Lepton Flavour Violation
( 7and
Neutrino Cosmology ?)

Sacha Davidson , IN2P3/CNRS

Flavour in the Standard Model (massless neutrinos)
tree level for quarks and leptons
loop FCNC in the quark sector and GIM suppression

some LFV processes
rates for u — e, u — eée, p—e conv.

(meson decays, 7s...)

EFT for LFV
SM loops
What can we learn?

Neutrino Cosmology

1/19



lecture 1, Intro LFV 4+ SM flavour

1. what is LFV ? What do we know ?
2. review of flavour in the SM

> leptons (flavour conservation if m, =0
» quarks GIM-suppressed flavour-change in loops
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lecture 2, outline : EFT for heavy New Physics in the leptonsector

1. parametrise LFV with contact interactions
2. calculate rates for :

> u— ey

> L — eée

> [L—e conv.

» (what about mesons and taus?)

3. what is EFT
4. a recipe for EFT in flavour physics

5. why do we need it and what can we learn?
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lecture 3, outline : neutrinos in cosmology

1. interaction rates in cosmology
2. fossils from the early Universe, and how v affect them :

» bounds on N, and m,
» can neutrinos generate the observed matter excess ?
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What is LFV?
Lepton Flavour Violation = charged lepton flavour change at a point.
e sometimes, people write ChargedLFV = CLFV. But, curiosity :
there are six quark flavours

only three lepton flavours < v mass eigenstates not “flavours”
(“flavour” states for vs are charged lepton mass eigenstates)
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What is LFV?
Lepton Flavour Violation = charged lepton flavour change at a point.

e sometimes, people write ChargedLFV = CLFV. But, curiosity :
there are six quark flavours
only three lepton flavours < v mass eigenstates not “flavours”
(“flavour” states for vs are charged lepton mass eigenstates)
e “at a point” is important : already see charged lepton flavour change in v osc :

e
1 v_j v_e

P3 X,

~250 km

o examples : p — ey, 7 — 30, Bs — fip, h— 7T ...
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Why is LFV interesting ?

1. in the Standard Model=SM (with massless neutrinos), lepton flavour is
conserved. (we will see)

...because its New Physics that must exist (just not know rate)

2. observed m, and mixing matrix U = LF not conserved.

3. if m, is renormalisable Dirac mass, LFV amplitudes are GIM-suppressed like
in quark sector (we will see)

2

Ax v Br< 104
m2y

4. if see LFV experimentally, then more New Physics in lepton sector than
renormalisable Dirac masses :)
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What do we know experimentally about Branching Ratios ?

soOme processes

current constraints on BR

future sensitivities

B ey
n— eée
HA — eA

K_E—>ué
Kt — ntie

T —ly
T — 3/
T — ep

h— rtet
Z — eyt

<42x10°13
< 1.0 x 10_12(S|NDRU|\/|)
<7 x 10-13 Au, (SINDRUM)

<47 x 10712 (BNL)
< 1.3 x 10711 (E865)

<33,44x10°8
<15-27x10"8
<31x10°8

<6.9x103
<7.5x10°7

6 x 10~ % (MEG)
1016 (2018, Mu3e)
1016 (Mu2e, COMET)
1018 (PRISM/PRIME)

1012 (NA62)
fewx 1072 (Belle-11)

fewx107° (Belle-1l, LHCb ?)
fewx 1079 (Belle-Il)

HA — eA = p in 1s state of nucleus A converts to e

BR = T1rv /T total
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Recall...the Standard Model

1. the SM is a successful renormalisable quantum field theory
» renormalisable = predictive. Lagrangian contains ~ 20 parameters( obtain
from experiment), then the theory can predict every observable.
» successful : explains everything but dark matter, the baryon asymmetry,

inflation and m,.
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Recall...the Standard Model

1. the SM is a successful renormalisable quantum field theory
» renormalisable = predictive. Lagrangian contains ~ 20 parameters( obtain
from experiment), then the theory can predict every observable.
» successful : explains everything but dark matter, the baryon asymmetry,
inflation and m, .
2. is a beautiful theory : particle content and symmetries predict Lagrangian!

