 1072 GeV*
3) x 1072 GeV*

|

|
N
—_
(e
DO

Remarkable agreement (sanity check)
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27x1 8
Donoghue, Q QQ (1 — ’75)'“ uf}/p’(]_ 75)d Q( X ) Q( X\
Golowich,
Holstein
o 0AS=2 = 5Yu(1 = v5)d 39" (1 — y5)d \
- Savage

9= dwrte gt — y

belong to same representation
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2
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- |
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* Chiral operators start at O(p?) — smaller matrix elements

* One non-perturbative parameter at this order

e AS=2 matrix element suffers from large chiral corrections

Bijnens-Sonoda-Wise 1984
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27x1 2
f Qé D (garxa Ey (LN32L‘1‘1 + §LM31L‘1‘2)
3 1
Oas=2 — 3 927x1 Fy LysoLh, ij _ i(UT(‘?“U)Z-j
5 - _
K 401 — 3 927x1 Fy LyioLY, j
e Use instead...
+ — D 2 2 mgr T
<7I' |()1|7T > — § g27x1 m7rF1r 1+ (47TF0)2 (_1 + 3L7r) + 527X1 :
D
(rtal|iQa| KT) = 3 927x1 b (my —m7) {1 T Ag;“ﬂo} '

e ...and LQCD input on (m+70Qa| K*) + chiral corrections

Blum et al, 1502.00263 VC-Ecker-Neufeld-Pich hep-ph/0310351
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2
( ngxn — gorx1 Ky (LMBQLT1+_LM31U1L2> w

3
5 1 10
Oas=2 — 3 9271 by Lysalisy Lt = i(UTorU);;
: |
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e At =3 GeV in MS scheme, extract g:7x1= 0.34 (3)Lacp (2)y

* Good agreement with M. Savage (nucl-th/9811087) after realizing
that ¢®7) = (5/12)g27x1

(rT|01|77) = (1.0+£0.1+ 0.%\) x 1074 GeV*
il

N\

/7
Lattice QCD input Chiral corrections
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Matrix elements in MS-bar renormalization scheme at J = 3 GeV

(rt01|l77) =  (1.0£0.1+0.2) x 107 GeV*

(xH|Oalr—) = —(274£03+05)x 10-2 Geyd | rsterror:LQCD
Second error:

(nt0slr~) = (0.9+0.1+£0.2) x 1072 GeV* chiral corrections

(04|77 = —(2.6+0.8+0.8) x 1072 GeV*

(05|77 =  —(11+£243)x 1072 GeV*

e First controlled estimate of (TT"|Oi|Tt") for all scalar, dim-6, Al=2
operators relevant to OVBB — based on chiral SU(3) + lattice QCD

Nicholson et al.,

e Qualitative agreement with un-renormalized Callat results 1608.04793

* Robust input to be combined with nuclear structure calculations of
leading pion exchange operator — estimate of T2 from TeV-scale LNV
27
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e Strong correlation of OVB with neutrino phenomenology: I o« (mgg)?

(mﬁﬂ = | Z U2 iMyi 2

~~ T TTTTrT I T TTTTT I T TTTTT I T TTT FTTTTI | I |||||| I | FTTTrTT | | | L L
= b BEBREREELLE %ﬁﬁ?‘.ﬁﬁ?‘.ﬁ?ﬁ SEREEREARRRRLES !
= E ROV il A w»mw ; i : Assume most
~100 i SRR il G i pessimistic  values
for nuclear matrix
[D « band N\ ] elements
ark bands: 0 i
unknown phases m >15mev A TOn scale (m )>15meV ]
10 E
Light bands: - .
uncertainty from - .
oscillation I 0 1
parameters(90% CL)
S J 1= E3 E
- Inverted Spectrum 1 ‘Normal Spectrum:
WETIT Lol Lol Lo ol R AR

1 10 100 1 10 100
Myjohtest (meV) My est (meV)

e Discovery possible for inverted spectrum OR miightest > 50 meV
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e |essons from K physics: NLO chiral corrections can be large!

— 2 2
LW,K,’) = log :U'x/m'zr,K,n

z 1 m2 3
Mé(xlg = g8x8 FIQ{ {1 + (47(F0)2 <m%{ (—1 +2LK) o TL“ o 4 727L77 +58x8)}

1
78r;<r8 - 98X8F3{1+(4’/TF0)2< 1r( 1+L7")+68x8)} .

1 ” 1
58x8 = A8x8 m?; + bgxs (m}{ + 2m2) 5§{XI§ — A8x8 m%{ + bgxs (m%{ + §m72r)

 Low-energy constants can be extracted from kaon mixing
calculation at different values of myq4 and ms
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e Input: K-K matrix elements at g4 = 3 GeV in MS scheme

Aoki et al.,

e Use conservative range from FLAG 2016 review  1607.00295

D
<7T+|02‘7T_> — _E By K X R6><6
1
<7T+|O3‘7T—> = ﬁBgK X Revi K — 2 F2 mj,
1 (md+m3)2
(mT|O4|7™) = —3 By K X Rgxs
(mT]0s|77) = —BsK x Rgxs .
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Collaboration Ref. Ny

By Bg By Bs

ETM 15 [M2] 24141 A * © O * a 046(1)(3) 0.79(2)(5) 0.78(2)(4)  0.49(3)(3)

SWME 15A [45] 241 A * o * o — 0.525(1)(23) 0.772(6)(35) 0.981(3)(62) 0.751(7)(68)
SWME 14C [416] 241 C * © * o — 0.525(1)(23) 0.774(6)(64) 0.981(3)(61) 0.748(9)(79)
SWME 13A% [401] 241 A * © * of — 0.549(3)(28) 0.790(30)  1.033(6)(46) 0.855(6)(43)
RBC/ [411] 241 A W O % % b 043(1)(5) 0.75(2)(9) 0.69(1)(7)  0.47(1)(6)
UKQCD 12E

ETM 12D [46] 2 A K* O 0 % ¢ 047(2)(1) 0.78(4)(2) 0.76(2)(2)  0.58(2)(2)

! The renormalization is performed using perturbation theory at one loop, with a conservative estimate
of the uncertainty.

a Bi are renormalized nonperturbatively at scales 1/a ~ 2.2 — 3.3GeV in the Ny = 4 RI/MOM scheme
using two different lattice momentum scale intervals, with values around 1/a for the first and around
3.5 GeV for the second one. The impact of these two ways to the final result is taken into account in
the error budget. Conversion to MS is at one loop at 3 GeV.

b The B parameters are renormalized nonperturbatively at a scale of 3 GeV.

¢ Bi are renormalized nonperturbatively at scales 1/a ~ 2 — 3.7GeV in the Ny = 2 RI/MOM scheme

using two different lattice momentum scale intervals, with values around 1/a for the first and around
3 GeV for the second one.

 The computation of By and Bs has been revised in Refs. [45] and [416].



