Lepton Flavour Violation
( and Leptogenesis)

Sacha Davidson
IN2P3/CNRS,Montpellier, France

1. leptons in SM,LFV,...
2. EFT= parametrising LFV at low energy
with contact interactions Kuno Okada
= path up the mountain < travels in “scale”
3. CPV in the leptons

4. leptogenesis
data
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Lepton Flavour Violation

e three lepton flavours in the Standard Model : e, [, T (flavour = mass eigenstate)
different from quarks, where 6 flavours

o LFV= CLFV = FCNC|guarks

= charged lepton flavour change, at a point = v oscillations don’t count.

/L%V v e
- ./

source detector
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Lepton Flavour Violation

e three lepton flavours in the Standard Model : e, [, T (flavour = mass eigenstate)
different from quarks, where 6 flavours

o LFV= CLFV = FCNC|guarks
= charged lepton flavour change, at a point = v oscillations don’t count.

/L%V v e
- ./

source detector

e Lepton Flavour Change is BSM that exists, just don't know rate :
— none in the Standard Model with m, =0
— occurs with m,, and mixing matrix U
m,, renormalisable Dirac : LFV amplitudes GIM-suppressed (like quarks)

2

Ao 22 = BR<1074
My

= if see LFV, what can we learn about the new leptonic physics ?
suppose : m, NOT renormalisable-Dirac, + New Physics heavy=EFT
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Some current constraints on Branching Ratios

sOme processes

current constraints on BR

future sensitivities

H— ey
W — eée
UA — eA

K_E—>,ué
Kt — nt e

< 4.2x10713
< 1.0 x 10~12(SINDRUM)
<7 x 10713 Au, (SINDRUM)

< 4.7 % 10712 (BNL)
< 1.3 x 10711 (E865)

6 x 10~ (MEG)
1016 (2018, Mu3e)
1071 (Mu2e,COMET)
10~18 (PRISM/PRIME)

10-12 (NA62)

1A — eA = bound p in 1s of nucleus A becomes e
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(What is n— e conversion ? (not a nuclear boogyman)

% R
% Al

M beam

target
(Z=13,A=27, )=5/2)

e 11~ captured by Al nucleus, tumbles down to 1s. (r ~ Za/m,, 2 ra)
e in SM : muon capture p+p — v +n

4/35



(What is n— e conversion ? (not a nuclear boogyman)

% R
% Al

M beam

target
(Z=13,A=27, )=5/2)

e 11~ captured by Al nucleus, tumbles down to 1s. (r ~ Za/m,, 2 ra)
e in SM : muon capture p+p — v +n
e if LFV, bound u interacts with nucleus, converts to e (E. =~ m,)

A@é @ %’7 M ={l7"7"s,0}
r={S,P,V,A T}
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(What is n— e conversion ? (not a nuclear boogyman)

% R
% Al

M beam

target
(Z=13,A=27, )=5/2)

e 11~ captured by Al nucleus, tumbles down to 1s. (r ~ Za/m,, 2 ra)
e in SM : muon capture p+p — v +n
e if LFV, bound u interacts with nucleus, converts to e (E. =~ m,)

—s—@:é 4>@{ —A—@:én M= {I 75)7 Y 7570-}
r={S,pP,V,A, T}
~ WIMP scattering on nuclei

1) “Spin Independent” rate oc A2 (amplitude x 3 o A)
2) “Spin Dependent” rate ~ I's,/A2 (X nucleons o spin of only unpaired nucleon)
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Why is i — e conversion interesting ?

1. maybe where ;1 — e could be discovered ?

» experimental sensitivity to BR will improve : 1072 — 107 (expts under
construction) — 107 (planned expts)
(future sensitivity to BR(uu — e&e) ~ 107 1¢)

> Isi(uA — eA) oc A%, whereas I'(uA — vA’) is not coherently enhanced. So

r A— eA
BRS/(,U«A — eA) = % X A2| Z C|2

= sensitivity C ~ vVBR/A?
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Why is i — e conversion interesting ?

1. maybe where ;1 — e could be discovered ?

