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Inter-generational transitions are small for quarks
and almost zero for charged leptons
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Information of large mixing can pass

from the neutrino sector to the

charge lepton sector through new

particles/neutrinos. If through new

particles the constraints are very
strong.
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Signal for Physics Beyond Standard Model

N 2 Sub eV masses to the

Mmy2 \/AmQ 0.05 eV Neutrinos
(assuming normal

My ~ \/ Am2, ~ 0.008 eV ierarchy

Theoretically it means that the Standard Model has to be extended

New Particles and/or Additional Symmetry
or both

L=Lgpn + %LI:[LI:I

neutrinos are complicated.



Majorana Neutrinos
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seesaw mechanism Y ~1, Mp~ Mayr

Dirac Neutrinos

Loy +YorvpH

Lepton number has to be imposed

Y ~ 10712

Extremely small coupling looks highly unnatural



Majorana Neutrinos

Graphical representation of various seesaw models
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Weinberg Operator non-unitarity of mixing matrix

lepton number violating



TeV scale new physics
can lead to significant constraints.

Supersymmetry, extra dimensions,
Clockwork etc..



calibbi and signorelli, 1709.00294
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Charged lepton flavour violating decays present limits

calibbi and signorelli, 1709.00294

Reaction Present limit C.L. Experiment Year
ut = ety <4.2x 1071 90% MEG at PSI 2016
ut —ete e < 1.0 x 10712 90% SINDRUM 1988
pTi—e Ti' < 6.1x10713 90% SINDRUM II 1998
" Pb—e Pbf < 4.6 x 1071 90% SINDRUM II 1996
p"Au—e Au'l <7.0x10713 90% SINDRUM II 2006
p~Ti— etCa* | <3.6x107H 90% SINDRUM 11 1998
pte” = p et <83 x10"H 90% SINDRUM 1999
T — ey <33x10°°® 90% BaBar 2010
T — [y <4.4x107° 90% BaBar 2010
T — eee <2.7x%x1078 90% Belle 2010
T — [ <21x107® 90% Belle 2010
T — e < 80x107® 90% Belle 2007
T = U <1.1x10°°7 90% BaBar 2007
T — ple <18x107® 90% Belle 2011
= p'u <12x107® 90% Belle 2011
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Reaction Present limit Expected Limit Reference Experiment
pt — ety <4.2x10713 5x 107 316] MEG 11
pt —etee® <1.0x 107 10716 [46] Mu3e
pm Al — e Al <6.1x10713 10~ (321, 324]  Mu2e, COMET
p~Si/C — e Si/C 1 — 5x 10 [282] DeeMe

T — ey <33x107® 5x 1077 339] Belle II

T — Wy <4.4x1078 1077 [339] ”

T — eee <2.7x1078 5x 1071 [339] ”

T — L <21x1078 5x 10710 [339] ”

T — e had <18x107%1% 3x 1071 [339] 7

T — p had <12x1078+% 3 x 10710 [339] ”

had — pe <4.7x10712 8 10~ [340] NA62

h — ep <35x10* 3x10°° 19 [341] HL-LHC
h— Tu <25x1073 3x107* 19 [341] ”

h — Te <6.1x1073 3x107* 19 [341] ”

TABLE XII. — Present and future limits for selected CLFV processes. ' Rate normalised to the
muon capture rate by the nucleus, see Eq. (99). *Best limits from T — ep® and 7 — up°
respectively. ® Best limit from K2 decay. Y Reference [841] quotes the branching ratio for which
one can make a 20 or boobservation; we use the number of expected signal and background events
in there to infer 95% C.L. sensitivities on the three channels, which turn out to be compatible
with the scaling for the square root of the relative luminosity - 3000 fb~' assumed in [341] vs

20 [74] or 36 [75] fot.
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Figure 47. — Projected time lines for different projects searching for CLFV decays. MEG Ilis
expected to start data taking in 2018 after an engineering run in 2017; Mu3e magnet and
detectors are expected at the end of 2019; MuZ2e foresees three years of data taking starting in
2021; COMET Phase-I is expected to start commissioning and data taking in 2018 for two-three
years, followed by a stop to develop and deploy the beamline and detectors for Phase-II; DeeMe
is expected to start soon and take data with graphite and silicon carbide targets in sequence;
Belle II is schedule to start data taking at end 2018.