» matter content : one generation

= U oup UL\, UR (ur  ur uR) 0
- dL dL dL ' dR = (dR dR dR)
* Put three generations *

0

Also need a Higgs to give mass to SM particles :H = (Il__ll, ) (H) = <V)

» gauge symmetries : U(1)y x SU(2) x SU(3) with cplings g’ < g < g
( U(1) is hypercharge)

Il
VRS
LS
——
"a;

3

Y(dR):—%;Y(H) _ L

Y(l0) = =i Ylew) =~ V(ar) = g ¥ (ur) = 2 5

6 3’
» write all terms of dimension < 4 consistent with syms.
L(SM) = +Lun ¢ + Lxin gauge + Luin 7 + Lyuk + LH seif
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Lepton Interactions

For leptons in any basis (o, 5 : 1..3), kinetic terms and Yukawa :

L1 = T y7"D,lp+ iTRa "Dy era + { (€7 [YelgaH)el + h.c.}
B

where
D, = 0, + i%0°W2 +ig’Y(£)IB,, , D, = 9, +ig'Y(er)B,
B* hypercharge gauge boson, Y (f) = T3+ Qem (Y(f) # [Y¢]!)
sign in front of Yukawa to obtain (i) — m)y =0
[Ye] arbitrary 3*3 complex “Yukawa" matrix

SatEe
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Lepton Interactions

For leptons in any basis (o, 5 : 1..3), kinetic terms and Yukawa :

T o 3 ~
L, = ’ZLB ’y‘uDH [[_,3 + Iérq ’y‘uDM €Ra T+ { (['f [Ye][gaH)eR + h.C.}

where
D, = 0, + i%0°W2 +ig’Y(£)IB,, , D, = 9, +ig'Y(er)B,
B* hypercharge gauge boson, Y (f) = T3+ Qem (Y(f) # [Y¢]!)
sign in front of Yukawa to obtain (i) — m)y =0
[Ye] arbitrary 3*3 complex “Yukawa" matrix

A= () = (5)
dimensions : action S = [ d*xL dimless (Pl e®) = [£] = m*

want [kinetic terms] =mt (massless particles propagate at all energies)
[Da] =1, [€] = [e] =3/2, [H] = 1, Yukawa,gauge cplings dimless.
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Now diagonalise charged lepton mass matrix...

iT D, ] + ieR 7" Dyed + T [YelpaH ear + hc.)

[Ye]ga arbitrary 3 x 3 matrix
To obtain diagonal charged-lepton mass matrix, use different unitary
transformations on left and right of Yukawa (makes sense : different fields on either
side) :

Vi[Ye] V; = D, = diag(me, m,, m;)
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Now diagonalise charged lepton mass matrix...

iT D, ] + ieR 7" Dyed + T [YelpaH ear + hc.)

[Ye]ga arbitrary 3 x 3 matrix
To obtain diagonal charged-lepton mass matrix, use different unitary
transformations on left and right of Yukawa (makes sense : different fields on either
side) :

Vi[Ye] V; = D, = diag(me, m,, m;)

e order of my indices is LR

e obtain V|, Vg by diagonalising hermitian matrices [Ye][Ye]l = VLT D2v,
[Yel'[Ye] = VAD2 Vi

e only basis choice in flavour space from Yukawa (no “interaction basis”) =

. —aT . —a ~
i Z {él_ ’y“DJf‘—|—l@o"y“D#eﬁf—|—€,_yaHeaR+h.c.)}
ac{e,pn,7}
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(parenthese —diagonal/canonical kinetic terms 7)

By the way, that was most general renormalisable, SU(2) x U(1)-invariant L for
those particles...
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(parenthese —diagonal/canonical kinetic terms 7)

By the way, that was most general renormalisable, SU(2) x U(1)-invariant L for
those particles...What about

() p ( " ) . (v Hre

are gauge invariant < why not the Lagrangien :

i7" Zsa" Dty + g 4 Dyely + 1, [Ve]ps Helh + h.c.
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(parenthese —diagonal/canonical kinetic terms 7)

By the way, that was most general renormalisable, SU(2) x U(1)-invariant L for
those particles...What about

() p ( " ) . (v Hre

are gauge invariant < why not the Lagrangien :
5B m o’ ——f W f 7B 7,0
Ié[_ Zﬂa'}/ D,UfgL + Ieg Y DHeR+€L [Ye]@(sHeR-i-h.C.

