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Flavor Physics

Plan of Lectures

1. Questions for the LHC

2. Introduction to Flavor

e Definitions and Motivation

e Flavor in the Standard Model

3. Past: What have we learned?

e Lessons from the B-factories

4. Present: The open questions
e The flavor puzzles

e Flavor models

5. Future: What will we learn?
e FlavorQLHC
e The flavor of h

Invisibles15

2/98



Flavor Physics

Questions for the LHC
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Introduction

Questions for the LHC

e What is the mechanism of electroweak symmetry breaking?

e What separates the electroweak scale from the Planck scale?

e What happened at the electroweak phase transition?

e How was the baryon asymmetry generated?

e What are the dark matter particles?

e What is the solution of the flavor puzzles?
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Introduction

Questions for the LHC

e What is the mechanism of electroweak symmetry breaking?
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Introduction

Questions for the LHC

e What is the mechanism of electroweak symmetry breaking?
The BEH mechanism; a VEV of a doublet scalar field
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Introduction

Questions for the LHC

e What is the mechanism of electroweak symmetry breaking?
The BEH mechanism; a VEV of a doublet scalar field

e What separates the electroweak scale from the Planck scale?

No idea. No signs of supersymmetry, composite Higgs...

e What happened at the electroweak phase transition
gg — h, h — vy exclude many possibilities for 1st order PT

e How was the baryon asymmetry generated?
If not 1st order PT — not electroweak baryogenesis
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Questions for the LHC

e What is the mechanism of electroweak symmetry breaking?
The BEH mechanism; a VEV of a doublet scalar field
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e What happened at the electroweak phase transition
gg — h, h — vy exclude many possibilities for 1st order PT

e How was the baryon asymmetry generated?

If not 1st order PT — not electroweak baryogenesis

e What are the dark matter particles?

No idea. No signs of missing energy events BSM
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Introduction

Questions for the LHC

e What is the mechanism of electroweak symmetry breaking?
The BEH mechanism; a VEV of a doublet scalar field

e What separates the electroweak scale from the Planck scale?

No idea. No signs of supersymmetry, composite Higgs...

e What happened at the electroweak phase transition
gg — h, h — vv exclude many possibilities for 1st order PT

e How was the baryon asymmetry generated?

If not 1st order PT — not electroweak baryogenesis

e What are the dark matter particles?
No idea. No signs of missing energy events BSM

e What is the solution of the flavor puzzles?
The topic of these lectures
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Flavor Physics

Introduction to Flavor
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Introduction

What are flavors?

Copies of the same gauge representation:

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

Quark doublets (3,2)41/6 @rs
Up-type quark singlets  (3,1),2/3 Ugi
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:
— Couplings/paremeters o 1;; in flavor space
— Example: strong interactions
UrGHo\iy,1Ug
e Flavor diagonal:
— Couplings/paremeters that are diagonal in flavor space

— Example: Yukawa interactions in mass basis
U AURH, Ay = diag(yu, ye, )
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Introduction

And more flavor dictionary

e Flavor changing:
— Initial flavor number # final flavor number
— Flavor number = # particles — # antiparticles
— B ¢YK (b—écs): Ab=-As=1; Ac=0
e Flavor changing neutral current (FCNC) processes:

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

— pu—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 ['lavor 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?
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Introduction

A brief history of FV

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

o Amp — myi > My [Various, 1986]
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Introduction

What is CP violation?

e Interactions that distinguish between particles and antiparticles
(e.g. ef <> ef)

e Neither strong nor electromagnetic interactions

(Comment: Ogcp is irrelevant to our discussion)
e Within the SM: Charged current weak interactions (dxn)
e With NP: many new sources of CPV

e Manifestations of CP violation:
~ [(B® = ¢Ks) # T(B° = ¢ Kg)
— Kg,Kp # K, K_
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Introduction

Why is CPYV interesting?

e Within the SM, a single CP violating parameter n:
In addition, QCD = CP invariant (fqcp irrelevant)
Strong predictive power (correlations + zeros)

Excellent tests of the flavor sector

e 7 cannot explain the baryon asymmetry — a puzzle:
There must exist new sources of CPV
Electroweak baryogenesis? (Testable at the LHC)
Leptogenesis? (Window to Agecesaw)
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Introduction

A brief history of experimental CPV

e 1964 — 2000
o || =(2.228 £0.011) x 107%; Re(e'/e) = (1.65 £ 0.26) x 10~ °
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Introduction

A brief history of experimental CPV

e 1964 — 2000

le| = (2.228 £0.011) x 107%; Re(e'/e) = (1.65 £ 0.26) x 10~ °

e 2000 — 2015, 50

Invisibles15

Syrs = +0.68 +0.02
Sers = 4+0.7440.12, S,k = +0.63 +0.06, Sfry = +0.69 4 0.11
et em e = -HOKED) 2= 0T

S . =-0.66+0.06,C.+__ =—0.31%0.05

Sypro = —0.93 + 0.15, Spp = —0.98 £ 0.17, Sp«p= = —0.71 £ 0.09
A=+ = —0.082 £ 0.006

Ap, g+ = +0.19 £ 0.03

Ap. L g—nt+ = +0.26 £ 0.04
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Introduction