LFV in meson decays

Channel Br Reference
KT s ntute” <1.3x10" " E865, E777 [89]
Kt watp et <52x107 " 865 [90
Kr — m’pFet <76x1071! KTeV [91]
Kr — pFet <47x10712 E871 [92]
Decay Leptonic Semileptonic
K BRS™P(K? — pFreT) < 4.7 x 10712 [16] BRS™P (KT — ntjie) < 1.3 x 107!
- BRS™P (Kt — nteu) <52 x 1071°  [19]
D BRS™P(D° — pFet) < 1.3x 1078 [17] BR™ (D' — n7fie) < 3.6 x 107°
- BR§™ (D' — ntep) <2.9x107° [20]
D - BRS™ (DY — KT fie) < 9.7 x 107°
- BRS™ (DS — Ktep) <1.4x107°  [20]
B BRS™P(BY — pte) <2.8x107° [18] | BR{™P(BT — nhuFe®) < 1.7x 1077 [21]
- BR{™P (BT — KT pFeT) < 9.1 x 1078 [22]
Bs BRS™P(BY — pFreT) < 1.1x 1078 [18] —

Table 1: Experimental bounds on leptonic and semileptonic decays.

Petrov, Ambrosio,
Crivellin, et.al



UV Model

BSM Physics Scale
Matching with SMEFT

Effective theory (SMEFT)

SM Scale



B-L conserving and lepton flavour violating

4-leptons operators

Dipole operators

Qe
Qee
Qﬁe

(LryuLro)(Ley"Ly) Qew
(ErVuer)(ErY"ER) QeB
(LryuLr)(ery"er)

(ELO'IWGR)TICI)WF{V
(I_/LU’U“VGR)(I)BILW

2-lepton 2-quark operators

Qty
QL
Qeq
Qua
Qe

(LevuL)(Qry" QL) Qru
(LoyutiLo)(Qry" QL) Qeu
(ery"er)(QrLyuQL) Qredq
(LryuLe)(dry"dr) Qe
(eryuer)(dry"dr) Qv

(LryuLr)(ary"ur)
(eryuer)(ury"ur)
(Lier)(drQ%)
(L{er)ean(QYur)

(LY opwer)ear(QLo" ur)

Lepton-Higgs operators

(1)
L

QCI)e

<~ _

(®%i D, ®)(Lry" L) o0
<

(®1i D, ®)(ery"er) Qeas

<~ —
(®%i D! ®)(Lrmy"Ly)
(Lrer®)(®T®)

TABLE IV. — Complete list of the CLFV dimension-6 operators from [107]. The SM fields are

denoted as in Eq. (3), and B, and

Wi, (I =1,2,3) are the U(1)y and SU(2)L field strengths.

Family indices are not shown, while a,b = 1,2 are SU(2)r, indices, and 11 are the Pauli matrices.
Flavour indices of the fermions are not indicated.

suppressed by two mass powers

Crivellin et.al, 1312.0634



Falkowski et. al, ’15-‘17
calibbi and signorelli, 1709.00294

Signer and Pruna,’15-17
Davidson et. al, ’'15-‘17

|Co| [A =1 TeV] A (TeV) [|Cy| = 1] CLFV Process
Che 2.1 x 1071 6.8 x 10* [ — ey
e chnn 1.8 x 1074 75 1 — ey [1-Loop]
CplrocTTH 1.0 x 107° 312 u — ey [1-1loop]
CLs 4.0 x 107 1.6 x 10* L — eee
Cli ce 2.3x107° 207 [ — eee
Clreeecene 3.3x107° 174 1 — eee
Che 5.2 x 107° 1.4 x 10* p~Au — e Au
Cott v e 1.8 x 10~° 745 p~Au— e Au
Cek 9.2 x 1077 1.0 x 10° p~Au — e Au
il 2.0 x 107° 707 p~Au — e  Au
ct 2.7 x 107° 610 T — Wy
CcIe 2.4 x 1076 650 T — ey
Cute 7.8 x107? 11.3 T —> [l
ClTHIRIRT 1.1 x 1077 9.5 T — [
Cree 9.2 x 1073 10.4 T — eee
Cyreeeeer 1.3 x 1072 8.8 T — eee