Because its equivalent ! To recover to canonical £, diagonalise Z (hermitian pcq
LeR)

A ! o ) "o i 1" —IB
(P25, 0 = (PVIDz Va0 = 0] DzpsD ) =7, D1}

where absorb the eigenvalues of Z in field defns : ¢} = \/zﬁéf”.
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(parenthese —diagonal/canonical kinetic terms 7)

By the way, that was most general renormalisable, SU(2) x U(1)-invariant L for
those particles...What about

() p ( " ) . (v Hre

are gauge invariant < why not the Lagrangien :
.6 o 1% ——f W f =B )
Ié[_ Zﬂa'}/ D,UfgL + Ieg Y DHeR+€L [Ye]@(sHeR-i-h.C.

Because its equivalent ! To recover to canonical £, diagonalise Z (hermitian pcq
LeR)

A ! o ) "o i 1" —IB
(P25, 0 = (PVIDz Va0 = 0] DzpsD ) =7, D1}

where absorb the eigenvalues of Z in field defns : élf = \/zﬁéf”.
Then redefine Yukawas : Ye = D;l/zsze, to get canonical kinetic terms :

L o= i DO idED e+ (0 [YelguH)el +h
it, DO +iepD egp+{(0][YelpaH)eg +h.c}
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Consider the quarks

The quark part of the Lagrangien in arbitrary basis

L, = i 7"D,qi +idg 7"D,d+ imr" 1D, uk
+q0 [ YaliHdlh, — G [ YulicH uf + h.c.
arbitrary 3*3 Yukawa matrices Yy, Y, .Rewrite 2nd line :

=i H* P =i H
s a vy (e ) el @A (g0 ) dh e

Diagonalise by independent transformations on L and R :
VialYalViy = Da  Viu[YJVE, = D,
"ttention — basis choice : only basis choice in £ for dg, ug, are eigenbases

of [Ya]'[Ya], [Yu]'[Yu]. But for doublets g, two mass bases :[Y4][Yq]" and
[YallYu]'.
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Consider the quarks

The quark part of the Lagrangien in arbitrary basis

L, = i 7"D,qi +idg 7"D,d+ imr" 1D, uk
+q0 [ YaliHdlh, — G [ YulicH uf + h.c.
arbitrary 3*3 Yukawa matrices Yy, Y, .Rewrite 2nd line :

=i H* P =i H
s a vy (e ) el @A (g0 ) dh e

Diagonalise by independent transformations on L and R :
VialYalVi, = Da  Viu[YuVE, = D,

"ttention — basis choice : only basis choice in £ for dg, ug, are eigenbases
of [Ya]'[Ya], [Yu]'[Yu]. But for doublets g, two mass bases :[Y4][Yq]" and
[Yu][Yu]T.VgKM = Vi VZU (CabibboKobayashiMaskawa quark mixing matrix).
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Where does the CKM matrix appear?

Recall : gauge syms realised in L, even if broken in “real world.” Write (2-gen) £
in terms of mass eigenstates, but gauge-invar doublets :

Vi uf u Vi ul

1 _— dkdp L 2 skt
= () o) 2= (1)
so the doublet Kinetic Terms (KT), and Yukawas are

P p— Ve uk e TE — Vg uk
’(deULk,dL)'Y'uDM< CZ(LUL) + ’(Vskuf,SL)W“Du< skLuL >

.k $ Pk — (0]
+ya(Va* . dr) (_&) dr + ys(Vi T, 37) <_$*) SR
0 0

—yu(Tr....) ( j:f ) ug — ye(eL, ) (g‘)) cr +h.c.