» experimental sensitivity to BR will improve : 1072 — 107 (expts under
construction) — 107 (planned expts)
(future sensitivity to BR(uu — e&e) ~ 107 1¢)

» Tsi(A — eA) ox A%, whereas I'(uA — vA’) is not coherently enhanced. So

[si(uA — eA) 2
BRs (A — eA) = F(uA 5 oA) o< A% C?
= sensitivity C ~ vVBR/A?
2. ...its coherent < many Sl operators interfere

32G2m
BRs/(1A — erA) = #\cgp,?v +HCLPS P CY R VI C S

rcapt

CDLD|

if 'tis observed, how to know which operators contribute ?
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Some current constraints on Branching Ratios

SsoOme processes

current constraints on BR

future sensitivities

B ey
n— eée
UA — eA

K_,(_)—>ué
Kt — ntie

T — Ly
T— 30
T — e

h— 1FeT
Z — etyu¥

<4.2x10713
< 1.0 x 10~12(SINDRUM)
<7 x 10713 Au, (SINDRUM)

< 4.7 % 10712 (BNL)
< 1.3 x 10711 (E865)

<3.3,44x10°8
<15-27x10"8
<3.1x10°8

<6.9x103
<75x10°7

6 x 10—14 (MEG)
10-16 (2018, Mu3e)
1071 (Mu2e,COMET)
10~18 (PRISM/PRIME)

10-12 (NA62)
fewx 1079 (Belle-Il)

fewx 1072 (Belle-1l, LHCb ?)
fewx 1072 (Belle-11)

1A — eA = bound p in 1s of nucleus A becomes e
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EFT as a Lagrangian parametrisation of LFV

construct LFV contact interactions
out of dynamical fields, Anp
impose relevant (gauge) symmetries.

{Za Waly-,g-,ha £, f}

(Maybe, or not, select _  mw~mp~m;
by operator dimension)
{A/7g7 e?lt'/T'/ u7 d7 C7S7 b
¢
0L=30p B0 +he.
(v =174 GeV)
OVl = (v PLp)(€vaPre)

ﬁ? _ GeV ~ mg,
{7, e, 1 p,n, ()}

= theoretical parametrisation of the data= express LFV rates in terms of {C(C)}.
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EFT to transport coefficients in scale

1. "scale” = p of dim.reg.
Miracle of EFT : can interpret “a la Wilson" !
see Georgi, ARNPS,1993

2. But loops are small : surely negligeable ?
" data is sensitive to loop effects
N\ tree level is not always the best-constrained contribution

3. in practise — how to calculate loops in EFT 7

4. results : constraints, flat directions and sensitivities

data
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But surely loops effects in LFV are negligeable ?

Two dipole operators contribute to p — evy :

4G
6£meg = _TQFmH (CD,RmUaﬁeLFalg + CoﬁLMJO‘BeRFa,g)
i BR(u — ey) = 384n°(|Cprl® +|Cp.]?) <5.7x107

= |C2|s1078
MEG expt, PSI

How big does one expect Cp x to be?
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But surely loops effects in LFV are negligeable ?

Two dipole operators contribute to p — evy :
4Gfg

6£meg = _Wm” (CD,RmUaﬁeLFalg + CoﬁLMJO‘BeRFa,g)
i BR(u — ey) = 384n°(|Cprl® +|Cp.]?) <5.7x107
= |C2|s1078
MEG expt, PSI
How big does one expect Cp x to be ?Suppose operator coefficient
n=1 n=2

my, em,,
FCD,X ~ W = prObeS A 5 100 TeV 10 TeV
Moy — —  probes AS3000TeV 300 TeV
vZi (1672)"A2

= 1 — e expts probe multi-loop effects in NP theories with Ayp > reach of
LHC
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But QED loops are O(«/4m)... surely negligeable correction to tree?

Work top-down = suppose a model that gives only tensor operator at myy :
2v2Gg Cr(tou)(8aPy ) B
1 :forget RGEs Match to nucleons Ne{n, p} : C¥N ~ (N|dou|N)C¥ < 3Cy

nucl. matrix ele. :

= BR(uA— oA) = BRep = 3Cr? o
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But QED loops are O(«/4m)... surely negligeable correction to tree?

Work top-down = suppose a model that gives only tensor operator at myy :
2v2Gg Cr(tou)(8aPy )
1 :forget RGEs Match to nucleons Ne{n, p} : CIV ~ (N|dou|N)Cy < 3Cw
nucl. matrix ele. :

= BR(uA— oA) = BRep = 3Cr? o

2 : include RGEs

C¥(Tou)(eoPyp) g >5< 643= log 72 C{ (du)(ePypu)
ACEY( mT) 7C%“(mW)
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But QED loops are O(«/4m)... surely negligeable correction to tree?