The Flavor Factories

e D-factories: Belle and BaBar
Asymmetric et — e~ colliders producing Y (4S) — BB

e Tevatron: CDF and DO
p — p colliders at 2 TeV (B;...)

e MEG
H— ey

e LHC: LHCb, ATLAS, CMS

e Future: Belle-II, LHCb-upgrade...
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Flavor Physics
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The Standard Model

The Standard Model

® GSM = SU(S)C X SU(Z)L X U(l)y
o (¢(1,2)11/2) # 0 breaks Gsm — SU(3)c x U(1)Em

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

\

Lsm = Lyin + LHiges + Lyuk

e L\ depends on 18 parameters

e All have been measured
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The Standard Model

A comment on L

L, =0

e Quarks:

— Q1(3,2)11/6, Ur(3,1)12/3, Dr(3,1)_1/3 = chiral rep
No Dirac mass

— Qr(3,2)41/6, Ur(3,1)42/3, Dr(3,1)_1/3 = U(1)y-charged
No Majorana mass
e Leptons:
— Lr(1,2)_12, Er(1,1)_1 = chiral representation
No Dirac mass
— Lr(1,2)_12, Er(1,1)_1 = charged under U(1)y

No Majorana mass
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The Standard Model

EHiggs —

Lok =

Invisibles15

1. 1
W Wy, — 7B By

+iQ L PQr; + iUr; IPUR; + iDRiPDR;
+iLr; IPL1; + iEg; IPER;

+(D"¢)" (Do)

—12 9T — MoT9)?  (u? <0, X>0)

]‘ v
=G4 G —

QL:YiidUr; + Qr,Y3¢DRj + LL; Y ¢ER; + h.c.
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The Standard Model

Flavor Symmetry

® Liin + LHiges has a large global symmetry:
Global = [U(3)]°

o Qr =+ VpQr, Ur— VyUr, Dpgr— VpDg,
LL—>VLLL, ER—>VEER

o Take, for example Ly, for Qr(3,2)11/6:
i@i(au + %gst)\a + %QSWSTZ) + 59 Bu)v"0i; QL

o QL1Qr — QLV)1VoQr = Qr1Q;
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The Standard Model

Flavor Violation

o Lyuk = Qr;Y%9Ur; + Qr;Y2¢Dr; + L1, YSHER;
breaks Ggiobal = U(1)p x U(1), x U(1), x U(1),

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

|

o ) - VoQ®r, Ugr— VuyUgr, Dgr— VpDpgr

= Change of interaction basis
o Y VoYV, YU = VoYUV

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

Counting flavor parameters

e Quark sector:
e V.Y — 2x[9g + 9]
o SUB): - U(l)p = —-3x[3r+67]+1;

e Physical parameters: 95 + 1;

e Lepton sector:
o Y. — 9r+9;
o [SUB)Z = [U)]? = —2x [3r +67] +3;

e Physical parameters: 3
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The Standard Model

The quark flavor parameters

e Convenient (but not unique) interaction basis:
Y4 VoYev) =24, Y¥ = VpYeyl = viae

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)
V ~ —A 1 AN?
AN (1 —p+in) —AN 1

e Another convenient basis: Y4 — VA4, Y¥ 5 2\
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The Standard Model

Kobayashi and Maskawa

CP violation < Complex couplings:
o Hermiticity: £ ~ ¢;jx0i¢; 0K + gfjkcbicb}(bl
o CP transformation: ¢;¢;¢x <> dldl o]

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

The number of real and imaginary quark flavor parameters:

e With two generations:
2x (4gp+47) =3 x (g +31) + 11 =5r +0;

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

e The two generation SM is CP conserving

The three generation SM is CP violating

Invisibles15
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The Standard Model

The mass basis

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

° My = Yq(9)
o V = The CKM matrix

Lw = LU VDLW +he.

V2

Vud Vus Vub
V=1V Vs Vu

Via Vis Vi

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

FCNC

e FCNC = FC processes involving only down-type or only
up-type quarks

e Example: Neutral meson mixing:
K- KY B - B° BY - BY DY - DO

Sector CP-conserving CP-violating
sd Amp/myg = 7.0 x 1071 e = 2.3 x1073
cu Amp/mp =87 x 1071 Ar/ycp <0.2
bd Amp/mp =63 x 107 S,k = +0.67 + 0.02

bs Amp, /mp, =21x10"*2  S,, =—0.04 +0.09

Invisibles15
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The Standard Model

FCNC: Loop suppression 1

e The W —boson cannot mediate FCNC process at tree level
since it couples to up-down pairs;

Only neutral bosons can potentially mediate FCNC at tree level

e Massless gauge bosons have flavor-universal and, in particular,
flavor diagonal couplings;
The gluons and the photon do not mediate FCNC at tree level

What about Z7 h?
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The Standard Model

FCNC: Loop suppression 11

e Within the SM, the Z—boson does not mediate FCNC at tree
level because all fermions with the same color and charge

originate in the same SU(2); x U(1)y representation

e Within the SM, the h—boson does not mediate FCNC at tree

level because
— All SM fermions are chiral = no bare mass terms

— The scalar sector has a single Higgs doublet

Within the SM, all FCNC processes are loop suppressed
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The Standard Model

FCNC: CKM- and GIM-suppression

e All FC processes o off-diagonal entries in the CKM matrix
|VU8‘7 ‘V0d| ~ A ’Vcb|a |VtS| ~ )\23 ’Vub‘v ‘th| ~ A3
— T'(b— s7) o |VipVis|? ~ A
— Amp o |[VipVig|* ~ A

e If all quarks in a given sector were degenerate
—> No FC W-couplings

e FCNC in the down (up) sector
o Am? between the quarks of the up (down) sector

e The GIM-suppression effective for processes involving the first

two generations

~ Ampg o (m2 —m2)/m¥,

— Amigt o (m2 —m3) /miy
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What have we learned?