So the mixing matrix appears in Kinetic Terms, + charged Higgs vertices. (But
in unitary gauge, charged Higgs “eaten” by the W¥)
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Where does CKM appear (ctd)

e The mixing matrix appears at W vertices, where u and d mass eigenstates
meet :

g - WO _ tan HW B \/§W+ Vskuk
E —_2(Vx* l‘ Iz L
{ 2( sj Ll;_, 5L)7 \/_W, _WB _ tan30W Bu st

se{d,s,b}

So CKM appears at W= vertices : %V“PL Ve w+t y
Vi _
_’gT L'Y#WerL s
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Where does CKM appear (ctd)

e The mixing matrix appears at W vertices, where u and d mass eigenstates
meet :

8T — WP — tanfup V2wt Vikuf
__(Vs'ulasL)ry‘u " 37 . 3#0 L
se{%;ﬂ { 2 YL V2W, —WP — enfup, s

+ fac - K
So CKM appears at W= vertices : \%H
Vi— _ _
—i% uy" W, d] Y

Can measure CKM angles for instance in tree-level meson decays K, D — wuv
(Vus, Vea), B = Dtv,wlv (Vep, Vip).--.
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Where does CKM appear (ctd)
e The mixing matrix appears at W vertices, where u and d mass eigenstates
meet :

g - WO _ tan HW B \/§W+ Vskuk
E —_2(Vx* l‘ Iz L
{ 2( sj Ll;_, 5L)7 \/_W, _WB _ tan30W Bu st

se{d,s,b}

+ fac - K
So CKM appears at W= vertices : \%H
gVi— ’_ 5

gVYi
—’TSUILV”WJC/L

Can measure CKM angles for instance in tree-level meson decays K, D — wuv
(Vus, Vcd) B — Dfl/ v ( chs Vub)---

e No need for dynamical W in low-energy tree diagrams
= contact interaction for Kaon decay : (mx ~ .5 GeV< my ~ 80 GeV)

4Gr

[V] us \/—

—(Ty" Prs) (v Puvy)
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CKM is almost diagonal

1 0 0 C13 51367'.(S C12 S12 0
V = 0 C23 523 0 ) 1 —S12 C12 0
0 —S»3 (23 —5136’(s 0 C13 0 0 1
[ Vud Vus Vub 1 S12 513e_i(s
vV = Vea Vs Vo | = —s12 1 23
| Vie Vi Vi 12523 — 51360 — 53 1
0.974 0.224 —0.004 1 A A3)2
Vil =~ —022 099 0042 |[~| -x 1 X
0.008 -0.04 1.0 A2 A2 1

(neglecting CKM phase!), A ~ 0.2.
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Flavour Changing Neutral Currents : K — pji
o tree level Z,~ vertices are flavour diagonal :

Lo Y =gVl Z Vot = 555l 2 uf
de{d,s,b}
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Flavour Changing Neutral Currents : K — pji
o tree level Z,~ vertices are flavour diagonal :

Lo Y =gVl Z Vot = 555l 2 uf
de{d,s,b}
e but...flavour change at W vertices...get FCNC from Ws in loops?
d W= u d W= 4 d W=
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Flavour Changing Neutral Currents : K — pji
o tree level Z,~ vertices are flavour diagonal :

Lo Y =SVl Z Vot = 555y 2 uf
de{d,s,b}
e but...flavour change at W vertices...get FCNC from Ws in loops?
d W= w4 W u 4 W o u
u v + c v + t v