Work top-down = suppose a model that gives only tensor operator at myy :
2v2Gg Cr(tou)(8aPy )

1 :forget RGEs Match to nucleons Ne{n, p} : CIV ~ (N|dou|N)Cy < 3Cw

nucl. matrix ele. :

= BR(uA— oA) = BRep = 3Cr? o

2 : include RGEs

C¥(Tou)(eoPyp) >S< 6472 |og Dw Ci (Gu)(ePy )
X () ~ LC¥ ()

Then match to nucleons : CNN <N|uu|N C”” ~ C;U so CEP 2 CPP,
BR(uA — eA) = BRs; ~ Z?|2C%|? ~ 10°BRsp

loops can change Lorentz structure/external legs = different operator
whose coefficient better constrained
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Buras@Houches,chap5, hep-ph/9806471
To calculate loops in EFT Manohar@Houches, 1804.05863

regularise with dim.reg., renormalise with MS, + Fierz and s in 4-d because
only ever looking for 1/¢ poles.
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. Buras@Houches,chap5, hep-ph/9806471
To calculate loops in EFT Manohar@Houches, 1804.05863

regularise with dim.reg., renormalise with MS, + Fierz and ~s in 4-d because
only ever looking for 1/¢ poles. TR )\RC u,d,e...

. . ~CR .
e Suppose renormalisable model, mediates LFV.MNM +...S{|nc|ude
eg New leptoquark of mass App. - /\ o . v:la\;e ns)
R A\p ,a,e..

o Allows to calculate Muyp(T — ep) (also 7 — 3e), which is finite
(e(pe; se), p(P)ISIT(P = 0,5;)) = i6*(P — pe — pp) Mnp
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Buras@Houches,chap5, hep-ph/9806471
To calculate loops in EFT Manohar@Houches, 1804.05863
regularise with dim.reg., renormalise with MS, + Fierz and ~s in 4-d because
only ever looking for 1/¢ poles. TR ARCR u,d,e...
e Suppose renormalisable model, mediates LFV.M | +...S{inc|ude
NP~ wavefns)
eg New leptoquark of mass App. oV
er \p ¥ e,d, e..
o Allows to calculate Muyp(T — ep) (also 7 — 3e), which is finite
(e(Pe, se), P(Py)ISIT(P = 0,5;)) = i0*(P — pe — pp) Mnp

e But Apyp > m, 7

1 : just calculate relevant dynamics = SM.

2 : O(m?/N?) part of Myp accurate enough ?
ARAR _
A (8yPrT)(CyPrC)

np ————

N—~— operator O
coeff. Cq

At tree level, in L, replace LQ —

TR CrR u,d,e

o And calculate Mg
Mg A>va<

R g 7 ou,de
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To calculate, ctd

TR CrR u,d,e
M s ’><>vav<
o Yeeks! Mg diverges... €R R 7 ud,e

...regularise+add counterterms (for all operators generated)
(= 6L : CLoOLq — 1Yy CLQZLQ,NZJZON )

o With renormalised £, obtain finite Mefr ren ...except, still logg in Mef ren -

e cancel p-dependence of time-ordered-product-of-fields in usual way :
require coupling constants (= operator coefficients) to be u-dependent
= RGEs : u2C= c*(uﬁ[Z]) z7t=C.[r

e Eureeka ! M off ren With running coefficients C(p), is finite 4+ p-indep.
But :had to renormalise operators—result cannot depend on associated g,
or on scheme (no operators in renormalisable models),so only can calculate
scheme-indep, p-indep quantities !
= at one loop, coeff of (1/€ + log) is scheme-indep
= allows to obtain *all* (123%)" terms! (see Barr-Zee comments in a few slides)
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But what is that scheme-indep log-term in Mg ren ?

e to calculate C(u) :
1. match Greens fns in model, to tree level Greens fns in EFT... gives coeff
C(Anp) ~ N2 /N2
2. scale evolution of C from RGEs (soln is “scale-ordered” exponential) ;
run coeffs from Ayp — m;

e evaluate operator matrix element at m, : (more difficult for 4q)
(e, pl(@yPrT)(@Vq)|T) o< TeyPru-(pl(G74)[0)
(e, & e[(eyPrT)[(eve)]|T) o (UeyPrur)(UeyPrue)

(troubles with quarks below m, where QCD becomes strong...)

e then Mt ren Cj(m7)<f|(9j|l'>(m-,—)
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What means “matching at tree-level in the EFT" : examples

b e J w-
W
> h<: X t v
t -_
b K 5 W+ i
mwy
b e d %
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What means “matching at tree-level in the EFT" : examples

W

b e
d I
>h<: i t v
t -
b 1Y
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Why do EFT 7 Surely models are easier ?

