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Lepton Flavor Violation

Plan of Lectures

1. The (extended) Standard Model flavor puzzle
e Introduction
e The Standard Model
e The extended Standard Model

2. The New Physics flavor puzzle

3. Leptogenesis
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Introduction

What are flavors?

Copies of the same gauge representation: SU(3)c x U(1)gm

Up-type quarks (3)+2/3 u,c,t

)
Down-type quarks  (3)_1/3 d,s,b
Charged leptons (1)1 e, b, T

Neutrinos ( 1 ) 0 Vy,V2,Us3
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Introduction

What are flavors?

In the interaction basis:

SU(B)C X SU(Q)L X U(l)y

Quark doublets (3,2)+1/6 @rs
Up-type quark singlets ~ (3,1)12/3 Ug;
Down-type quark singlets (3,1)_1/3 Dg;
Lepton doublets (1,2)_1/2 L
Charged lepton singlets (1,1)_1  FEg;
In QCD:
SU(3)c

Quarks (3) w,d,s,c,b,t
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Introduction

What is flavor physics?

e Interactions that distinguish among the generations:
— Neither strong nor electromagnetic interactions

— Within the SM: Only weak and Yukawa interactions

e In the interaction basis:
— The weak interactions are also flavor-universal
— The source of all SM flavor physics: Yukawa interactions
among the gauge interaction eigenstates
e Flavor parameters:

— Parameters with flavor index (m;, V;;)
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Introduction

More flavor dictionary

e Flavor universal:
— Coupling/paremeters o 1;; in flavor space
— Example: strong interactions
U—RG“C‘)\‘WM 1UgR
e Flavor diagonal:
— Coupling/paremeters that are diagonal in flavor space

— Example: SM Yukawa interactions in mass basis
U\“UgH, A" = diag(Yu, ye, yt)
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Introduction

And more flavor dictionary

e Flavor changing:

— Initial flavor number # final flavor number

— Flavor number = # particles — # antiparticles

— B—yYK (b—ccs); K- — pu vy (si— pu v
e Flavor changing neutral current processes:

— Flavor changing processes that involve either U or D but
not both and/or either /= or v but not both

— p—ey; K — mvi (s — dvi); DY — D’ mixing (ctt — uc)...

— FCNC are highly suppressed in the SM
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Introduction

Why is flavor physics interesting?

e Flavor physics is sensitive to new physics at ANp >> Eexperiment
e The Standard Model flavor puzzle:
Why are the flavor parameters small and hierarchical?

— (Why) are the neutrino flavor parameters different?

e The New Physics flavor puzzle:
If there is NP at the TeV scale, why are FCNC so small?

— LFV provides theoretically clean null tests of the SM
— LFV could be present even in MFV models

e Ok cannot explain the baryon asymmetry — a puzzle:

There must exist new sources of CPV
— Electroweak baryogenesis? (Testable at the LHC)
— Leptogenesis? (Window to Ageesaw)
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Introduction

A brief history of FV

o 'K — pup) < I'(K — prv) = Charm [cim, 1970]
[ ATTLK — My 1.5 GeV [Gaillard-Lee, 1974]
e ¢ # (0 == Third generation [xm, 1973]

e Amp — my; > My [Various, 1986]
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Introduction

A brief history of FV

o 'K — pup) < I'(K — prv) = Charm [cim, 1970]
[ AmK — My 1.5 GeV [Gaillard-Lee, 1974]
e ¢ # (0 == Third generation [xm, 1973]

e Amp — my; > My [Various, 1986]

...and hopes for the future history:
o I'(u—ey)#£0 = 777
e do #0 = 777

o Am2; #£0 = 777
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The Standard Model

The Standard Model

o GSM = SU(S)C X SU(Z)L X U(l)y
o (¢(1,2)41/2) # 0 breaks Gsm — SU(3)c x U(1)Em

o Quarks: 3 X {QL(B, 2)_|_1/6 + UR(B, ].)_|_2/3 + DR(S, 1)_1/3}
Leptons: 3 x {L1(1,2)_1/2 + Er(1,1)_1}

|

»CSM — Ekinetic—{—gauge + LHiggs + »CYukavva

e Lq\ depends on 18 parameters

e All but one (my) have been measured
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The Standard Model

