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Flavor Physics

Plan of Talk

1. Introduction

2. Past: What have we learned?
Lessons from the B-factories

3. Present: Open questions
e The NP flavor puzzle
e The SM flavor puzzle

4. Future: What will we learn?
Flavor@LHC

Flavor Physics 3/37



Flavor Physics

Flavor Physics

Introduction

4/37



Introduction

Why is flavor physics interesting?

e Flavor physics is sensitive to new physics at ANp >> Fexperiment
FCNC suppressed within the SM by afy/, |Vij|, my

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?
The solution = Clues for the subtle structure of the NP
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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]

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

Flavor@QGeV =— NPQTeV

A recent example [Blum et al, PRL 102, 211802 (2009)]

o SMK — (7.0140.01) x 1071%; e = (2.234+0.01) x 1073

mg

e 2Mb — (86+2.1)x 10715  Ap = (1.242.5) x 1073

mp

. S 2
e Consider ﬁ [QLZ'(XQ)ij')/MQLj}
o Take Y;=)\;, Y, =V, Xg = deiag(h, N7
e K + D = Degeneracy: Ao — A1 < 0.004 — 0.0005

— Supersymmetry: 222 1221 <0.27 —0.034
2 1

— RS-I: /=2~ fo, <0.06 — 0.02.

MKK
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Introduction

Why is CPV 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 1) 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 CPV

e 1964 — 2000
o || =(2.284 £0.014) x 107%; Re(e'/e) = (1.67 £ 0.26) x 10~ °
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Introduction

A brief history of CPV

e 1964 — 2000
o || =(2.284 £0.014) x 107%; Re(e'/e) = (1.67 £ 0.26) x 10~ °

e 2000 — 2010
o Syrs = +0.67=+0.02
o Syxs = +0.59+0.07, Spox, = +0.57+0.17, Spo g = +0.60 + 0.12
¢ Sktr-xy = —0.8240.07, Sxgrgrs = +0.74 4+ 0.17

e S, =-065+007,C 1+ _ =—0.38+0.06

7T+7T
o Sy =—0.93+0.15, Spp = —0.89 + 0.26, Sp~p~ = —0.77 & 0.14
o Aps,0=-+037£0.11, A = = —0.37£0.09, Ay gz = —0.68£0.20

o Ags .+ =—0.098=+0.012, A, 50 = +0.19 £ 0.05
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Flavor Physics

What have we learned?
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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
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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

—0 . .
e Use only tree decays and BY — B~ mixing

NP, n0 5
2104 A" (B"—=B)

o p—
Define hde (SM (B9 B)

e Use ‘Vub/vcb‘, ADK7 SwKa Sppa Ade? ‘ACSZL

e Fit to M Py hdao-d

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

e Find whether Ay > 1 is allowed
If not = The KM mechanism is dominant
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What have we learned?
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e | The KM mechanism is at work
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What have we learned?

hg < 17

| fitter 0.9

FPCP 2007

e | The KM mechanism dominates CP violation

e The CKM mechanism is a major player in flavor violation
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What have we learned?

Intermediate summary

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

e The KM mechanism is the dominant source of the CP violation

observed in meson decays

e Complete alternatives to the KM mechanism are excluded
(Superweak, Approximate CP)

e No evidence for corrections to CKM

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

e NP contributions are very small in s - d, ¢ - u, b - d, b — s
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Flavor Physics

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

Ampg/myg 7.0 x 10719
Amp/mp 87 x 1071
Amp/mp 6.3 x 10714
Amp_ /mp. 2.1 x 107!

€K 2.3 x 1073
Ar/ycp <0.2

SyKs 0.67 & 0.02
Sye <1
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The NP flavor puzzle

High Scale?

o For z;; ~ 1 (and Zm(z;;) ~ 1), Anp >, \/7 TeV
Mixing  AJpC = AfpY 2
K—K 1000 TeV 20000 TeV
D—D 1000 TeV 3000 TeV
B—-B 400 TeV 800 TeV
B, — B, 70 TeV 70 TeV
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The NP flavor puzzle

High Scale?

o For z;; ~ 1 (and Zm(z;;) ~ 1), Anp >, \/7 TeV
Mixing  AJpC = AfpY 2
K —K 1000 TeV 20000 TeV
D—D 1000 TeV 3000 TeV
B—-B 400 TeV 800 TeV
B, — B, 70 TeV 70 TeV

Did we misinterpret the Higgs fine tuning problem?