* SM loop calns hard — do calculation once
x just need coeffs of 1/e = all log" /(1672)" terms
Ex : suppose want to calculate Barr-Zee diagrams for my > m; :
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Why do EFT ? Surely models are easier ?

* SM loop calns hard — do calculation once
x just need coeffs of 1/e = all log" /(1672)" terms
Ex : suppose want to calculate Barr-Zee diagrams for my > m; :

In one-loop EFT :
t

e t e
% +.. = >cD< ACT = Cs=(2Q:) In A
t H t K
t e e

= w®< muACp = ACT £ (3% m;)In 2
a \2 (16N Q? 2

t 7 7 = Gs (&) (Z=me) In® o
O([eIn]?/A?) part of Barr-Zee diagrams (¢, heavy Higgs) in 1-loop RGES !
Can check QCD corrections ~cancel at O([a In]3/A?)

(running with QED above my, because simple)
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What do we learn about NP in lepton sector?

Anp

{Z,W,~,g,h,t f}

Cabove = Chelow V mwy ~ My

{r)/’g7e/"é77-7 u7d7c757b}

RGEs : p2.C = CT

= C(m;) ~ C(mw)exp{-T log}

j? GeV ~
{v,e,p,p,n, ()}
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Including the loops in EFT
line up all operator coefficients in row vector C, satifies ua—i(.:' = CT. Solution :

C(m,) = C(mw)G

17 /35



Including the loops in EFT
line up all operator coefficients in row vector C, satifies ua—aﬂC = CT. Solution

C(m,) = C(mw)G

Cox(my) = Cpx(mw) <1 — 16E In m—>
i
_ Qe In -~ mwy < 8—CT xx + ng(x + C2/00p)

dre  m,
+162e(4‘;)2 In? f;_iv <Z;'; G, XX)

—8)\‘” e | 2néVZV < CT xx T 2:—; Crixx — :—zcé)'?xx) fr
+163e(cfr)2 "3 GeV 24 o L St g:b m, oo

A = as(mw)/as(2GeV) ~ 0.44, frs ~ 1.45, ag = 12/23,a7r = —4/23
17 /35



Do we get ellipses in parameter space— or are there flat directions?

1.5
PLANCK+SN
1.0
PLAMCK+BAD+FS
PLANCK+BAO+FS+5N
0.5 e
. 0.0
=
0.5}
-1.0
-1.5
-18 =15 =12 -0.9 -06 B 0.0

W

Ideally : more constraints than parameters, build models that sit in overlap of
ellipses

= How many constraints on how many coefficients from
u — ey, p — eée and pu—e conversion?
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operator basis for ;1 —e conversion, 1 — eée, 1 — ey at Aexpr

Kuno Okada
 interaction with nucleon N € {n, p} parametrised by 20 4-f operators :
S,V ePxuNN Y Px uNyo N X e{L,R}
A T ey Px tNyoys N @UQBPXMNUQgN
P, Der ePxiNsN & Pxu(Ni ., 7sN)

Matching in xPT gives Derivative. But absorb in matching into Gg’qz quark matrix elements in

nucleons. and 2 dipoles
D 20“P PxjiFos
which also contribute in y — ey, p — eée. For  — eée

4 (@Y Pyp)(€vaPye) (&7 Pyp)(€vaPxe)
S (EPY,U)(EPye)
28 operators

chiral basis for the lepton current (relativistic e),

but not for the non-rel. nucleons.
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i < e operators (at scale my <> m;); otherwise flav.diag.

m, (80" Py ) Fap dim 5 Kuno-Okada
(&y*Pyp)(@vaPve) (8" Pyp)(€vaPxe)
(ePyu)(ePyve)  (ePyu)(fiPyp)
(& Pyu)(vaPyp)  (EY*Pyp)(EvaPxp)  dim 6
(@ Pyu)(FraPyf)  (€Y*Pyp)(fyaPxf)
(ePyu)(FPyf)  (ePypu)(fPxf)
(eUPy/L)(fO'ny)

1 1 ~
—(8Pyp)Gap G —(€Pyu)Gnp G’ dim 7
my mt v22Z...