Flavor Symmetry

® Liinetic+gauge + LHiges Nas a large global symmetry:

Gglobal = U(3)Q X U(S)U X U(B)D X U(B)L X U(B)E

® QL%VQQL, UR—>VUUR, DR—>VDDR,
Ly —ViLy, Egr— VgEg

o Take, for example Liinetic+gauge fOr Qr.(3,2)11/6:
1QLi(Op + £9sGoN + LgWhTt + Lg' B, )y 6:;QL;
QrlQr — QrVi1VoQL =Qr1Qy

e Another example: Lyinetict+gauge f0r L1, (1,2)_1 /2
iLp; (0, + %gswﬁ b — 1¢'Bu)v"6i; L1,

L;1L;, — LpVi1ViLp =Tr1Lg

LFV
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The Standard Model

Flavor Violation

o Lyukawa = QL;Y20Urj + QY 2¢Dp; + L1, Y5O ER;
breaks Gglobal — U(l)B X U(l)e X U(l)u X U(l)T

e Flavor physics:
interactions that break the [SU(3)]° symmetry

\

e Qr = VoQrL, Ur — VyUgr, Dgr— VpDg
Ly —VilLy, Er— VEER
= Change of interaction basis

o Y - VoYiV), YU VoveVl, Ye— ViYev)

e Can be used to reduce the number of parameters in Y%, Y4 Y€
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The Standard Model

The quark flavor parameters

e Convenient (but not unique) interaction basis:
Yo VYV =29, v — VoYl = vixe

e )% \" diagonal and real:

Yd Yu
A = s ;A= Ye
Yo Yt
e |/ unitary with 3 real (), A, p) and 1 imaginary (1) parameters:
1 A AN (p+ i)
|~ — A 1 AN?
AN (1 —p+in) —AN 1

e Another convenient basis: Y4 — VA4, Y¥ — 2\
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The Standard Model

Kobayashi and Maskawa

CP violation « Complex couplings:
o Hermiticity: £ ~ ¢ijx0i¢; 0K + gfjkcbicb}qﬁl
e CP transformation: ¢;¢;¢; < qb;-r ¢;¢L

o CP is a good symmetry if g;;i = g;;kjk

The number of real and imaginary quark flavor parameters:

e With two generations:
2 X (4R—|—4])—3>< (1R—|—3])—|—1]:5R—|—O]

e With three generations:
2 X (9R—|—9])—3X (33—|-61)—|—1]:93—|—1]

e The two generation SM is CP conserving

The three generation SM is CP violating

LFV
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The Standard Model

The mass basis

e To transform to the mass basis: D; — Dy, U, — VU

® Mg — yq<¢>
o V = The CKM matrix

Lw = LU Vy*DL W +he.

V2

Vud Vus Vub
V=1V Ves Vu

Via Vis Vi

e 1) - the only source of CP violation
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The Standard Model

The lepton flavor parameters

e Convenient interaction basis: Y ¢ — VLYGVET =P\

e \° diagonal and real

SUB)L x SUB)g = U(1)e x U(1), x U(1),]:

Ye
e = "

Yr

The number of real and imaginary lepton flavor parameters:

e With three generations:
1 x (9R—|—9])—2>< (SR+6[)+3]:3R—|—O[

e The mass basis: my = y,{¢)

e The lepton sector of the SM: neither mixing nor CP violation

LFV
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The SM flavor puzzle

Smallness and Hierarchy

ye~1, ye~1072, y, ~107°
yp ~ 1072, ys ~ 1073, yg4~ 107%
yr ~ 1072, y, ~1073, gy ~107°
Vis| ~ 0.2, |Vip| ~0.04, [Vip| ~ 0.004, S ~ 1

e For comparison: g, ~1, ¢g~0.6, ¢ ~0.3, M~1

e The SM flavor parameters have structure:

smallness and hierarchy

e | Why? = The SM flavor puzzle

LFV
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The SM flavor puzzle

The Froggatt-Nielsen (FIN) mechanism

e Approximate “horizontal” symmetry (e.g. U(1)p)
e Small breaking parameter ¢ = (5_1)/A < 1
e Fach quark or lepton field carries an FN charge H (1))

e Selection rules:
_ ngl -~ GH(Qi)+H(Jj)+H(¢d)
— Y~ e (Qi)+H(a;)+H(pu)