Intermediate summary 1

e Ilavor violation: my, Voxwm
e Flavor changing processes: Vioxwm

e CP violation: 7

o F'CCC: tree level
e FCNC: loop- (a3), CKM- (V;;), GIM- (m?%;m%) suppressed

w
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Flavor Physics and CP Violation

What have we learned?
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What have we learned?

The three types

M*
12 3
2
Iy
PO

1 Decay |A/A| # 1 %_ = % Aps ot pP* — f*
2 Mixing lg/pl #1 1= 2%\%__;;1:2 Re e P°, P’ /%X
3 Interference ZmA\ # 0 A= |ﬁf§| %_ SuKs P°, P° — fcp
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What have we learned?

S%DKS

B > YK

\,~~

dar 1po _ dl RO
o Babar/Belle: Ay, (t) = 2t LoD 2VESI a7 Bpnys () 0 Rs]

O [BOye ()= K]+ 95 [BY, () =¥ K]

e Theory: A,k (t) dominated by interference between
A(B® = ¢ Kg) and A(B® — B0 = ¢Kg)

o —> A@bKS (t) = S¢KS Sin(Ath)
A(B°—+BY%) A(B°—yKg)

=> Syxs =1m |A(B°—B%)| A(B"=>¢Ks)
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What have we learned?

SQ#KS in the SM

b [ d b C

C

w w W

S

d p b d d
M2 Ayx
- Vt*‘/t VC ‘/c>’< — 2 (1_ )
o | Syrs = Tm | iyt s | = el

e In the language of the unitarity triangle: Syx, = sin2p
e The approximations involved are better than one percent!

e Experiments: Syxy = 0.68 £ 0.02
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What have we learned?

The Unitarity Triangle

e A geometrical presentation of | V., Vg + Vi Via + Vi Vea =0

Vud Vus Vub
V= ‘/cd Vcs VYCb
Via Vis Vi
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What have we learned?

The Unitarity Triangle

e A geometrical presentation of | V., Vg + Vi Via + Vi Vea =0

Vud Vus Vub
V= ‘/cd Vcs VYCb
Via Vis Vi

e Rescale and rotate: | AN? [(p + in) + (

Wolfenstein (83); Buras et al. (94) (Ow O) (19 0)

=2 B=0¢1; 7V=¢3
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What have we learned?

Testing CKM — Take I

e Assume: CKM matrix is the only source of FV and CPV
—> Four CKM parameters: A\, A, p,n

e )\ known from K — mlv
A known from b — clv
e Many observables are f(p,n):
— b= uwly = o< |V /Vep|? o p? + n?
— Amp,/Amp, = o |Via/Vis|® o< (L= p)* + 7

~ Syrs = e
— Sppla)

— Apk(7)

_ e
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What have we learned?

The B-factories Plot

15

-1.0

T 1T 11T TS r T 1 1 T rT
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%
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i
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p
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Very likely, the CKM mechanism dominates F'V and CPV
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What have we learned?

CPC vs. CPV

07 —— T L e e LIS s s s sy
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z A iy fitt 3 % : & fitt 3
@e!. i : @\ er
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Very likely, the KM mechanism dominates CP violation
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What have we learned?

SlDKS with NP

A(B°—BO0) A(ﬁ—mpKS)}

e NP contributions to the tree level decay amplitude - negligible

e NP contributions to the loop + CKM suppressed mixing amplitude
could be large

e Define hdem"d = ( )

ASM (B0 B0)
b _ g _ d b t d
di23 di 23 /4 /4
d z pooa t b
i io Afull(g0_, B0
Ird62 Ya = ]- + hd€2 d = ASMEBO:EO;

o | Sykg = sin[2(8 + 0a)] = f(p,n, ha,0a)
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What have we learned?

Testing CKM - take 11

Invisibles15

Allow arbitrary new physics in B — B mixing:
— hge?9e = ANP(BY — B)/ASM(BY — B)

Consider only tree decays and BY — B mixing:
Vus/Ves|s Abks Suks Spps Amp,, Adp

Fit to the four parameters: p,n (CKM), hq, 04 (NP)

Find whether n = 0 is allowed
If not = The KM mechanism is at work

Find whether hg > 1 is allowed
If not = The CKM mechanism is dominant
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What have we learned?

n # 07

e | The KM mechanism is at work

Invisibles15
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What have we learned?

hg << 17

excluded area has CL > 0.95

e | The KM mechanism dominates CP violation

e | The CKM mechanism dominates flavor violation

Invisibles15
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What have we learned?