1 1 ~
—(BPyp)FoapF*®  —(@Pyu)FasF®?
me (EPy1)Fas me (EPy1)Fas

fe{r,udc,s, b}, Px # Py =(1+)/2
82 operators. + 80 more if allow quark flavour-changing. x3 to account for
nwsre Tre and 7 p + 48 AL = 2.
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Counting constraints : u — ey + u — eée

< e
Two dipole operators contribute to . — evy : K
4Gr __ _
5£meg = _Wm# (CD7RILLRUO‘BGLF&5 + CD,L,uLU“BeRFag)

BR(u — ey) = 38471’2(|CD,R|2 + |CD’1_|2) <57x10713 = |C)?| <1078
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Counting constraints : u — ey + u — eée

< e
Two dipole operators contribute to . — evy : K
__AGF — af B
5£meg = —Wm# (CD7RILLRU eLFag + CD,L,LLLO' eRFag)
_ 2 2 2 —13 D| < 1n—8
BR(u — ey) = 384r (|CD,R| + |CD’1_| ) <5.7x 10 = |Cx| 510

2d|po|es + 6 4 fOpS contrlbute to u — eee (most |nterference between ops x m /m

ePLu)(ePLE) ePRu)(ePRE) evPLu)(evPLe (evPRu)(evPRe) (evPLu)(evPRe)

_ Cs,i* + |Cs rrl?
BR(i — eée) = [Cs.u.] 8| s.Re| +2|Cv rrl> +2|Cv,1i* + |Cvirl? + |Cv re?

1072 = |Cx|$107%/BR/10~12

see nothing in y — ev, u — eée, = all 8 Cs small
(BR(p — ey) < 6-10"*,BR(n — efe) < 107%® = Cp < 2-1079)
see something = distinguish operator via angular distributions ?

IN
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P T
p — e conversion, again SN '

K~ beam
target
(2=13,A=27,)=5/2)

BRsi(Ap — Ae) oc |CEPRVEP +CLPSE) + Clrp VD +Co S+ Cp D) + {L > R

N 2 N 2
~ 22‘CR-\7A +22|¢ -0,

a= (V. 5PV, 5. D)
N

~, ~ 2 ~ ~ 2
BRsp(Ap — Ae) ~ ‘c}h + 2c¢’{VR‘ + ‘C,Q{’Y_‘, + 2c¢’{VL‘ (N odd)

Can distinguish SD vs SI, L vs R. But if observe Sl conversion, how to know if
is due to scalar/vector operator on nor p?
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P T
p — e conversion, again SN '

K~ beam
target
(2=13,A=27,)=5/2)

BRsi(Ap — Ae) oc |CEPRVEP +CLPSE) + Clrp VD +Co S+ Cp D) + {L > R

N 2 N 2
~ 22‘CR-\7A +22|¢ -0,

a= (V. 5PV, 5. D)
N

~, ~ 2 ~ ~ 2
BRsp(Ap — Ae) ~ ‘c}h + 2c¢’{VR‘ + ‘C,Q{’Y_‘, + 2c¢’{VL‘ (N odd)

Can distinguish SD vs SI, L vs R. But if observe Sl conversion, how to know if
is due to scalar/vector operator on n or p 7Change nucleus?

SO VP ~ / Bx () P (UL 70} p)

KitanoKoikeOkada
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P T
p — e conversion, again SN '

K~ beam
target
(z=13,A=27, J)=5/2)

BRsi(Ap — Ae) oc |CEPRVEP +CLPSE) + Clrp VD +Co S+ Cp D) + {L > R

N 2 N 2
~ 22|Cr-va + 22|Cu0a = (VPSP VAP, S Da)

~, ~ 2 ~ ~ 2
BRsp(Ap — Ae) ~ ‘CM + 2c¢’fVR‘ + ‘c,ﬁ’,’f_‘, + 2c¢’fVL‘ (N odd)

Can distinguish SD vs SI, L vs R. But if observe Sl conversion, how to know if

i ? ?
is due to scalar/vector operator on n or p ?Change nucleus? KitanoKoikeOkada

SO VP ~ / Bx () P (UL 70} p)

different “target vectors" vy for different nuclejlr targets

target vectors “live” in coefficient space, like C = (C{P, C&, C{", C2", (D))
1.1st exptal search (eg Gold) probes C || Vay

2.next target, suff large component L Gold

=> three (suitable) nuclear targets (+improve theory caln) could probe 3
. . ~pP ~PP /~nn ,~nn DKunoSaporta
combinations of  {C{P, Cc”, CV), C2"} DKunoYamanaka
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Summary : counting constraints from puA — eA,u — ey + u — eée

parametrise with 20 nucleon ops (8 SI : S,V) + (12 SD : P AT)
+2 dipole operators
+6 four-lepton operators
1. constrain 2 dipoles +6 4¢ coeffs with © — ey + pu — eée
2. Spin Indep now : constrain 4 combinations of 8 {S, V'} coefficients
S| future : constrain 6 combinations of 8 {S, V'} coefficients

3. Spin-Dependent, now : (7) 2 counstraints? (Ti?)
future : 4 — 8 constraints ?
nvs p by comparing odd-p, Avs T vs P < dedicated nucl.caln.)

