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Introduction

Why we explore lepton number violation (LNV)?

* Neutrino oscillation = non-vanishing neutrino mass < Majorana
neutrino mass
* The nature of dark matter

* The asymmetry of matter and anti-matter

* LNV processes are definite signal for New physics (NP)

* |lepton number violation (LNV) - BAU via leptogenesis



Introduction

The ways to lepton number violation (LNV)

* Experimental
* High-energy frontier: The production of the same sign charged
leptons
* High-intensity frontier: Search for the LNV signals in low energy
experiments
* Theoretical
* Top-down approach: Study signals in explicit NP models

* Bottom-up approach: Work with Effective field theories (EFTs)

Both approaches are necessary and complementary!



Introduction

Low energy LNV processes

* Nuclear processes
 Rare mesons & lepton decays

* LNVK, B, D decays
. Babar, Belle, LHCb

* LNV Tau decays

* Neutrinoless double beta decay X — X'eTe™
. KamLAND-Zen, Gerda, EXO-200, SNO+, Majorana...

7% (1%°Xe) > 1.06 x 102¢ yr from KamLAND-Zen

* Muon to positron or anti-muon u~ X —

* Belle
et (u™)X' in the upcoming Mu2e experiment

Modes for lqlg= ee eu nu
K a1, [22x10 0 [50x10 1 [42x10 1

__”:(fﬁj . — . — . — Modes for /= e 1]
D 7'l | LIxI0 2.0x 10 22x 10 I T 30x10° [ 39x 10
D™ K'lyly | 9107 | 19x10°° [ 1.0x107 _ X 3'2 e 4'8 e
B —m'lyly | 23x 10°% | 1.5x1077 | 40x107° T_ — I?E'—K—ﬁ 3'3 X R 4'7 x MR
B K,y | 30x10° | 16x107 | 41x10° v 9 X X




Introduction

A general picture of EFT approach for LNV processes

ntegrate out
hem% NP

Underlying new physics
Unkown Anp l

SU(3)¢ X SU(2), x U(L)y

ntegrate out h, W,
bosons, top quark,

chiral s ymmetry
breaking

Goal: Link potential LNV sources systematically to
low energy observables

It requires to study a sequence of EFTs!




Take K~ - nrlzlz as an example...
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(a) Mass mechanism

(b) Lonop-distance interaction

(c) Short-distance interaction




Start from LEF T

A general picture of EFT approach for LNV processes

underlying new pnysics

Unkown Anp

ntegrate out h, W,
bosons, top quark,




Start from LEF T

ntegrate out h, W,
bosons, top quark,

NG AX~1 GeV

® LEFT = all possible local, SU(3), X U(1)g, invariant operators constructed

from the relevant fields ordered by the inverse power of Aew

Jenki:s, Manohar, Stoffer, 2018 Li, Ren, Xiao, Yu, Zheng, 2020

1_.“‘5?-%‘/» e 2oty P

o — o 6; @ Cri @, ] Csi .