NP in flavor?

e Most tensions either disappeared or below 3o or involve large

hadronic uncertainties:
e Lepton universality in B — D)7y
e Lepton universality in B — K/T/¢~
e Angular distribution in B — K*¢1T(~
o CP violationin D - KTK~,nw~

e CP violation in By s — v X
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What have we learned?

B — D%y

e BaBar: 3.40 deviation from SM in R(D(*)) — ?%g:gi:;g

BaBar Belle LHCDb SM
R(D) | 0.44+0.07 0.37+0.07 0.30 +£0.02
R(D*) | 0.33+0.03 0.294+0.04 0.34+0.04 | 0.252 £+ 0.003
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What have we learned?

B — D%y

e BaBar: 3.40 deviation from SM in R(D(*)) — ?%g:gi:;g

BaBar Belle LHCDb SM
R(D) | 0.44+0.07 0.37+0.07 0.30 +£0.02
R(D*) | 0.33+0.03 0.294+0.04 0.34+0.04 | 0.252 £+ 0.003

e Naively: R(D) = 0.41£0.05 = 3.10,
R(D*) =0.32£0.02 = 3.40, R(D™) = 4.60

e 7’s difficult for B-factories

e SM predictions fairly robust: HQS + lattice QCD

Z. Ligeti in Naturalness 2014 (WIS)
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What have we learned?

Intermediate summary 11

Invisibles15

The KM phase is different from zero (SM violates CP)

The KM mechanism is the dominant source of the CP violation

observed in meson decays

Complete alternatives to the KM mechanism are excluded

(Superweak, Approximate CP)
CP violation in D, B, may still hold surprises

The CKM mechanism is the dominant source of the flavor

violation observed in meson decays

NP contributions to the observed FCNC are small
(s> d,cru, b d, b s)

So what remains to be understood?
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Flavor Physics

Invisibles15

The Flavor Puzzles
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The SM flavor puzzle

Smallness and Hierarchy

Vi~1, Y.~1072, Y, ~1077°
Y, ~1072, Y, ~ 1073, Y;~ 10
Y, ~107% Y, ~1073, Y.~ 107°
Vis| ~ 0.2, |Vip| ~0.04, |Vip| ~0.004, dxm ~ 1

e For comparison: g, ~1, ¢~ 0.6, ¢ ~03, M~0.1

Invisibles15
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The SM flavor puzzle

Smallness and Hierarchy

Vi~1, Y.~1072, Y, ~1077°
Y, ~1072, Y, ~ 1073, Y;~ 10
Y, ~107%2, Y, ~1073, Y.~ 1076
Vis| ~ 0.2, |Vip| ~0.04, [Vip| ~0.004, xn~ 1

e For comparison: g, ~1, ¢~ 0.6, ¢ ~03, M~0.1

e SM flavor parameters have structure: smallness + hierarchy

e | Why? = The SM flavor puzzle
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The v flavor puzzle

Neither Smallness Nor Hierarchy

e Am3, = (7.5+£0.2)x107% eV?, |AmZ,| = (2.540.1)x 1073 eV?
o |Us|=0.5540.01, |U,s|=0.67+0.03, |Us|=0.148+0.003

Gonzalez-Garcia et al., 1409.5439
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The v flavor puzzle

Neither Smallness Nor Hierarchy

e Am3, = (7.5+£0.2)x107% eV?, |AmZ,| = (2.540.1)x 1073 eV?
o |Us|=0.5540.01, |U,s|=0.67+0.03, |Us|=0.148+0.003

Gonzalez-Garcia et al., 1409.5439
o |U,3| > any |Vijl;
° U62| > any H/ZJ|
o |Ues| K [Ue2Ups|

e my/mg > 1/6 > any m;/m; for charged fermions

e So far, neither smallness nor hierarchy

e | Why is the v flavor structure different?

= The v flavor puzzle
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The v flavor puzzle

Structure is in the eye of the beholder

0.80 —0.85 0.51 —0.58 0.14 — 0.16
Ulse = 10.22—-0.52 0.44—0.70 0.61 —0.79
0.25 —0.53 0.46 —0.71 0.59 — 0.78
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The v flavor puzzle

Structure is in the eye of the beholder

0.80 —0.85 0.51 —0.58 0.14 — 0.16
Ulse = 10.22—0.52 0.44—0.70 0.61 —0.79
0.25 —0.53 0.46 —0.71 0.59 — 0.78

e Tribimaximal-ists:
0.82 0.58 0

|Ultem = | 0.41 0.58 0.71
0.41 0.58 0.71

e Anarch-ists:

U |anarchy = | ©(0.6)  0(0.6) ©(0.6)
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The NP flavor puzzle

The SM = Low energy effective theory

1. Gravity — APlanck ~ 1019 GeV

2. My # 0 = Agcesaw < 101° GeV

3. m%{—ﬁne tuning = A¢op—_partners ~ 1€V
Dark matter = Ayimp ~ TeV

\

e The SM = Low energy effective theory

: : d—4
e Must write non-renormalizable terms suppressed by Ayp

o Loos =L L,L;d¢

Aseesaw

e L, ;—¢ contains many flavor changing operators

Invisibles15 57/98



The NP flavor puzzle

New Physics

e The effects of new physics at a high energy scale Axp can be
presented as higher dimension operators

e For example, we expect the following dimension-six operators:

ate ([drvese)® + ggs (@yuur)® + R34 (drrbe)® + g8 (Sr7ub1)”

e New contribution to neutral meson mixing, e.gq.