TABLE V. — Bounds on the coefficients of some of the flavour-violating operators of e IV for
A =1 TeV , and corresponding bounds on A (in TeV ) for |Cy| = 1. Superscripts refer to the
flavour indices of the leptons appearing in the operators. Adapted from [107, 112, 11/].



Effective theory (LEFT)

Chiral PT matching
mT— U+e

UV Model

BSM Physics Scale
Matching with SMEFT

SM Scale

Matching with LEFT

Mass of muon, tau etc.



Jenkins et. al

1711.05270
1709.04486
Hadronic bilinear - leptonic bilinear
(LL)(LL) (LL)(RR) (LR)(LR) + h.c.
OLIF | @rpy*ers)(arwyuure) — OX | (Erpyers)(@rwYuure)  O5 | (€rpers)(Grwury)
OV | Erprers) (drwypdre) — OLF ™ €y ers)(drovudre) O3 (erpers)(drwdre)
Ou | (arpy*urs)(€ruwypert) |08 | (€Lpo™ err ) (Urwoymwunre)
Oy (dppy drr) Crovuer:) | O™ (ELpo™ ere) (dpw0uwdre)

(RR)(RR)

OXQLRR (éRprMeRr ) (aRw TuURt )

OZ}RR (éRp’V'u €Rr ) (CZRw T th )

(ZR)(RL) + h.c.

S,RL
Oeu

S,RL
Oed

(€rperr)(UrwurLt)

(éLpeRr) (CZRw st)

Table 1. Semileptonic LEFT operators involving a charged-lepton bilinear and a quark bilinear.

Scalar

Vector

OSRR —

OSRL _

OV LL _

wt — (LLilry)(TLwdRe) ijwt

OV ER _

ijwt (gLigRj)(q_RwQLO ijwt

(Crivplr;)(@rwyqre) O

V LR _

1jwt

V RL _

(Lrivulri)(@rw Y are)  Oijur

= (Lrivulr;)(@rRwY" qRt)

= (Lrivulr;)(TLwy"are)

TABLE I: LEFT semileptonic scalar and scalar operators. Notation: ¢, q for lepton and quark. i,j=e, u, 7

and w, t =u, d, s. For 7% — u™ e~ value of i=p, j=e ,(w, t)=(u,u),(d,d)



Detailed analysis by Sacha Davidson et.al

Decay Leptonic Semaleptonic

K BRS™P(K? — pFeT) < 4.7 x 10712 [16] BR™P(KY — ntfie) < 1.3 x 1071

- BR§™ (Kt — nheu) < 52 x 1071%  [19)]
D BRS™(D° — pFeT) < 1.3 x 1078 [17] BRS™ (DY — nh[ie) < 3.6 x 107°

- BRS™P(DY — nheu) <2.9x107°% [20]
Dy - BRS™ (DS — Ktjie) < 9.7 x107°

- BRS™(DE — Ktep) <1.4x107°  [20]
B BRS™P(B® — pte) <2.8x107% [18] | BRS™ (BT = npteT) < 1.7x 1077 [21]

- BRS™P (BT — Ktp%eT) < 9.1 x 1078 [22]
B, BRS™P(BY — pFeT) < 1.1 x 1078 [18] —

Table 1: Experimental bounds on leptonic and semileptonic decays.

What about pions ?