LEFT — = dim<4 + %Z d1m—5 + 2 dim—6 Z dim—7: Z F
@nm d1m6z dxm?z dim 8.i
. = A

ot bt B e B e

Liao, XDMA, Wang, 2020 Liao, XDMA, Wang, 2019



Operators in LEFT Relevant dim-9 operator basis

ifi Operator Specific form
Operator Specific form __ ——— 7
L[ S/P P “dr)[Fj/ df](jaﬁ/)jaﬁ) ﬁE{’ZRR. SIF (u’g}f“d,;)[uﬁ}’p d,q]Uaﬁ /ls")
G/)pr"Sf ( Ly_ L L_“ L S pF{F{HF{ T P L or 5 Vdf]UOﬁB)
ﬁf'u}f" 4 (ufy#d[)[ufy"d[](jff) ﬁprst : (T dR)luRY ;:f' JL;;;
rs _ — — ;
T ) | o | e i
prst L L L AL S7P PN [uEd(%B /°P)
TRLA, S/P (WPdL)[wdt) (8 /iP) Oprst (Ugd)URd 1U™ /15
Oprst L RTLR ~RLRL, S/P P drusdl) (B /Py
~[RLR, S/P Pdri[usdt ) (joB /j<P) Gog (g llugd; )% /s
Oprst (4RIl 7 > CRIACT uPichY dN[usd! (%)
LRLR. T UPichv gr )lﬁdr]uaﬁ) Vi A : (URIG L)[UR L]U,uv
Oprst Y AL AR K7 ATACT WP P oM\ [uS 6, di (/2B
~LRLR, T (?G,up dr )[FO‘V gt ]Uag) ()_’pr‘gr ’ (UHG dL)[URO'p f_ﬂ(f,uv
—n — ., .0
Oprst L AL PR otlﬁ RLRR, V/A P N [uSydL](j ﬁ/j 3)
SLRLLV]A (WP [usy* a1 P /2P ) Ot (VRdDug Y dglUu” /Is,
prst 7’— R _L L j‘;ﬁ a“ ~RLAR, V/A Tdr U—S ”df )Uaﬁ/faﬁ )
M O T LA I gt
PRRA V7A P n) S dt)oP /P ﬁFi}LL, VA (uRdl)[ufr*df1 (s /i5. 1)
prst (L—R AY "Rk (5 ~%LLL V/A WP AN s dt\(j -aﬁ)
~[RRR. V/A (U’Odr][u—s’}’”dr ) /faﬁ ) Vi ot (UHdL][ULy L)Uﬂ/)’S, u
Oprst L RRT TRIVATS p CRITAT uPicHY dN[usdL] (%P
GLRRLT (WPicH di)[ugdlGEP ) Oprst (Un/o™ d )ui Ip]Uuv
. S O
prst G “AITA T PiGhY df[usdL)(joP)
GLAAL T (uPickvdL[ugd!)(jih) Oprst (ugla™ d;]lupdg)Uuy
prst : _L _R FR. B ap ~LRRL, S/P (Fdr][u_sdf)(jaﬁ/jgﬁ)
Ot " (uf dR)[ugdf 1% /je") Oprst L RITRTL
ol
I
@ [ =(lalf). Jg¥ = (arslf). Jg, = (eu1515) (symmetric) \ ////y, 1
o jﬁ‘ﬁ = (T ;,é?). fﬁﬁf — (Eowfg)p (anti-symmetric) f/

AW



Operators in LEFT

The leading order contributions to LD are from dim-6 operators in

LEFT [Manohar et al 17, 18]

RL.S ] 7, C LR,S N 7. C
O = (ndy) (Tra§). OLS — (Wl d) (Trar§).

LLV RRV N 7 C
OP'?“&JB - (uL mdL)(lRa: e ) O-p?"ac,ﬁ - ('l‘f’%r}xﬂdrR)(lR&P}ﬁI{B )’
OLRT

praf = ('“E%vdTR) (ILac” Vuﬁ’).

Including also the contributions of dim-7 operators

ﬁégD = (ufpypudy )(ZLQ'ZD“I{E'C,;): OzﬁigD (uhyudy )(ZLQ'ED“U,L%’:):
Ois? = (W oyudy) T DIG).  Opd? = (ko) Taar DG,

where AD*B = A(D*B) — A(D#B) and y#DV] = y#DV — yVD#

U of U of

N
Y N\

olwa-t ol - 10



1-loop QCD RGEs in LEFT |

 Motivation: tame the large logs from perturbative expansion

 The field strength renormalization & the operation renormalization
(operator mixing effect)

 The dominant contributions are from the 1-loop QCD renormalization

. . . dC PaN A\
* The renormalization group equations: 167T2Md—ﬂd = yCy4, ¥ as the

anomalous dimension matrix

 We calculated the RG equations of Wilson coefficients with dim-reg and
MS renormalization scheme under the R¢ gauge