Amp S o [zvdl
mp 3 AQNP

e Generic flavor structure = z;; ~ 1 or, perhaps, loop — factor
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The NP flavor puzzle

Some data

Sector CP-conserving CP-violating
sd Amp /myg = 7.0 x 1071 ex = 2.3 x 1073
cu Amp/mp =87 x 1071 Ar/ycp <0.2
bd Amp/mp =63 x 107 Sy = +0.67 + 0.02

bs Amp, /mp, =21x107*  S,, =—0.04 + 0.09
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The NP flavor puzzle

High Scale?

(dryubr)?+ /i%p (Szyubr)?

o 3 (dryusn)®+ 58 (Cryuun)”+ 532

e For ‘Z’L]| ~ ]., Im(zw) ~ 1:

CPV
Avp” 2

AGEC 2 A{EY 2 | Mixing  A{EC >
D 1000 TeV 3000 TeV
B, 70 TeV 200 TeV

K — K 1000 TeV 20000 TeV | D
B— B 400 TeV 800 TeV | B, —
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The NP flavor puzzle

High Scale?

* xil (dryusr)® + AT Cryuur)?+ AT (dryubr)? + AT (3zvubL)?

e For ‘Z’LJ| ~ ]., Im(z”) ~ 1:

Mixing AGEC > AGEY > | Mixing  A{EC > ALEY >

Y Y

K — K 1000 TeV 20000 TeV | D—D 1000 TeV 3000 TeV

B—-—B 400 TeV 800 TeV B, — B, 70 TeV 200 TeV

e Did we misinterpret the Higgs fine-tuning problem?

e Did we misinterpret the dark matter puzzle?
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The NP flavor puzzle

Degeneracy and Alignment?

A (dryusr)® + AT Cryuur)?+ AT (dryubr)? + AT (3zvubL)?

e For Anp ~ 1 TeV:

Mixing  |zi| < Im(z;) < | Mixing zii| < Im(ziy) <
K—-K 8x1007 6x107° D—-D 5x1077 1x10°°

B—-B 5x107% 1x10% | B,—B, 2x107% 2x107°
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The NP flavor puzzle

Degeneracy and Alignment?

* xil (dryusr)® + AT Cryuur)?+ AT (dryubr)? + AT (3zvubL)?

e For Anp ~ 1 TeV:

Mixing  |zi| < Im(z;) < | Mixing zii| < Im(ziy) <
K—-K 8x1007 6x107° D—-D 5x1077 1x10°°

B—-—B 5x107% 1x10°% | B,—B, 2x107% 2x107°

e The flavor structure of NPQTeV must be highly non-generic
Degeneracies/Alignment

e | How? Why? = The NP flavor puzzle
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The NP flavor puzzle

How does the SM (Agy ~ myy) do it?

Amg/mix  70x107"  5x107° @3y2|VeaVes|?
Amp/mp 87x107"" 5x107° Long Distance
Amp/mp  63x107"  7x10°® @3yi |ViaVis|?
Amp,/mp, 21x107"% 2x10°° a3y: | Vis Vin |2
Im(z;j) Im(zz'SJM)
E B
_ 2(V,X Vis)?
€x 23x 107 ©O(0.01) YR ~ 0.01
Ar < 0.004 <0.2 0
Vb Vi V23 Ve
SyKs 0.67 4 0.02 O(1) v T ~ 0.7
Spe <0.1 <0.1 VebVis YabVes ) 02

ViVis Vo Voo

e Does the new physics know the SM Yukawa structure? (MFV)
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The NP flavor puzzle

Two Higgs Doublets Models (2HDM)

® Lyukawa = — ) i—1 .2 (Q@YzUU +Q¢:;Y°D + L, Y;PE + h.C.)

e Without loss of generality, choose a basis
(o) =v/V2, ($a) =0

O M cg  Sp O1

b A —S3  Cg ®2

e In this basis: | Y], = v2M* /v, YI = arbitrary

e Five scalar mass eigenstates: h, H, A, H*
oH Ca Sa | [ 91

gbh —Sa Cqo ¢2
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The NP flavor puzzle

The 2HDM flavor puzzle

o YhF — ca_ng —sa_BY]@

YE = 50-pY4 + ca_pYi;
e Proportionality is lost: Yh}j HaA K Yi
e Diagonality is lost: (th*: g.a)ij 70 for i # j
e FCNC at tree level

o For example, 20}y ~ c2_5(Y)sa(YY )as/mi,

— &PV P)as 1070
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The NP flavor puzzle

The 2HDM flavor puzzle

o YhF — ca_ﬁYf —sa_BY]@

YE = 50-pY4 + ca_pYi;
e Proportionality is lost: Yh}j HaA K Yi
e Diagonality is lost: (th*: g.a)ij 70 for i # j
e FCNC at tree level

o For example, 20}y ~ c2_5(Y)sa(YY )as/mi,

— &PV P)as 1070

Why? = The 2HDM flavor puzzle
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The NP flavor puzzle