= 28 coefficients,{ now 12— 14

future 18 — 22 }constralnts

...so what to do?
(no ellipse in coeff space even at exptal scale)
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Can still calculate sensitivities...

sensitivity : “one at a time bound’ = below, parameter is to small to see in

expt. (But larger possible, if cancelled by another contribution.)

coefficient | pu — ey ©w— eée p—e conv.
D.X . X - . X - . X -
Cp, 1.12x 1078 | 4.30 x 10~7 2.35 x 10~7
|CE x| 1.10x 107% | 7.80 x 1077 1.86 x 107>
. X - . X - . X -
CEyy 2,55 x 107% | 9.34 x 107 3.77 x 1075
| C& x| 1.73x 107* | 2.8 x 10~ (3.64 x 1073)
. X - . X - . X -
Clhx 1.10 x 10™* | 5.60 x 10~5 1.85 x 107>
. X - . X - . X -
Chly 256 x 1074 | 1.12x 1074 3.77 x 1075
1€ 8.24 x 107 | (1.58 x 107%) | (1.73 x 107%)
|Coxx 3.80 x 107* | 1.95 x 107 1.24 x 107°
|CO Ty 4.40 x 104 | 1.91 x 10~4 1.25 x 1073
|CT% 5.33 x 1076 | 1.02 x 104 1.12 x 107*
‘CT’T P P P
S,XY
| CT 1.10 x 1078 | (4.20 x 1077) | (2.30 x 10~7)

Table — Current sensitivities of 1 — ey, u — eée, and p—e conv. to the coefficients,

at mw, of QCDxQED-invariant 2- and 4-lepton operators. X, Y € {L,R}, X # Y.
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Summary

Lepton Flavour Violation is BSM that exists, and experimental sensitivities set
to improve by orders of magnitude in coming years (— BR ~ 10716 — 1018
for p + e).

Current experimental constraints are restrictive = sensitivity to loop-induced
LFV at scales beyond the LHC

If assume LFV induced by heavy New Physics, can parametrise LFV interactions
with non-renormalisable operators, and include loop effects via RGEs for
operator coefficients. Find that (in u > e sector)

o (many) more operators than constraints = many “flat directions”

[ ]

[ ]

e question for you :what else can we learn 7
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Definitions and such...

| use Dirac spinors, with 4 degrees of freedom(dof) labelled by {+E, +s}, in
chiral decomposition

(1 —s)
2
chirality is not an observable (— helicity = £5 - k = 41/2 in relativistic limit),

but P, g simple to calculate with :)
notation : (Yr) = (Pry)) 0 = ¥TPryo = ¥Ty0PL = (¥)1
() = PL(—ivoyv270v") = —ivor2y0¥k

’QZJLZ Ple avec PLZ

, Yr= Pr%
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Leptons in the Standard Model

e 3 generations of lepton doublets, and charged singlets :

Vel VuL VrL
EaL€{< e ) , ( e ) , ( - )} eur € {€r, LR, TR}

in charged lepton mass basis = flavour basis (greek index, eg ).
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Leptons in the Standard Model

e 3 generations of lepton doublets, and charged singlets :

Vel VulL VrL
eaL S {( ee,_ ) ) ( ,L:LL ) ) ( T )} exRr € {eR7 KR, TR}
in charged lepton mass basis = flavour basis (greek index, eg ).

e (only) three lepton flavours in the Standard Model : e, i, T (different from
quarks, where 6 flavours)
so LFV = CLFV = FCNC| guarks
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Leptons in the Standard Model

e 3 generations of lepton doublets, and charged singlets :

Vel VuL VrL
gaL S {( e ) P ( m ) P ( T >} exRr € {eRa MR, TR}
in charged lepton mass basis = flavour basis (greek index, eg ).

e (only) three lepton flavours in the Standard Model : e, i, T (different from
quarks, where 6 flavours)
so LFV = CLFV = FCNC|guarks
e No vr in SM because
1. data did not require m,, when SM was defined (v are shy in the lab...)
2. vg an SU(2) singlet < no gauge interactions
= not need vg for anomaly cancellation
= if its there, its hard to see
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Lagrangian that reproduces leptons interactions(but not v masses)
(also most general renormalisable, SU(2) x U(1)-invariant £)

(Exercise : why not write £, (.. ?)