* ¢ independent as a check for the calculation

11



Matching to yPT from LEFT

A general picture of EFT approach for LNV processes

vnaeriying new pnysics

A,~1GeV
X € chiral sywimetry

breaking

12



C h i ra I pe rt u rbatio n t h eo ry Pseudo-Nambu-Goldstone (PNG) boson

e Chiral symmetry: G = SU(3);, X SU(3)g J

’~
&= \/E = exp [iﬂaia/ZFo]

v’ Spontaneously breaking (vaccum):
quark condensates (0|gq|0) induces SU(3); X SU(3)g — SU(3)y

v" Explicitly breaking (Lagrangian): quark masses —— Souri i
= purion analysis

These symmetry structures must be captured by xPT!

Mesonic yPT = all possible, G invariant operators constructed by X(¢§), derivative
d, and spurion field M, and ordered by number of derivatives O(p"), e.g., at
the lowest order,

Fé F¢

L= TTr(e-;yu,ze-)f“zf) + T(280)Tr(n/ﬁzT + ¥ M)

13



Matching to yPT from LEFT

A X~1 GeV
chiral s Y mme’crg

breaking

® Non-perturbative matching: guiding by chiral symmetry
® The operators come with unknown constants (LECs)

® Chiral logarithms to estimate the NLO corrections

14



Matching to yPT from LEFT & =T = exp [in412F

The external sources method (for dim-6 and -7 operators in LEFT)

 The QCD Lagrangian with external sources
L =Lqco +9c¥"qr +Grruy" qr + (Gr(s + ip)q + G(t)" 00 )gr + h.c.),
where [, 7, 5,0, ¢/, t!" = /" are external sources, and y = 2B(s — ip)

* Identify the external sources to K~ — ©* transition,

(IM)ai = —2V26g Vyi(Tary* PLva) + CEE Y (Tar Pro$) + CLL VP (@0 1D H Prufy),
(M) = CREY @yt Pru§) + CRRYP (01D * Prufy),
— :zsqﬁi;g(apﬁug} , = zecjii’g(apﬁug),
(e )ui = Coe L (@aot Pru§) + CL TP @ar W TV IPrr) , (i1, = CL P Tary " D VI Peufy),

* To linear term of external sources and LO in xPT, i.e., O(p?) chiral Lagrangian
(2) F3 N F? ; +
Lypr = Tr(DuZ(D'E)") + - Tr (X' +31) .

where D,x =09, —il,X + iXr,.

15



Matching to ¥PT from LEFT fe-vi-co i §

The method of spurion analysis (for dim-9 operators in LEFT)

* Take the quark level operator (irrep. under G) as

O = Ted"(q5% T1qv1,2)(a%,M2v,b),

Require O to be invariant under G = treat T,;,” as a spurion field with a proper
transformation law under G

e Construct the corresponding hadronic operators by Tc‘é‘lb together with the NGB
matrix &,..., and require the resulting operators to be invariant under G

* For each independent operator, accompany an unknow LEC

The above procedures can be finished by the following simple replacement

The LO matching
q:‘_,a — 53&- ﬁa — &r:Tr a. q;‘?:a — {5; Ql- ﬁa — {saa
NLO or NNLO matching

ars = ((Du€N)).", T = (Du€")d: ara = (Du€)i™, T&° = (Dub)d,
gL — (MTEN.® q° — (EM)S, qra — (ME).*, Gr° — (€TMT).2,

16



Matching to yPT from LEFT

E=1/T =exp [i:r“}t“/ZFo]]

The method of spurion analysis (for dim-9 operators in LEFT)