Supersymmetry (for Phenomenologists)

FV CPV
- Y + +
—_—— u — +
EETEY He A + +
——— Mg — +
SR IEEE m; + +
SRR B = +

80 real + 44 imaginary parameters
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The NP flavor Puzzle

The D° — D° mixing challenge

Take, for example, the contribution from the first two generations

of squark doublets to D — D mixing:

u g _ C
U2 11
¢ 7 i
Anp =mg
o ~ 3.8 x 1075878 (e g2
Q

2

TeV Amg

— % x —9 xsin26, < 0.05—0.10
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The NP flavor Puzzle

The SUSY flavor puzzle

Why? = The SUSY flavor puzzle
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The NP flavor Puzzle

The SUSY flavor puzzle

Why? = The SUSY flavor puzzle

e Solutions:

e Heaviness: m > 1 TeV e Split Supersymmetry
e Degeneracy: Affn,?j < m? e Gauge-mediation
o Alignment: K;; < 1 e Horizontal symmetries
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The Flavor Puzzles

Intermediate summary 111

e The SM flavor puzzle:
Why is there smallness and hierarchy in the SM flavor

parameters?’

e The v flavor puzzle:
Why is there neither smallness nor hierarchy in the neutrino

flavor parameters?

e The NP flavor puzzle:
Why is there alignment and/or degeneracy in NPQTeV flavor

parameters?
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Flavor Physics

Invisibles15

Flavor Models
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Flavor models

Natural Flavor Conservation (NFC)

e A solution to the 2HDM flavor puzzle

e NFC = Each fermion sector (U, D, F) couples to a single Higgs
doublet

o TypeIl: QYYU¢py + QY P D¢y + LY ® Egq
— YV =cotBYY, Y7 =tanpf Y,"

e In all NFC models, Y4 & Y
— Proportionality is restored Y,f H.A X Yi

— Diagonality is restored (th*: g.a)ij =0 fori#j

e | No Higgs-mediated FCNC at tree level
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Flavor models

Minimal Flavor Violation (MFV)

e A solution to the NP flavor puzzle

e SM: When Y = 0 = A large global symmetry
SUB)g x SUB)y x SUB)p x SUB)L x SU3)E

¢ MFV = The only NP breaking of the SU(3)® symmetry:
YU (3,3,0,0,0), Y°(3,0,3,0,0), YE(0,0,0,3,3)
()\ua )\da V7 )\e)

e Example: Gauge mediated supersymmetry breaking

e | F'V suppressed by small fermion masses and CKM angles

Invisibles15 71/98



Flavor models

MFYV, Operationally...

1. SM = Low energy effective theory:
All higher dimensional operators, constructed from SM fields

and the Y,-spurions are formally invariant under SU(3)?

2. A new high energy physics theory:
All operators, constructed from SM and NP fields and the
Y,-spurions are formally invariant under SU(3)?

Example: Gauge mediated supersymmetry breaking (GMSB)
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Flavor models

MFV-EFT Example

e Consider ;15\;; (5.vudr)?

® S5 € (3,1,1), drp € (3,1,1) = (E’yud[) € (8,1,1)

o VY =(3,1,3) x (3,1,3) D (8,1,1)
Y, YT =(3,3,1) x (3,3,1) D (8,1,1)

e But we are in the down mass basis: Y; = \j — <YdeT)12 =0
e Must be (Yqu)lg — (VT)\3V)12 ~ ththths
o zoa X yi (ViVis)?

(
® Zeu X yg(Vuchi)z
Zbd X yf(V{'c}th)Q
Zbs X y?(‘/tﬂ.;‘/tb)2

e With the help of a loop factor, phenomenologically OK!
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Flavor models

The Froggatt-Nielsen mechanism (FN)

e A solution to both the SM and the NP flavor puzzles
e Can solve also the v flavor puzzle

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

e Small breaking parameter ey = (S_1)/A < 1

e —> Selection rules:
_ YZ? ~ H(Qi)+H(d;j)+H(¢a)

— V¥ ~ eH(Qi)+H(u;)+H(éu)
_ Yé ~ ¢H(Li)+H()+H(da)

— Y} ~ ¢H(Li)+H(L;)+2H (du)

e Can generate hierarchy and alignment, but not degeneracy

Invisibles15 74/98



Flavor models

The FN mechanism: An example

¢ H(Qi) =2,1,0, H(d;)=2,1,0, H(¢a)=0

et e €2

d
Y94~ e € ¢
€ ¢ 1

Invisibles15
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Flavor models

The FIN mechanism: a viable model

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

\

Y;:Y.: Y, ~1:¢€%:¢

Vi:Y,:Yy~1:€:¢€

YT:YM:Yer\lee:e2
Vil ~ Vil ~ €, [Vaa| ~ €2, dxenr ~ 1

_|_
ms:mo:mp~1:1:1
’Ue2’ ~ 1, ‘UMB‘ ~ 1, ‘Ue3‘ ~ 1
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Flavor Models