L = i, +"Dylin + i€Re v Dy €ra

o H+
- (VaLa eaL)ya ( H[) ) €aRr + hC:|
D, = 0+ 50" W] +ig'Y(€)B, , Dy = 0+ ig'¥(er)B,

B* hypercharge gauge boson, Y(f) = T3 + Qem
H+
H = <HO) ama:}/a<Ho> , <H0>E vV~ mg
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Why are the LFV bounds so good 7

Current ;1 — e Branching Ratios < 107'2. Normalised to weak muon decay

_ M — eée) GEm}, m 1
BR " r = ~
(et = mamyy » T o) = 1955 = T536,507 ~ 25105
m,, 10712 = Apy ~ 103y =~ 200 1
S < LFV v~
.80 if [(pn — eée) ~ 1536m AﬁFV then BR S { 1016 = A,py ~ 103V ~ 2000
Compare to (g722)“ = a ™~ aem/7 (measure Eqns o Motion : QED amplitude) :
torque T = fi X é;ﬁ:g%.g
Na = a°M 3% ~3x107°
M
16m2A2,,

= /\/\/,D ~ Mg.

because BR is ratio to weak decays
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SMEFT above my, : 202q

aBnm 1 - _ afnm 1- _
027) ’ = E(éafyuéﬁ)(an)/#qm) Og,) g = E(éa’YMTaéﬁ)(qn’YuTaCIm)

apbnm 1 —_ —
O™ = 5 (8ar"€8) (@11 Gm)

1 i affnm 1
(ea'yue,@)(ﬂnp)/uum) Ogdﬁ = E(Eapyugﬁ)(dnp)/udm)

afnm __ -
Oéu - 2

afSnm 1 — — afBnm 1 — N —
OeuB = E(ea'}/#eﬁ)(un’mum) Oedﬁ = §(ea’71 s)(dnVudm)

apnm _A — apbnm )
O™ = (Uyes)eas(@oum) O™ = (Caes)(dndm)

_A _
O, = (U0 e5)eas(G5 0 pu tim)

where £, g are doublets and e, u are singlets, n, m are quark family indices, taken
equal, and A, B are SU(2) indices.
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SMEFT ops, ctd :4-lepton+ penguins/dipoles

appo l i i
0" = 50" ls) Cyrutr)

appo 1 i — afBpo 1 — —
O = S (L") Epmuer) O = (27" es)(Epmuer)

af T v afB i T A ~
Ogy = (H'H)(laHes)  OF = 5(H' D, H)(2an"es)
a i &N o .
Oty = 5(H B IXTA"5)  Offy = S0 B3 Tret)
O?VL?/ :yﬁ(zaTaHUHUeﬁ)ij OeB —yg(é Hot"eg)B,,,

where yg = charged lepton Yukawa, and

<~
i(Ht D2 = j(H+2 _j tra
i(H D#H) = i(H'r°D,H) — i(D,H)'m°H.
For 4-lepton ops, can have AL; = 1,2. Also, Warsaw basis supposes that flavour change across the
bilinears is allowed ; if impose one unit of flavour change in first bilinear, should add triplet operator
O?l}e“ee. If in £ sum all indices over all flavours, there are 2s for Oce and Oy (

&) (Tyut) = @Y 7)(Evup)) :
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intro for QF Tists
To calculate SI p— e conversion (at LO in xPT...) +SDep in DKunoSaporta

differs from WIMP scattering in that v and nucleus charged
1. suppose start with p <+ e operators involving gluons, v, u,d,s, c, b
2. match quark/gluon operators onto nucleon (N € {n, p}) operators :
G(X)Foq(x) = G IN(x)T oN(x) Gs in Appendix

eg, (N|G(x)q(x)|N)=GY T (N|N(x)N(x)|N)= G5 *Tn(Pr)un(P;)e (Pr=Pix
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intro for QF Tists
To calculate SI pt— e conversion (at LO in xPT...) +SDep in DKunoSaporta

differs from WIMP scattering in that v and nucleus charged
1. suppose start with p <> e operators involving gluons, v, u,d,s, c, b
2. match quark/gluon operators onto nucleon (N € {n, p}) operators :
G(x)Foq(x) = GYIN(x)FoN(x) Gs in Appendix

eg, (N|G(x)a(x)|N)=Gg " (N|N(x)N(x)|N)=Gg "un(Pr un(P;)e~ Fr=Px

3. imagine to build the atom as a bound state of nucleus and muon in 1s
state in P+S