Notation Quark operator chiral irrep Hadronic operator
OIS @yt d) [y es)G/is) | 270 x 1R | Sgoraa Fi(xio, 1)y (ziorz 1)
LRLR,S/P | (agdR) LRl /is) 6, % 68 —ggxﬁ'”—ﬂ(zf); (=1),!
OLFRS/P 1 (ardrllarsr) i/ js) 6Lx6r | —gb L : (E')2 (£h)3
O™ (@LdR) [Ty 5t Lipus 15, x 3g —g15x3 4 0 (770, T 1) (5 1),
O (TLdRIITTY" 5 s 5, <3 | —gb 9 4 0 (579, T1),}(z1),}
oot (TrsR)ELY" d s B x3p | —g& 2 4 0 (515, E1)H(E )
O™ (@LsRITLY " dL s 15, x 3g gfm 8 (zio, 5 1)} (z ),
O RESIP L (ard) [uRst)( s ) 8 x 8 | giioL 4 0 (£1),1(5),}
SUFRESIP ) (apdg]lags) (G /ds) 8L x 8 | by 0 (X1),(E))

2 udus

« g;s which can be determined from matrix elementsof 1~ >, K* - n*tnY and
K° & KY by chiral symmetry and LQCD [1805.02634, 1806.02780]:

9271 =0.38+0.08, g8 ¢ =5.5+2 GeV?, g5.s = 1.55+0.65 GeV>.

17



Matching to SMEFT from LEFT

SMEFT
SU(3)c xSU(2), xUQ)y

£> 20 + Vol

Aew~102 GeV

* Assuming that there are no new particles with a mass of order Aew or below

* |t will simplifies the structures of LEFT

18



Matching to SMEFT from LEFT

The dim-5 Weinberg operator and the relevant basis of dim-7 operators in SMEFT

Os = &€ (LA HIH", [Phys. Rev. Lett. 43 (1979) 1566] [JHEP 11 (2016) 043]
Y2H* | Oy = €&m(LS'L™)H/H" (H'H) Oeriin = &j€mn(@L") (L</L™)H"
V2 H?D | Grenp = &ijemn (LS e)HI (H™iD*H™) Caormt = €ij€mn(dQ)(LEIL")H"
WZHEX 'ﬁLHB = glSf_fgmn(LC'iGM_w‘F*j}I)H'!HrIB”V W4H ngQLLHZ = Si_i_gmn (HG_H_#QI)(LC':}.G”VL’” )HH
Ornw = 828 (€T )n (L 0y L™)HIH"WIHY Oqurer; = Eij(dyuu) (L " e)H/
yrrrp? | O = &ij€nn(L°T D u L)) (H" D H") Ogury = €j(Qu) (L°L')H/
Orpm2 = Em€jn(LSL)) (D, H"D* H") v*D | 03, = &;(dyu) (LI DFLT)

Mathcing at the EW scale

Dim Operators Matching at the electroweak scale Agw
MM: dim-3 | Zu = —%maﬁv_gvﬁg Mgp = —VECLO;B{; — %L’J'CEE.*
Oy = () (V) prap = 3V Couin
LD: dim 6 gﬁfa% - {ﬁd};)(gig) pf&% N ﬁqﬁﬁl
prig = (u] Yudy ) (Ira?" VE’ ) C;I;forg = %Vprcfﬁm
O = W) Tra?VE) | g = SCien
ChEs = oo™ )| i = SO

ILVD _
LD: dim 7 prof

prof

-7 — = = " -
= () yud} ) (Iai DHVS) | Col? ==V, ngCB“ +26f§m)

GRRYD _ (1P dr) (EI'{B}H ve) | CRRVD _ 5crpabs

B prap LHW

B praf ‘dul.DL

Ot = QP | Conta” = ~2V2GH ViV (LR +Clbn +3CTH)

SD: dim 9 prst.of3 prst.off 2-LDH2
s dim LRRLS/P 7P i3 .3 RRL.S/P
prst.af T (uLdR) [HR L]J'(S] C;rsr.a'B =0
“LRRLS/P 7 1= .qt \ 0B ~LRRLS/P _ | 5 soufx
prst.ef T (uLdR] [”RdL:}J (5) C;rsr.a'B - _4\/:GF V-’”C:?I;LDL

19



Master formula for the branching ratio in SMEFT

B(em e ) 1.7 x 10733 Mee 2
GeV6 GeVb eV?2
—3 see |2 ee |2 ge |2

+107% 5 (48| xf°|” + 45| VS| + 2.4 | V55 [?)

