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Flavor Physics and CP Violation

Plan of Lectures

1. Lecturel

(a) What is flavor and why is it interesting?
(b) Flavor in the Standard Model

2. Lecture2

(a) Lessons from the B-factories

(b) The NP flavor puzzle

3. Lecture3
(a) Minimal Flavor Violation (a;, ALg)
(b) The SM flavor puzzle

(c) Neutrino flavor surprises

4. Lectured
(a) Flavor@QLHC
(b) BaryogenesisQLHC
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Flavor Physics and CP Violation

What have we learned?
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What have we learned?

SﬂbKS

BO . YKs

N S

9L (B0, (1) -y Ks]— 4L [BY, () -9 Ks]

e Babar/Belle: A,k (1) =

dF [thys (t)_”vaS]‘i‘ dP [thys (t)_”L’KS]

o Theory: A, (t) dominated by interference between
A(B° — 9Kg) and A(B® — BO — ¢ Kg)

o —> A¢KS (t) = S¢KS Sin(Ath)
A(Boﬁﬁ) A(@—mﬁKS)

:j’sﬂKS::IWL|A@wﬁE®|A@WHwK@
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What have we learned?

SQ#KS in the SM
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_ Vi Via Ve Vig
Syks =Im {thvtg V> Ve

}:

2n(1—p)

n?+(1—p)?

In the language of the unitarity triangle:

SIDKS = sin 2[3

The approximations involved are better than one percent!

Experiments: Sy, = 0.671 = 0.024
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What have we learned?

The Unitarity Triangle

e A geometrical presentation of

Vud Vus Vub
V=1V Ves Va
Via Vis Vi

FP&CPV

S Vaud Vi Via +ViVea =0
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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=1V Ves Va
Via Vis Vi

e Rescale and rotate:

L
2
V = )\ ' AN
AN —p—in) —AN 1 ) TN
(0,0) (1,0)
Wolfenstein (83); Buras et al. (94)

a=¢2; B=¢1; 7= @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

e )\ known from K — mlv
A known from b — cfv
e Many observables are f(p,n):
— b — uwly = o< |Viup/Vep|? x p? + n?
— Amp,/Amp, = o |Via/Vis|® o< (1= p)* + 77

~ Syxs = [y
— Spp(@)

— Apk(7)

e
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What have we learned?

The B-factories Plot
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Very likely, the CKM mechanism dominates F'V and CPV

11/35



What have we learned?

CPC vs. CPV
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What have we learned?

S%DKS with NP

A(Boﬁﬁ) A(ﬁ—nﬁKS)
|A(B°—B0)| A(B'—vyKg)

e Reminder: Syx, =7Im

e New physics contributions to the tree level decay amplitude -
negligible

e New physics contributions to the loop + CKM suppressed

mixing amplitude could be large

NP 0 .10
2icg _ A~ (B —B")
e Define hge = ISV (3OS0

AfUIl(BOHEO)
ASM(BOHEO)

o | Syrs = sin[2(8+04)] = f(p;n, ha,0a)

,r.d62’i9d — 1 + thZiO'd —
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What have we learned?

Testing CKM - take 11

e Assume: New Physics in leading tree decays - negligible
e Allow arbitrary new physics in loop processes

e Use only tree decays and BY — B mixing

e Use |Viu/Ver|, Apk, Suk, Spp, Amp,, AL

e it ton, p, ha, 04

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

e Find whether h; > 1 is allowed
If not = The KM mechanism is dominant
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What have we learned?
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What have we learned?

hg << 17

| fitter 0.9

FPCP 2007

The KM mechanism dominates CP violation

e The CKM mechanism is a major player in flavor violation

FP&CPV
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What have we learned?

Is CPV in K — 77 small because of flavor?

SM:

o c~ 10773, ¢ ~ 107" because of flavor suppression

e Some CP violating phases are order one

Approximate CP:
e All CPV phases are small

e All CP asymmetries are small
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What have we learned?

Is CPV in K — 77 small because of flavor?

SM:
o c~ 10773, ¢ ~ 107" because of flavor suppression

e Some CP violating phases are order one

Approximate CP:
e All CPV phases are small

e All CP asymmetries are small

B Physics: Syx ~ 0.7

—> Some CP violating phases are indeed O(1)
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What have we learned?

Is CP violated in AB =1 processes?

SM:

e Indirect (A(M° — M?)) and direct (A(M — f)) CP violations
are both large

Superweak:

e There is no direct (A(M — f)) CP violation

K Physics: € /e = (1.67 £0.26) x 1073

—> CP is violated in AS = 1 processes (s — uud)
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What have we learned?

Is CP violated in AB =1 processes?

SM:

e Indirect (A(M° — M?)) and direct (A(M — f)) CP violations
are both large

Superweak:

e There is no direct (A(M — f)) CP violation
K Physics: € /e = (1.67 £0.26) x 1073

—> CP is violated in AS = 1 processes (s — uud)

B Physics: Ags,+ = —0.098 +0.012, C.+ . = —0.38 + 0.06,
Agcs 0 = 0.37 £ 0.11

— CP is violated in AB = 1 processes (b — uus, b — uud)
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What have we learned?