5 W+t R s w+ i 5 wt &
Neglect internal quark masses, and external momenta :

4
M E (Vg Vi + Vg Vi + Vig Vi) x

4
d*p p (1) p
——5[V* P~ P]d [y PL =P
/(271')4 [ Lp2 L] (P2 _m%/V)zﬂ[ H Lp2 L]M
2
x 0x %Gﬂ?’yaPLd)(ﬁ'yaPLu) X integral

finite<> renorm theory. 21/2Gg = g2/(2m3,).
effective four-fermion operator : dimension 6 in fields, coeff oc 1/mass?.
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Flavour Changing Neutral Currents : K — pji

o tree level Z,~ vertices are flavour diagonal :
Lo S —iBViuyZ) Vak = 58 dyZt uf
> diuLY 4p dkL—szL’Y U

de{d,s,b}

e but...flavour change at W vertices...get FCNC from Ws in loops?
d W= u d W= u 4 W u

u v + c v + t v

5 wt+ R 5 wt h 5 wt [
Keep m. ~ GeV :

4 4
8 d’p - P (=) o pP
& vvi [ ZP gyup P ld 5[y, PP P
M x 4 cd cs/(27_r)45[’y Lp2 — mg’Y L] (p2 — m‘z/v)zs[’}/ll Lp27 L]/J’
2 2

* g mC ey —
Vea Vi GFr—— — P P
X d csGF 1672 m\2/1/ (S’Y Ld)(u7 L,u)+

méchanisme de GIM (Glashow lliapoulos, Maiani), qui reduit FCNC.
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4 4
g L[ dp _ p -1 _ p
- S v,V rp vPld—— 5[y, P, P P
M = Z-Veg Cs/(zﬂ)[;s[’y b L] = l2/‘/)25[% (el Llp

4 4
g * (— oV —_— d p pﬁp()&
=2 V4V H P d AP, P
4 Ved (3 Y yY Prd) (v v PLp) /(27r)4 P2(p? — m2)(p2 — m2,)?

P25 — 85, Peskin+Schroeder A.39,6.40 : “Feynman” parametrisation

1 B /1 J 2x
(7 = m2)(p? = w2~ Jo (PP~ m2 —x(mfy —m — )P
then P+S A.46

X —i X
d 2 ' d
X — X
(p?2 — m2 — x(m3, — m2))3  1672)y  (m2+ x(m}, — m2))
BurasHouches,chap3 i m2 m2m2 m2
hep-ph/9806471 =——— { s — 14+ < log —
InamiLim ... 167 my, LMy, — mg (mW - mc) my,

Finally Buras-Houches ~-identities 6.71-6.73 (also P+S, sec 3.4, eqn 18.37)
(""" Pud)(yuyvayw Pup) = 16(57* Prd)(fya PLin)
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...sometimes, people say “EFT is trivial”, its just replacing

2 2

—& 8
i o
p= = my, My

So lets try that :

4 4
g <[9P _ P e S P
- S vy “p N P — L
M 4 cd Cs/(27T)4S[A/ Lp2 — m37 L] (p2 — m‘z/v)zs[A/M Lp27 L]/J’
m2 g* d*p p
c * (= OV — B 8 Pa
—m4WTVchcs(5717 v Prd) (v v Puie) X /W b

...which diverges.

We need to keep W momenta in this calculation, because we are trying to
evaluate the coefficient of a four-fermion operator in the SM with dynamical
w...
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SM Flavour Summary

1. the mass basis for the {u;, ¢/, t;} quarks is rotated away from the mass
basis for {dy,s., bL} by Vckm. Vickm appears at vertices where W+
interact with a {ug, c;,t } and {di, s, b}

2. no v mass basis in SM, so {v,} in {e.} mass basis.
= |lepton flavour conserved in SM.

3. There is no flavour-change at the Z vertex, ( incoming+ outgoing fermions are
of same charge). “no Flavour-Changing-Neutral-Currents” at tree level.

4. FCNC arise in loops in quark sector. However since Vky is unitary

. mj VL
Ads 0.8 deVks(]. + 0—2 + ... = 0 + deVkS—2
My my

FCNC amplitudes must include the internal fermion masses. Called GIM
suppression (Glashow lliopoulos Maiani) usually multiplicative : mg/mﬁv
(log(mgq/my ) possible in quark sector. Not in leptons. | think.)
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