- see |2
+80 VS [ + 43V

+107% x (29 V5] + 23| A5°)? + 1.6 |V ) + int.,

Bp~p~) 45x10
GeVO  GeVo  ev?

L1103 % (1? A’f*“|2+19’y§ ’ + | YHE )

+ 16 | J**“:;+22|}’““

+1077 x (6? R et }y;‘*;‘*}z +6.6 | VEL }2) +int.,

Ble  p ) 2.1 x 1033 . ! 5 5
GeVPO - GeVo eV2 126 j’} 1| + 17 ‘y +2 |y;}'}1‘t| + 1.4 |y$f
+10 3 x (51 XEH|? 435 }y;‘f 424 |ye“ +1.9| V|2 £ 1.3 |YHE )
11079 x (230|;'L’2‘":”|2 +110‘y§, +55|'y““’ +6.7 | VHE|2 4 5.7 | YK ) +int.,

 The dominant contribution is from the LD (neutrino exchange) !

20



Lower bounds (GeV) on NP scale from exp. data

K- —nTe e K- —atuu- K- —nateu
names bounds | names bounds | names bounds | names bounds
1 1 1 _1
by @ | — by }'.a[}'l k by }'l(.’ k by (?‘U R
EZd ’j 84.5 Y ’1*’ 85.1 v ? 61.1 v ’: 56.9
@ee|”s 519 atH ‘3’] 61.2 act ‘?‘I 39.8 yre™3 375
1 — _
(273 245 | |2t 323 |2 223
1 _1 _1 _1
ZgslTF 243 v MY v 203 v 191
el s 149 | |ZE T3 17 A 125 | |EETE 11T
| 1
ge73 32 | |2MTT 34 | a2t TY 209
1 _1I _I _I
W "-1* 3.3 e 1 3.2 /e : 2.6 2/t : 2.2
ayee| 3 2 el 2.3 pre| s 1.5 g 1.5

* Looser than those from nuclear OvBS, Ayp > O(1) TeV

* The much smaller data samples

BUT . .
* The second generation of leptons and quarks which are complementary to the

study of OvBp

21



Predictions

10-11 Excluded by the current experimental search
107"
hel
©
=4 23
£ 10"
Q
c
o
m
10728
10—33
h
Q
| | | | ‘l
Aeyy 1 10 100 102

A[TeV]

New bound on the branching ratio
with ANP > 1TevV :

B(e"e )< 80x1071,
Bl ) < 1.6 %107,
Ble ) <26x10717,

Comparing with the current exps. :

Bexp(e7e™) < 2.2 x 10719,
Bexp(pt=p™) < 4.2 x 1071,
Bexp(e 1) <5 x 10719,

* Neutrino mass contributions are severely suppressed

* Several orders of magnitude smaller than the current experimental upper bounds.

22



Other processes
* LNV 7 decays, v~ —» P; P I [2102.03491, Liao-Ma-Wang]
* Involve the third generation lepton

* Dispersion relation

@

/ *
——T———— L]
+ 0\ / +

- _.‘_\__m _}_ -

* LNV nuclear processes, e.g. u"X — e*(u*)X’ [In preparation, Fan-Liao-Wang]
* Chiral effective theory involving two nucleons [See other experts’ talk]

* Similar with the Ovf [ in series of EFTs [Cirigliano-Dekens-Mereghetti-de Vries-... series

of papers]
LNV B, D decays [In preparation, Liao-Ma-Wang-Yu]

* QCD sum rules & Heavy quark effective theory & more?