Intermediate summary 1V

e Various solutions to the SM flavor puzzle

Approximate Abelian symmetry
Approximate non-Abelian symmetry ([SU(2)],...)
Strong dynamics

Location in extra dimension

e Various solutions to the NP flavor puzzle

Invisibles15

Approximate Abelian symmetry

Approximate non-Abelian symmetry ([SU(2)],...)
Strong dynamics

MFV

NFC (2HDM)
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Flavor Physics

The flavor of h

Dery, Efrati, Hochberg, YN, JHEP1305,039 [arXiv:1302.3229]
Dery, Efrati, Hiller, Hochberg, YN, JHEP1308,006 [arXiv:1304.6727]

Dery, Efrati, YN, Soreq, Susi¢c, PRD90, 115022 [arXiv:1408.1371]
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The flavor of h

Can we make progress?

e NP that couples to quarks/leptons = New flavor parameters

(spectrum, flavor decomposition) that can be measured

e The NP flavor structure could be:
— MFV
— Related but not identical to SM

— Unrelated to SM or even anarchical

e The NP flavor puzzle:
With ATLAS/CMS we are likely to understand how it is solved

e The SM flavor puzzle:
Progress possible if structure not MFV but related to SM

Invisibles15 79/98



The flavor of h

Can we make progress?

e NP that couples to quarks/leptons = New flavor parameters

(spectrum, flavor decomposition) that can be measured

e The NP flavor structure could be:
— MFV
— Related but not identical to SM

— Unrelated to SM or even anarchical

e The NP flavor puzzle:
With ATLAS/CMS we are likely to understand how it is solved

e The SM flavor puzzle:
Progress possible if structure not MFV but related to SM

e | h| = The “NP” is already here!
Yy, f, are new flavor parameters that can be measured
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The flavor of h

Relevant data

Observable Experiment
s 1.154+0.18
Rz 7+ 1.2+0.2
Ryywy 0.94+0.2
Ry 0.7+0.3
R, ; 1.04 £0.23
I <7
R.. < 4 x10°

__ _ OprodBR(h =)
* fiy= [opid%R(h%f)]SM
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The flavor of h

Yf 0.¢ mf?

0.100} /
b -
0.010+ :I
- .
0.001:
10—4,
10—5,

100k ‘ : ‘ ‘ ‘
0.001 0.010 0100 1 10 100

m [GeV]

A. Efrati

e Indication that Y;, Yy, Y, not far from SM

e The beginning of Higgs flavor physics
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The flavor of h

Leptonic observables

Observable (¢ = e, ) SM

R+ - 1

BR(h—£T4~
Xpe = BR((h:T+T_)) (mé/m7)2
X, = BR(h—4T7T) 0

~ BR(h—7t717)

e What can we learn from R,., Xy, X/ 7
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The flavor of h

Leptonic observables

Observable (¢ = e, ) SM

R+, - 1
BR(h—£T4~
Xpo = BR((h:T+T_)) (mé/m7)2
X, = BR(h—4T7T) 0

~ BR(h—7t717)

e What can we learn from R,., Xy, X/ 7

e ATLAS/CMS:
— R, =1.04+0.23
— X, < 15(m,/m;)? ~0.05, X.. <8x10°(m./m,)? ~ 0.07
— BR,; =0.009=0.004 =— X,,=0.14x=0.06 <0.3
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The flavor of h

Natural Flavor Conservation (NFC)

e A solution to the 2HDM flavor puzzle

e NFC = Each fermion sector (U, D, F) couples to a single Higgs
doublet

o TypeIl: QYYU¢py + QY P D¢y + LY® Egq

o |V,F = (sina/cosB)(v2Mg/v)
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The flavor of h

h — ur in EFT

e SM: Forbidden by the accidental U(1), x U(1),

o d=5terms X5 1,1 b¢: Allowed, but FONC —

— Loop suppression ~ 3

— Mixing suppression ~ |U H3U73\2

— GIM suppression ~ (Am3,/m?,)?

o d=06terms 15 (¢TP)PULZE TR
The leading contribution —

Mg = 3 (Y*+ 3 2°), Yh —Ye+325,27¢
— YE = (VZMg/v) + 222

e Note: F¢N—LX27-O_MVTRFMV — T — WY
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The flavor of h

Minimal Flavor Violation (MFV)

e A solution to the NP flavor puzzle

e SM: When Y = 0 = A large global symmetry
SUB)g x SUB)y x SUB)p x SUB)L x SU3)E

¢ MFV = The only NP breaking of the SU(3)® symmetry:
YU (3,3,0,0,0), Y°(3,0,3,0,0), YE(0,0,0,3,3)

o Example: 15(¢'¢)LLiZ{¢ER;

¢ | Z¢=(a+bYETYE)YPE
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The flavor of h

The Froggatt-Nielsen mechanism (FN)

e A solution to both the SM and the NP flavor puzzles

e A U(1)y symmetry broken by a small spurion ey (—1) < 1

o Example: 1z (¢7¢)L1iZ{;¢ER;

o | Z% = O(y;|Us;))
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The flavor of h