D(r— p+e) <297 x107*°

Sacha davidson et.al
1807.10288
1008.0280

Earlier Chiral PT matching, see Criligiliano et.al, 0707.4464



drwqrt =

Chiral Lagrangian

L = Licp + 7" (vu(x) + aﬂ(x))q - @(S(SL‘) - iv5p($)> q

_ 1
+ qguytw/(x)q T 167’(’2
1

52 GG + i (au _ iGM) 7,

O(x)tr (GWG’W) :

0
LQCD

L = L{cp + ay'u(@)qr + Gry'ru(z)ar
+ qrS(z)qr + arST(x)qr

+ qLot 't (z)gr + Gt (z)ar |

1
—2Bg {ZF()zUtw + L4<DMUTD“U>UMU

Ls(UD, U DFU ) oy + 2L6(UTx + XU Upy — 2L (U — XU Uy,

ZIJS(UXJr U)tw + H2 th} + O(pG) ’

U,LL(ZC) o a#(x) )

’Uu@) + au(x) 3

s(x) —ip(z) .
™ My s + +
vt e T K
- _n Mmooy M 0
T ™ s K
— 0 Mo __ _ 718
K K V3 3/2
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Constraints on Scalar Operators

OQUtw} + O(p4)7

S S S S
(el (CSREOSEE + CSEROSER) |n°)
_ _ SRL _ /- _
EeR;UIE — (:uLeR)<quQRt) O,uewt — (MLBR)(QRwQLt)
) 1 _ (: [_ 1
= (NLeR)[_ 2301 OQUtw} +O(pY), = (irer)| = 2Bog
M (0 + - __ (iBofy (SRR _ SRR _ ~SRL _ ~SRL
(7T (p1> — M (pQ)e (p3>) - 9 ( peuu pedd ,ueuu+ ,uedd)
B 1
% a(pe) (1= 77)o(py)
2
D(r” = pte”) = |(CSER - Sl — CERE + 5 )| (6.007 x 107°) GeV?
< 297 x 10718 _ N _
= C<107%—-10""GeV?
In GeV In GeV
m? 134.97x1073 Fo 92.3x1073[11]
my, 105.65x 1073 Me 0.51x10~3
Mo 2.16x1073 M 4.67 x1073
(70 — pte )| 2.97x10718 || By = #Q?md 2.667

TABLE II: Input values in GeV. m,, mg values are MS bar masses at 2 GeV. All values are taken from

PDG.



Constraints on Vector Operators

(el (CLLEFOLH + CYLHROY, K+ CY RO 4 Y, B0V, B )
aqL = %F@(DMUUT ) 4+ 4iLy (D, UTD"UY(D,UU") + 4i Lo(D*UTDYUY(D,UUT)

+ zz'Lg<(UT DRU — DrUt U) DLUIDYU) + 2iLy(D,UU YU X + XU

+ iL5<<UTD“U - D“UTU> Uty +xU))

+ Ly [—(FE”DUUUT ) — (UD,UFI*) + (D, UFI U + (UF D, U

— iLg(D"(D,UD,U" — D,UD,U") + 2L1o(D,(UFI"U"))

+ 4H(D,F}) + € terms + O(p°) |

LL LL V. LR~V LR V. RRV RR V. RL AV RL 0
<€M|<CV O;‘Lfewt + C Oﬂewt + C Ouewt + C,uewt O,uewt )‘W > =

pewt pewt pewt
(el (CYHE — OLLEE ) (anrter) L o,m|%) +
(el (CYEE — CLLRE ) (am¥en) T2 0,m0)n”)
Define
Avt = Cpein, = Ol MEE™) = it e () = 22 (g ES D o)
Arn = Gl = Ol + Analatr )

T(r° = pte™) = (|Arz)? + |Arg|?) % (9.57 x 1079) (GeV)?

(|ALL|2 + |ARR‘2) < 3.104 x 10710 (GeV)_4



Summary

In addition to purely leptonic LFV processes,
LFV in meson decays also provides
Significant constraints.

We studied tree level matching of Chiral PT to LEFT
operators and derived constraints
On them.

A Full Global analysis in the operator basis would be
An interesting study.