23



Summary

 We studied the LNV process in the series of EFTs

* Matching and running are done between different EFTs

* These studies are complementary to 0vS[
* We systematically include the potential LNV sources

 The uncertainties can be systematically estimated

Thanks for yow attention

24
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Operators in LEFT Relevant dim-9 operator basis

e Some remarks:

* There are flavor symmetries in quark sector

LLLL, S/P  LLLL, S/P LLLL, T LLLL, T ZLLLL. T _ sLLLL T
ﬁprsr - ﬁsrpr ’ ﬁprsr - _*ﬁsrpr ’ @vprst - _ﬁsrpr

 Compared with the basis of N. Quintero [1606.03477], tensor lepton
current and color exchanged operators are new

* Ourresults (5886) are confirmed by the Hilbert series method
[1512.03433]

* When consider the sub-basis related with OvS[ process, we can get

the relation between our basis and others[1511.03945, 1606.04549]

_RLAL. S/P
(ﬁﬁ) ( 1 8 0 ) (ﬁim) = ( 10 ) ﬁﬁ“ﬂ S;"P
ol —4-8 —8)\aky ) T\ 4 —8)\srHs



One-loop QCD running effects for dim-9 operators

X2

d,

Uy, dYl
A Ty
G 7N
Uy, dvz
(b)
U, d,,
N, GA
N
Uy, dvz

Ux le
GA

()

ux dYZ
(c)

Uy, d,.

GA

7N

Uy, de

(f)



The final renormalization group running equations

O (TN e (3 (G
P‘d CLLLL,S/P - T3 _3 3 CLLLL,S/P | >
H ptsr T N ptsr
LRLR,S/P LRLR,S/P
C?Erm 5;;:\ R +6Cr —4 2 7 —4CF C’Eﬁﬁ S/P
3 . 2 2 s
o | e | 2 T Thoe o || dEesr
~LRLR,S/P 4 2 -2 — 2 _2CF ~LRLR,S/P
Cprsr /‘ N N Cprsr
LRLL A LRLL,A
C;ysr ﬁ + 3C¢ —2 1 ﬁ — 2Cr C;ysr
LRLL,A . 1 1 LRLL,A
#d— FLRLL.A = T3 1 2 1 - 1 GLRLLA | >
g ?Eru A " 2 N N : 1 C ?Eh A
= : < —1 —1 B — = :
Csrpt /‘ N N F Csrpt
LRRR,A LRRR A
C%E’IRR A\ N +3CF —2 ! N~ 2CF C%E'IRR A
d | Cogr o —2 430 4 —2¢ 1 Cotsr
H—— | =LRRR.A = - 1 2 1 _ 1 =L RRR,A
du | C 27 N N F C
NRRR.A 2 1 1 1 C N RRR.A
Cotsr N N~ F) \Cpsr
oo (Gsr) = -2 (F 25 (Eer)
di ¢LRRL,S/P o 0 -3 ¢LRRL.S/P

prst ptsr



The QCD running effect from Agy to A,

* For dim-6 scalar and tensor operators,

RL,S wLRS
CH(Ay) = 1.656C% (Apw), C° € {C,,5.C) s}

LR.T R, T
Cprocﬁ (Ay) =0. 8456‘5},&‘3 AgEW).

* The other dim-6 and -7 operators involve a quark vector current and thus do not
run due to the QCD Ward identity.

* For dim-9 operators,

CLT{"!?L‘S/P( Ay ) =0. 78(&';’;?5”3(‘”\5&\!),

uiu j

RRL.S P ~LRRL.S/P
Cﬁlm f I) _0 88( uin j / (AE"N)-.