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

Small (hierachical?) flavor parameters?

e For ANP ~ 1 T€V, 2% g 108(Amw/m)

Mixing ziil < Im(ziy) <
K—-—K 8x107" 6x107°
D—-D 5x1077 1x1077
B—-B 5x107% 1x10°°
B,— B, 2x107* 2x10~*

Flavor Physics

22/37



The NP flavor puzzle

Small (hierachical?) flavor parameters?

e For ANP ~ 1 TGZV, 2% S 108(Amw/m)

Mixing ziil < Im(ziy) <
K—-—K 8x107" 6x107°
D—-D 5x1077 1x1077
B—-B 5x107% 1x10°°
B,— B, 2x107* 2x10~*

The flavor structure of NPQTeV must be highly non-generic

How? Why? = The NP flavor puzzle

Flavor Physics 22/37



The NP flavor puzzle

Minimal flavor violation (MFV)

e MFV = the only source of F'V are the SM Yukawa matrices
e MFV — NPQTeV scale is consistent with FCNC constraints
e Most likely, an approximation

e Predictions:
— Spectrum: often MFV implies degeneracies

— Mixing: the third generation is approximately decoupled

e Example: Gauge mediated supersymmetry breaking
— Squark spectrum: 2 + 1

— Squark decays: 12 — q1.2, ¢3 — g3

e In principle, testable in ATLAS/CMS
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Flavor Physics

The SM Flavor Puzzle
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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, 6xy~ 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

Flavor Physics
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The SM flavor puzzle

The Froggatt-Nielsen (FIN) mechanism

e Approximate “horizontal” symmetry (e.g. U(1)g)
e Small breaking parameter ¢ = (§_1)/A < 1
e 10(2,1,0), 5(0,0,0)

|

Y,:Y.:Y, ~1:¢6%:¢

Yy :Y,: Y ~1:¢:¢€

YT:YM:Y(gwlze:e2
Vus| ~ [Vep| ~ €, |Vup| ~ €2, Oxm ~ 1

_|_
ms:mo:mp~1:1:1
’UeQ, ~ 1, ‘UM3‘ ~ 1, ‘U63‘ ~ 1
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The SM flavor puzzle

Testing FIN with Neutrinos

e The data:
e Am3; = (7.940.3)x107° eV?, |Am3,| = (2.6£0.2)x 1073 eV?
e sin® 615 = 0.31+0.02, sin®fy3 = 0.47 +£0.07, sin?6f;3 = 079 5°
e The tests:

® Sogz v 1, mg/mg ~ €T7?

Inconsistent with FIN

® Sogz v 1, S192 v 1, S13 ™~ e’?

Inconsistent with FIN

o sin®2053 =1 — €7

Inconsistent with FIN
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The SM flavor puzzle

Neutrino Mass Anarchy

e Facts:
e sinfas ~ 0.70 > any |V,
e sinfiy ~ 0.56 > any |V,
e my/mg > 1/6 > any m;/m; for charged fermions
e sinf;3 ~ 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 GUT+FN predictions:

ms/mb . md/ms . md/mb
823 Y |Vcb| g ].7 812 Y |Vus| g 0.27 813 Y |Vub| Y 0.5

Flavor Physics 28/37



The SM flavor puzzle

Structure is in the eye of the beholder

0.79 —0.86 0.50 —0.61 0.0 —0.2
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 1/3 0

Ultem = | v/1/6 /1/3 +/1/2
1/6 /1/3 /1/2

e Anarch-ists:

U anarchy = | 0(0.6)  0(0.6) O(0.6)
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Flavor Physics

What will we learn?
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What will we learn?

Flavor Physics at the LHC era

ATLAS/CMS will, hopefully, observe NP;

In combination with flavor factories, we may...

e Understand how the NP flavor puzzle is (not) solved
— Probe NP at Anp > TeV

e Get hints about the solution to the SM flavor puzzle

Flavor Physics

31/37



What will we learn?

Gauge+Gravity Mediation

e Example: High (but not too high) scale gauge mediation

e Gravity mediation sub-dominant but non-negligible

) 2 2
o 1 — gravity —med -~ <mM> ( 4 > 3

gauge—med mp as(mar) 81 s

° MC%L (mM) = ﬁ%L(l -+ TX@L)

e | Degeneracy depends on r

Assume: The flavor structure of X determined by FN:

1 Vus Vub 1 mg/izns m%/iznb
° X@L ~ 1 1 |ZXE XDR ~ 1 1 %
1 : : 1

e | Mixing depends only on X which is related to the SM flavor
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What will we learn?

SUSY flavor parameters from 21, e, I

A
3(399 GeV)-

(76(344 GeV)—
75 (303 GeV)

7,(283 GeV)

X3(225 GeV)—

05(168 GeV){—

(5(141 GeV)|
7,(136 GeV)|-

]es
]

1

Laly

True Measured

24 135.83 GeV 135.9 + 0.1 GeV

x§ 224.83 GeV | 225.10 4 0.04 GeV
Am (€1 o) 4.95 GeV 5.06 £ 0.06 GeV

2y 282.86 GeV 283.1 + 0.2 GeV

5 303.41 GeV 306 + 1 GeV

lg 343.53 GeV 341 + 1 GeV
|U2e /Usy,| 0.069 0.054 + 0.008

[Feng, Lester, Nir, Shadmi et al., PRD77(2008)076002; PRD80(2009)114004; JHEP01(2010)047]
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What will we learn?