Several ~ 30 tensions

o Sy vs. sin23 from global fit

e BR(B — 7v) vs. prediction from global fit

e asy, vs. (almost) null prediction of the SM
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What have we learned?

sin28 < BR(B — 7v)

FP&CPV

BR(B - 1v)

x10°

0.30

T T T T

0.15 [—

0.05 [—

0.00

T

fi r

ICHEP 10

Lo

|

T T T

L1

L

Ly

T T T

L1

T

|

LA

T

0.5

0.6

0.7 0.8

sin 23

0.9

1.0

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

CKMFitter

20/35



Intermediate summary

What have we learned?

FP&CPV

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

No evidence for corrections to CKM

NP contributions to the observed FCNC are at most
comparable to the CKM contributions

NP contributions are very smallin s - d, c —-u, b —d, b — s

21/35



Understanding flavor at the LHC

FP&CPV

The NP Flavor Puzzle
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The NP flavor puzzle

The SM = Low energy effective theory

1. Gravity — APlanck ~ 1019 GeV
2. My # 0 = Ageesaw < 101° GeV

3. m%-fine tuning; Dark matter = Axp ~ TeV

\

e The SM = Low energy effective theory

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

o Lo = 2 L;L;p¢

Aseesaw

e L, contains many flavor changing operators
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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:

aty (@drvese)® + gge (@ryuun)® + R0 (dryube)® + g8 (Sr7ubs)”

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

Amp 75 < | zpd |
mp 3 AQNP

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

Some data

Amp/myg 7.0 x 10715
Amp/mp 8.7 x 1071
Amp/mp 6.3 x 10714
Amp, /mp, 2.1 x 107!

€K 2.3 x 1073
Ar <0.2
SuKs 0.67 %+ 0.02
Sy < 1
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The NP flavor puzzle

High Scale?

o For z;; ~ 1 (and Zm(z;;) ~ 1), Anp >,

\/7

Anp >
Amg/myg  7.0x 10715 1000 TeV
Amp/mp 8.7 x 1071 1000 TeV
Amp/mp 6.3 x1071% 400 TeV
Amp_ /mp. 21x107%2 70 TeV
€K 2.3 x 1072 20000 TeV
Ar < 0.004 3000 TeV
Svks 0.67+0.02 800 TeV
St <1 70 TeV
FP&CPV
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The NP flavor puzzle

High Scale

e For 5 1, ANP > 1000 TeV

e Lor z;; ~ oz%, Anp > 100 TeV
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The NP flavor puzzle

High Scale

e For 5 1, ANP > 1000 TeV

e Lor z;; ~ 043, Anp > 100 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

Small (hierachical?) flavor parameters?

e For ANP ~ 1 TGV, 2% SJ 108(Amw/m)

Zij X
Amg/mrg  7.0x107®  9x 1077
Amp/mp 87x107? 6x107"
Amp/mp 6.3x1071% 5x 1076

Amp /mp. 2.1x10712 2x107*

Im(zij) <
€K 2.3 x1073 4 x107?
Ar < 0.004 1 x 1077

SuKs 0.674+0.02 1x10°°
Sy <1 2 x 1074
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The NP flavor puzzle

Small (hierachical?) flavor parameters

o For Axnp ~ TeV, Im(zsq) < 6 x 107°

e For Anp ~ TeV, ‘st‘ <2x1074
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The NP flavor puzzle

Small (hierachical?) flavor parameters

o For Axnp ~ TeV, Im(zsq) < 6 x 107°

e For Ayp ~ TeV, |zps| < 2 x 1074

|

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 ~ my) do it?

Amg/mrx  70x107"  5x 1077 @3y2|VeaVes|?
Amp/mp 87x107"" 5x107° Long Distance
Amgp/mp  63x 107"  7x107® a5y7 |VeaVis|?
Amp,/mp, 21x107"% 2x107° a3yi |Vis Vin|?
Im(z;j) Im(ZZ'SJM)
B |25M|
_ 2V Vis)?
€K 23x107%  0(0.01) YR ~ 0.01
Ar < 0.004 <0.2 0
Vin Vi Vi Ve
SyKs 0.67 & 0.02 O(1) R T ~ 0.7
Sy <1 <1 Vb Vis JobVes o, (02

ViVis Vo Voo

e Does the new physics know the SM Yukawa structure? (MFV)

FP&CPV
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The NP flavor puzzle

Supersymmetry for Phenomenologists

FV CPV
< Y + +
—— -~ -
TEEEY e A + +
_— mg — +
“osEjmos: m + +
EEET EEEP 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

U1,2 1 v U2

N
£l

ANP = m@

2
~38x 10 5%(1{3{@5*)

x sin 26, < 0.05 — 0.10
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The NP flavor Puzzle

How can Supersymmetry do it?

Why? = The SUSY flavor puzzle
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The NP flavor Puzzle

How can Supersymmetry do it?

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

FP&CPV 33/35



The NP flavor Puzzle

Gauge Mediated Supersymmetry Breaking

Gauge interactions generate universal soft squark and slepton

masses:

FP&CPV

MZ =1m%1+4 Dg, 1+ 02Y,Y]

RGE: % (mz) =m2(rsl + ¢, Y, Y] + ca¥a¥y)
Strong [O(10~%)] degeneracy between Qr1 — Qro;
CKM-size alignment

The only source of flavor violation = The SM Yukawa couplings

An example of minimal flavor violation (MFV)

MEFYV solves all SUSY flavor problems
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The NP flavor Puzzle

Intermediate Summary 11

e How does new physics at TeV suppress its flavor violation?

e Degeneracy? Alignment?

e [s the flavor structure of the NP related to the SM Yukawa

structure?
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