CLRRL S/P ) —0. (2(-,LRRL S/P (AEW)-

1y iy



Chiral logarithm

@ In order to estimate the next leading order effects, we calculated
the nonanalytic terms in 1-loop diagrams (a) and (b),

— o
/s ~

/ .

| A )

\
/ N /

(a) (b)

@ We can get the 34%, 32.5% and 31.3% 1-loop corrections
relative to tree level results on #57,1, #;, . 5 and #g. g,
respectively.



Chiral Lagarnagian

* The resulting effective Lagrangian for LD contributions

E;%)T O ky [GF (VudOuw™ + VisOuK ™) (ILa ¥ V) +iB (C;‘{i T+ CE?K—) (Evg)

—(Boun + Bk ) (Iretv§) = (i dur™ + B 0uk ™) (Iai DHVE) |.

g (CRL,S B CL{&,S) | ng _ V2 (CLL:V CR_RY) :'

uicef3 uicf3

el

LLVD _ ~RRVD
(g -3?).

uiaf uicefy

* The resulting effective Lagrangian for SD contributions

1 _ _ 1 _
Lk = KT (o1 (1) +e2 (I9s1°) | + ) [c30"K™ ™ +eadn K] (T sl)

1 _ -
+3 K [es (I1°) +c6 (I1°)]

Where c;s are combinations of the Wilson coefficients and the low energy constants (LECs)

g;S Which can be determined by chiral symmetry and LQCD [1805.02634, 1806.02780]:

g27.1 = 0.38+0.08, g§.s =5.5+2 GeV?, ¢85 = 1.55+0.65 GeV>.



Lower bounds (GeV) on NP scale from LNV tau decays

T s eatnt Tt s e KTKT Tt s e KTt
names bounds | names bounds | names bounds | names bounds
] | T |
A ] 15.8 }@/,gf}j 6.4 \gf,g,f\T 109 | |# ? 10.7
:?/ET‘\ 3 14.8 }J/If} 3 6.0 \j’/”\ 3 8.8 \?3/;1“’\ 3 6.7
1 - 1
Zg T 68 | |27k 38 | |zE Y ss | |mE T so0
e} N e |3
wrlt es | lmE Tt 29 ||av] T w0
|
ate |73 c < er|— 1 p —1 p -1 .
2 5.5 M/K(’T} 3 2.9 ‘-3/;;‘ 3 3.4 H/;f‘ 3 3.1
1 T 1 1
27| i 1.8 | || : 07 | |#X] i 13 | |Z&l5 09
2| 16 | |&gl Tl 05 | |25 : 1.0
wer| 3 1.0 | |27 3 0.4 zx| 0.7 \‘ 0.6
T AN 2 T s u KTK" ’r+—>;1_[x 1r+
names bounds | names bounds | names bounds | names bounds
| 1 |
Mt _"’ ’ arT™ |3 a3 ut|—3
el ] 137 | |27 . 6.0 | %] 1 10.1 | |25 ' 93
w -3 : gyt T3 5 gy MT| T3 |~ 3
& \ 13.0 | |2¢]] 5.5 2l 79 | |Zd | 6.2
— 1 1
281759 | ek T se 13T st | sl s
|
T —"r z ay TH T gt |3
yHT 50 || 27| |2k, 3.7
|
) -3 . -1 . !
27 4.9 B2 2.7 gLt 3.1 75| Y 2.8
I | T
- TH | — - oy TH |~ g TH |~ 3 T |~
2,7 | 15 | %45 i 0.7 | |&4° L1 | |25 508
W”L\ 3 1.4 }3?"2”‘\_7 0.4 \37."2”‘\_* 0.9
T _1 1 1
2E | 1.0 | |#Z5]° 04 | |25 0.6 | |ZF] 7 05

* Looser than bounds from LNV kaon decays



Dispersion relation

e Chiral expansion: in derivatives of the NGBs and in powers of light quark masses

* The invariant mass of P; P; system can be considerable to A, for tau decay

Dispersive framework Based on analyticity Note: only deal with
and unitarity the local interactions
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