Flavor models

e 2HDM with Type II NFC

— Universal correction to the diagonal couplings

e SM-EFT with MFV

— Non-universal correction to the diagonal couplings

e SM-EFT with FN

— Non-universal correction to the diagonal couplings +
Off-diagonal couplings
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The flavor of h

Higgs Physics = new flavor arena

Model  Y2/@m2/0?) (V2/YR)j(mi/m2) Y2V
SM 1 1 0
NFC-II  (sina/ cos 3)? 1 0
MFV 1 + 2av?/A? 1 — 4bm?2/A? 0
FN 1+ O(v?/A?) 1+ O(v?/A?) O(|Uas)*v* /A%)
GL 9 25/9 O(1072)
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The flavor of h

Higgs Physics = new flavor arena

Model  Y2/@m2/0?) (V2/YR)j(mi/m2) Y2V
SM 1 1 0
NFC-II  (sina/ cos 3)? 1 0
MFV 1 + 2av?/A? 1 — 4bm?2/A? 0
FN 1+ O(v?/A?) 1+ O(v?/A?) O(|Uas)*v* /A%)
GL 9 25/9 O(1072)

Measuring Y;; can probe flavor models
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The flavor of h

Model building: The question

e Experimentally, the best direct probes of FC Higgs couplings:

—t— hq (¢ =c,u)
— h— 7l (0 =p,e)
e Are there viable and natural flavor models that have
— Y, ~ 0.17 but Y, <1047
— Yy ~ 0.02 but Y, <1077

e Naively
— Yo/ Yer ~ Vs /Ver|(me/my) ~ 1072 = too large
— Yo,/ Yur ~ |Ue2/U,3|(my/m:) ~ 0.05 = too large
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The flavor of h

Model building: The answer

o NFC
— Impossible (Y, = Yo, = 0)

o MFV
— Impossible* (Yo < Ve ~ 0.04, Y, =0)
o F'N:

— Possible only with supersymmetry and holomorphic zeros
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The flavor of h

Model building: The answer

e NFC

— Impossible (Y, = Yo, = 0)
e MFEFV

— Impossible* (Yo < Ve ~ 0.04, Y, =0)
e FIN:

— Possible only with supersymmetry and holomorphic zeros

e The upper bounds on Y,; and Y, can be saturated within

viable and natural flavor models
e The models are not generic and need to be carefully selected

e Ift — hq or h — 7/ is observed in experiments, it will challenge

present explanations of the flavor puzzles
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The flavor of h

Intermediate summary V

Measure:

e Third generation couplings: Y;, Yy, Y,

e Second generation couplings: Y., Y, Y,

e Flavor violating couplings: Y-, Yer, Yo, Y
Test:

e NFC

o MFV

o N
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The flavor of h

Y. p: Experiment

Shikma Bressler, Avital Dery, Aielet Efrati, PRD 90 (2014) 015025 [1405.3229]

20F
o F BR(h-T) = 2% (s=8Tev
< L=20fb"
j2]
[ =4 .
[ ----Signal
|.|>J Z‘ATT
102 D_lboson
E LI
0 SM Higgs
Wt
10
e
0 50 100 150 200 250
Meaiinear (GeV)

On the blackboard

if time allows...
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The flavor of h

Concluding Comments

Invisibles15

93/98



The flavor of h

Flavor Physics at the LHC era

o If ATLAS/CMS observe no NP...

e and flavor factories observe no NP...
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The flavor of h

Flavor Physics at the LHC era

o If ATLAS/CMS observe no NP...

e but flavor factories observe NP...

e We may have misinterpreted the fine-tuning problem

e We may have misinterpreted the dark matter puzzle

Invisibles15

Flavor will provide the only clue for an accessible scale of NP
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The flavor of h

Flavor Physics at the LHC era

ATLAS/CMS will, hopefully, observe NP at Axp < TeV;

In combination with flavor factories, we may...
e Understand how the NP flavor puzzle is (not) solved
e Probe NP at Anp > TeV

e Get hints about the solution to the SM flavor puzzle
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The flavor of h

Degeneracy vs. Alignment

Excluded

m;-m;
m;+m;

0

Flavor Factories
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The flavor of h

Degeneracy vs. Alignment

m;-Mm;
m;+Mm;

°0

Excluded

Flavor Factories
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Factory
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Flavor Physics

Conclusions

e In the absence of NP at ATLAS/CMS, flavor factories will be
crucial to find Axp

e The NP flavor puzzle is likely to be understood

e Understanding the NP flavor puzzle —
Probe physics at Anp > Ay uc

e With NP that is affected by the mechanism that determines

the Yukawa structure: The SM flavor puzzle may be solved

e The Yukawa couplings of h: A new arena for flavor physics
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Flavor Physics

Conclusions

e In the absence of NP at ATLAS/CMS, flavor factories will be
crucial to find Axp

e The NP flavor puzzle is likely to be understood

e Understanding the NP flavor puzzle —
Probe physics at Anp > Ay uc

e With NP that is affected by the mechanism that determines

the Yukawa structure: The SM flavor puzzle may be solved

e The Yukawa couplings of h: A new arena for flavor physics

e My modest request from Nature (and from ATLAS/CMS):
BR(h — pu1) ~ 0.01 at > 50
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