_ Yz? ~ eH(Li)+H(£;)+H(¢a)
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The SM flavor puzzle

The FN mechanism: An example

¢ H(Q:) =2,1,0, H(u;)=2,1,0, H(¢,) =0

et 3 €2
Y* ~ e € ¢
€€ ¢ 1

LFV
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The SM flavor puzzle

The FIN mechanism: a viable model

e Approximate “horizontal” symmetry (e.g. U(1)y)

e Small breaking parameter e = (§_1)/A < 1

e 10(2,1,0), 5(0,0,0)

Ye i Ye i Yu ~ 1: €% 1€
Yb i Ys 2 Yg~l:e:e
Yr Yy - Ye~ 1€ €
Vsl ~ Vel ~ €, |Vap| ~ €2, dxm ~ 1
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The SM flavor puzzle

The FN mechanism: Predictions (quarks)

e In the quark sector: 8 FN charges, 9 observables

e One prediction that is independent of charge assignments:
|Vub‘ ~ ‘Vusvcb‘

Experimentally correct to within a factor of 2

e In addition, six inequalities:
|Vus‘ > d D ‘Vub| > d  Du |Vcb‘ =

~ ms’ me’ ~ mp? m¢’ ~ mp’ My

Experimentally fulfilled

e When ordering the quarks by mass:
Vorxw ~ 1 (diagonal terms not suppressed parameterically)
Experimentally fulfilled
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The Extended Standard Model

Neutrino Masses — experimentally

Am2Z, = (7.64£0.2) x 107° eV?
IAm2,| = (2.440.1) x 1073 eV?
sin® 201, = 0.87£0.03

sin® 2053 > 0.92
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The Extended Standard Model

Neutrino Masses — theoretically

e The only neutrino mass terms that can be written
with the SM particle content:

—Ly, = % Zi:l M (PZV}C + h.c.)
e L), violates B — L = Forbidden

e Within the SM, neutrino masses vanish to all orders in

perturbation theory and even non-perturbatively

\

The SM must be extended
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The Extended Standard Model

The Extended Standard Model

The SM:
® GSM:SU(B)C XSU(Z)L XU(l)y
o <¢(1, 2)+1/2> 7& 0 breaks GSM — SU(B)C X U(l)EM

e Quarks: 3 X {Qr(3,2)41/6 + Ur(3,1)12/3 + Dr(3,1)_1/3}
Leptons: 3 x {LL(1,2)_1/2 + Er(1, 1)_1}

The ESM:

e It is possible to extend the SM while maintaining the
symmetry, the pattern of SSB, and the particle content, by

giving up on renormalizability

e The SM = Low energy effective theory
Not valid above a certain mass scale
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The Extended Standard Model

LFV

The ESM Lagrangian

LEsM

La=s5

Lsm + Lg—s

A

TV 02
1 —
J —VZ-V; + h.c.

2 A

2

, U

As
J LzLJQXb 7 h.c.
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The Extended Standard Model

LFV

Flavor Violation

Lixinetic+gauge + LHiges has a large global symmetry:

Gglobal = [U(3)]°
Lyukawa + La=5 break Ggiobal — U(1)B

\

QL — VoQr, Ur — VyUgr, Dgr — VpDg

Ly —Vily, Er— VEER

= Change of interaction basis

Y4 VoY V), vv - Vpvev,

Ye - ViYeVE, z¥ — Vvipzvvy

Can be used to reduce the number of parameters in
}fu7}/d7}/e’égu
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The Standard Model

The lepton flavor parameters

° (9R+91)—|—(6R—|—6])—2X(SR+6]):9R—|—3]

e Convenient (but not unique) interaction basis:
Ye — e, Z¥Y - U NUT
o v)\° = diag(m.,m,, m;)

(UZ/A))\V — diag(mla ma, m3)

e [/ = the leptonic mixing matrix:

‘C%Vi — %E—M’}/“UijVLjWM_ + h.c.

with 3 real and 3 imaginary parameters

e The lepton sector of the ESM: mixing and CP violation
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The ESM flavor puzzle

The Froggatt-Nielsen (FIN) mechanism

e Approximate “horizontal” symmetry (e.g. U(1)p)
e Small breaking parameter ¢ = (5_1)/A < 1
e Fach quark and lepton field carries an FN charge H (o)

e Selection rules:
— ngl ~ ¢H(Qi)+H(dj)+H (¢a)

— Y~ e (Qi)+H(a;)+H(pu)
_ Yz? ~ ¢H(Li)+H(£;)+H(¢a)

— ZY ~ eH(Li)+H(L;j)+2H (¢u)
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The ESM flavor puzzle

The FN mechanism: Predictions (leptons)

e In the lepton sector: 5 FN charges, 9 observables

e Four predictions that are independent of charge assignments:

m’/i/mVj ~ ’U’ij‘Q

|U€3| ~ ‘UBZU,UJ3|

e In addition, three inequalities:
Ue2| 2, 7= |Ues| 2, 725 ‘U,UJ3| >

~ my’ ~ m.,’ ~ M.,

e When ordering the leptons by mass:
U~1
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The ESM flavor puzzle

Testing FIN with Neutrinos

e The data:

o Am3,/|Am3,| = 0.030 £ 0.003

o sinfp = 0.57+0.02, sinfaz = 0.6777 05, sinfz3 =077’
e The tests:

® S9o93 v 1, mg/mg ~ €7

Inconsistent with FN

® Sogz v 1, S12 v 1, S13 ™~ e’?

Inconsistent with FN

® sin2 2(923 =1—€"?

Inconsistent with FN
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The SM flavor puzzle

Neutrino Mass Anarchy

e Facts:
o sinfas ~ 0.7 > any |V,
e sinfi5 ~ 0.6 > any |V,
e my/mg > 1/6 > any m;/m; for charged fermions
e sinf3 ~ 0.1 is still possible
e Possible interpretation:

e Neutrino parameters are all of O(1) (no structure):
Neutrino mass anarchy

e Consistent with FN
e Close to SU(5)-GUT+FN predictions:

ms/myp ] mq/ms . mgq/myp
823 ~ |Vcb| ~ ].7 812 ~/ |Vus| Y 0.27 813 ~/ |Vub| ~/ 0.5
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The ESM flavor puzzle

The FIN mechanism: a viable model

e Approximate “horizontal” symmetry (e.g. U(1)x)
e Small breaking parameter ¢ = (S_1)/A < 1
e 10(2,1,0), 5(0,0,0)

\

Ye P Y Yy~ 116 1€
Yp 1 Ys :Yg ~ 1:€: €
Yr Yy - Ye~ 1€ €
Vis| ~ [Vep| ~ €, [Vip| ~ €2, dxm ~ 1

4

2

_|_
ms:mo:mp~1:1:1
’U€2’ ~ 1, ’ng‘ ~ 1, ‘Ue?)‘ ~ 1
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The ESM flavor puzzle

Structure is in the eye of the beholder

0.79 — 0.86 0.50 — 0.61
Ulse = 10.25—0.53 0.47—0.73 0.56 —0.79
0.21 —0.51 0.42 —0.69 0.61 — 0.83

e Tribimaximal-ists:
2/3
\Ulrem = 1/6
1/6

e Anarch-ists:

’U’anarchy — 0(06)

LFV

0.0 -0.2

38/39



The ESM flavor puzzle

The (E)SM flavor confusion

e The charged fermion flavor parameters: smallness and

hierarchy
e Possibly a hint for NP: approximate symmetry, dynamics...
e Strong hierarchy, small mixing = Abelian symmetry?

e The three measured neutrino flavor parameters:

neither small nor hierarchical
e Anarchy? Tribimaximal mixing? Neither?
e No symmetry? Non-Ablian symmetry?
o U3 likely to provide further guidance

e The difference between neutrinos and charged fermions is

probably a hint to something deep...
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