AP = o) =[P S [ s Tk Ty AR © (k. =)

then build nucleus as bd state of nucleons (app. B of 1203.3542),gives :
SD overlap int : guess from SD DM targets

(e, AlCoOlA) Eo(aerou#)/d3x¢;5|f,v(x)|2¢e(/\‘/ro/v)

where “overlap integral” over nucleus, of muon wavefn ({bv}f) nucleon
density (|fy(x)|?), e wavefn (¢ ~ e~/@) and operator performed in
KitanoKoikeOkada.
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intro for QF Tists
To calculate SI p— e conversion (at LO in xPT...) +SDep in DKunoSaporta

differs from WIMP scattering in that v and nucleus charged
1. suppose start with p <> e operators involving gluons, v, u,d,s, c, b
2. match quark/gluon operators onto nucleon (N € {n, p}) operators :

g(x)Fog(x) — G(I)V’q/\_/(x)roN(X) Gs in Appendix
eg, (N|G(x)q(x)|N)=G5* (N|N(x)N(x)|N)=Gg Tam(Pr)un(P;)e~"(Pr=Px

3. look up rate in KitanoKoikeOkada, PRD (2002), eqn 14, check your
operator normalisation against KKO eqn 1, read numerical value of overlap
integrals from table I, and divide by capture rate in table VIII of KKO.
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intro for QF Tists
Shortcut to calculate g — e conversion in DKunoSaporta

shortcut for current bounds (Gold and Titanium) :write
BRsi (1A — eA) = Ba||0a - CL|2 + |0a - Cr|?

where
G = (5D,R; 5§f’R, 6\7?[_) Ng,nRa 5\'}70
32G2m5 = 12 250 TI
B, F7M|VA|: 300 Au
Feap(4) 142 Al

and normalised overlap integrals of KKO are lined up in target vectors

Ui = (0.250,0.426,0.458,0.503,0.541)
Uaw = (0.222,0.289,0.458,0.432,0.686)

(Spin Dep : ?likely in noise of Sl signal—RGEs of QED mix T,A— S, V.
To calculate, need nuclear caln, see discussion inCiriglianoDKuno, DKunoSaporta)
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Gh'=G)7=2 Gl =Gyl =1 Go* =Gy =0

Gr'=Gy9 =084 Gh?=GpY =043 GP* = Gy° = —.085

GP'=Gr?=0863 | GY=Gy'=-0345 | GP° =Gy =—.0240

GEY =59 G2? =50 GE*® =0.42

(GE* =9.0) (G2 =8.2)

G =50 Go? =6.0 Go® =042

L

GS’:17n¢IC (Gs = T7mg

GR' =144 = G° Gp? = -150 = Gp"“ Gp*=-49=Gp°

G2 = GpY =0.77(7) | 627 =GP = —0.23(3) | GB° = GI° = .008(9)
G = —8rmp/(9a,v)

Table — Matching coefficients between nucleon and operators and gluon or
light-quark(flavour-diagonal) operators. References in DKunoSaporta. Scalar Gs in
parentheses are EFT caln, otherwise from lattice. In all cases, the MS quark masses at
u =2 GeV are taken as m, = 2.2 MeV, myg = 4.7 MeV, and ms = 96 MeV. The

nucleon masses are m, = 938 MeV and m, = 939.6 MeV.
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Current data+ theory uncertainty ~ 10% : two targets give A > 0.2

0.3

0.25

0.2

0.15

0.

.

0.05

o
O—l\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

va= (VP 8P v sty and BR o« |va - CJ2
Vay * Vz = |Vau||Vz| cos@ ...plot 6 on vertical axis

35/35



	Lecture1
	Preambule
	Outline

	What is LFV
	EFT
	As param. of low-E LFV
	To transport in scale
	To calculate in EFT...

	Results
	flat directions

	Summary
	Appendix
	Definitions
	SM Leptons
	Lagrangian
	Why LFV bounds good?
	SMEFT LFV operators
	To calculate e conversion?