Lessons from /;, e, i1

e Determine Amo; and sin 61»:
It is consistent with p — ey?
How the SUSY flavor problem is solved

e Determine Amsoi, Amsy, ...

What is messenger scale of gauge mediation (M,,)?
Probe physics at M,,, ~ 101° GeV

o Detremine |Ueo /U, 2l
Is the FN mechanism at work?

How the SM flavor puzzle is solved
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What will we learn?

Vector-like leptons and MLFV

e Imagine: Vector-like lepton doublets with m < T'eV
e Avoid large FCNC by MLFV

e The only LFV comes from YE — diag(ye, Yy Y

— The heavy mass spectrum:

quasi-degeneracy or hierarchy oc Y

— The heavy-to-light couplings:
universal or hierarchical (affects the lifetimes)

— The heavy-to-light couplings:

flavor-diagonal

Flavor Physics
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What will we learn?

Vector-like leptons

and MLFV

0.7
A v - [ Jsom?
[ Jsott 06r [ 100 5
oL 100 5 - Il 005!
I -1 05+
L -300 b [ 95% Confidence intervals
L 3 L
23 1.5F =
~ L +
= 1 = 03
&
r =4
0.5F
[ 95% Confidence intervals
L [ RN E U

0 T R T R '
500 600 700 800 900 1000
my, [GeV]

e Ne. # N,, and/or N, # 0:
Either MLFV with v-related spurions or non-MLEFV

e No. =N,, and N, = 0: Approximate U(1). x U(1),
Plus m,  ~ m,, : Approximate U(2),

[Gross, Grossman, Nir, Vitells, PRD, in press [1001.2883]]
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What will we learn?

The role of flavor factories (FF)

ATLAS/CMS and flavor factories give complementary information

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

e Consistency between ATLAS/CMS and FF is necessary to
understand the NP flavor puzzle

e NPinc—u? s—=d?b—=d? b—s?7t—c?t—u?
w—e? T —u? T — e’
— MFV?
— Structure related to SM?
— Structure unrelated to SM?

— Anarchy?

[Hiller, Hochberg, Nir, JHEP0903(09)115; JHEP, in press [1001.1513]]
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What will we learn?

The NP flavor plane

EXCLUDED

K

i
Flavor Factories
MFV
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What will we learn?

The NP flavor plane

1 1
EXCLUDED
Mji-Mi | LHCb
m; + m;
ATLAS/CMS
0O 1
Kij Kij
Flavor Factories FF+ATLAS/CMS
MFV Non-MFV

[Grossman, Ligeti, Nir, PTP122(09)125 [0904.4262]]
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The Standard Model

Kobayashi and Maskawa

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])—3>< (BR+6[>+1]:9R—|—1]

e The two generation SM is CP conserving
The three generation SM is CP violating

CP violation = a single imaginary parametr in the CKM matrix:

e / unitary with 3 real (), A, p) and 1 imaginary (7)) parameters:

1 A AN (p + in)
Vi~ -\ 1 AN
AN (1 —p+in) —AN 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:
Vorxm ~ 1 (diagonal terms not suppressed parameterically)
Experimentally fulfilled
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The SM 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’UP

|Ue3| ~ ‘UBZU,UJ3|

e In addition, three inequalities:
Ue2| 2, 7= |Ues| 2, 2225 ‘UM3| >

~ my’ ~ m.,’ ~ M.,

e When ordering the leptons by mass:
U~1
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What will we learn?

SUSY

flavor parameters

True Measured Observation

21 135.83 GeV 135.9 + 0.1 GeV direct observation of £1 with 0.6 < 3(£1) < 0.8

X(l) 224.83 GeV 225.10 = 0.04 GeV X(l) peak in the Eil:e:F invariant mass distribution
Am(@l 2) 4.95 GeV 5.06 = 0.06 GeV Eite:[: minus Eitu:l: peak positions

2y 282.86 GeV 283.1 + 0.2 GeV peak in (gi: ej:)e invariant mass distribution

55 303.41 GeV 306 =1 GeV peak in (EiF ei),u invariant mass distribution

lg 343.53 GeV 341 £ 1 GeV peak in (ZiF ei),u invariant mass distribution
|U2e/Us,, | 0.069 0.054 4+ 0.008 N(Zil:ej:)/N(Zil:ui)
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