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Flavor Physics

Plan of Talk

1. Past: What have we learned?

e Lessons from the B-factories

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

3. Future: What will we learn?
e Collider < Flavor interplay
e The flavor of h
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Flavor Physics

What have we learned?
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What have we learned?

A brief history of CPV

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

A brief history of CPV

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

e 2000 — 2013, 50
o Syrs = +0.68 £ 0.02
o Syxg = +0.74+0.12, S,/ x, = 4+0.59 £0.07, Syrs = +0.69 £ 0.11
o Skix-xg = +0.68%0.10
e S, =-065+007,C 4+, - =—0.36 % 0.06
o Syp0=—0.93+0.15 Spp = —0.98 % 0.17, Sp+p = —0.77 = 0.10
e A+ = —0.083 £ 0.005
o Ap, g+ =+0.19+0.03

o | Ap. x-nt = +0.27 +0.04
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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= uly = o |Vip/Vip|? o p? + 12
— Amp,/Amp, = o |Via/Vis|* o (1 = p)* +1°

~ Syrs = e
— Sppla)

— Apk(7)

.
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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

e Consider only tree decays and BY — B mixing

e Define hye?7d = ANV (BY — B)/ASM(B° — B)
— Four parameters: p,n (CKM), hg,04 (NP)

e Use ‘Vub/vcb‘, ADK, SwKa Sppa Ade? ACSZL
e it ton, p, ha, 04

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

e Find whether hy; > 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 1

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 CP violation in D, B, may still hold surprises

e No evidence for corrections to CKM

e NP contributions to the observed FCNC are at most
comparable to the CKM contributions
(s d,cu, 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 = 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
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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:

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

AmK/mK 7.0 x 10715
AmD/mD 8.7 x 1071
AmB/'mB 6.3 x 10~ 14

Amp_ /mp, 2.1 x 1072

€K 2.3 x 1073
Ar/ycp <0.2
Svks +0.68 £ 0.02
Sweé —0.04 £ 0.09
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The NP flavor puzzle

High Scale?

o For z;; ~ 1 (and Zm(z;;) ~ 1):

Mixing ARp® 2 Awp' 2

K —K 1000 TeV 20000 TeV
D—D 1000 TeV 3000 TeV
B—B 400 TeV 800 TeV
B, — B, 70 TeV 200 TeV
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The NP flavor puzzle

High Scale?

o For z;; ~ 1 (and Zm(z;;) ~ 1):

Mixing ARp® 2 Awp' 2
K —K 1000 TeV 20000 TeV
D—D 1000 TeV 3000 TeV
B-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

Small (hierarchical?) flavor parameters?

e For Anp ~ 1 TeV:

K—-K 8x107" 6x107?
D—-D 5x107" 1x1077
B—-—B 5x107% 1x10°°
B;,—B, 2x107* 2x107°
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The NP flavor puzzle

Small (hierarchical?) flavor parameters?

e For Anp ~ 1 TeV:

K—-K 8x107" 6x107?
D—-D 5x107" 1x1077
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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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%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

— Approximate symmetry? (Froggatt-Nielsen]
— StI‘OHg dynamiCS? [Nelson-Strassler]

— Location in extra dimension? [Arkani-Hamed-Schmaltz]

= 1
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The flavor of v

v-flavor parameters for anarchists

e Am3, = (7.5+£0.2)x107% eV?, |AmZ,| = (2.540.1)x 1073 eV?
o |Usp| =0.55+0.01, |Uy|=0.64+0.02, |Us|=0.15+0.01

Gonzalez-Garcia et al., 1209.3023
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The flavor of v

v-flavor parameters for anarchists

e Am3, = (7.5+£0.2)x107% eV?, |AmZ,| = (2.540.1)x 1073 eV?
o |Usp| =0.55+0.01, |Uy|=0.64+0.02, |Us|=0.15+0.01

Gonzalez-Garcia et al., 1209.3023

o |Uus| > any |Vijl;
® U62| > any H/:Lj|
o \Ues| & |Ue2Ups3|

e mo/ms > 1/6 > any m;/m; for charged fermions

e So far, neither smallness nor hierarchy

e Anarchy? (Consistent with FN)
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The flavor of v

v-flavor parameters for tribimaximalists

e Am3, = (7.5+£0.2)x107% eV?, |AmZ,| = (2.540.1)x 1073 eV?
o |Usp| =0.55+0.01, |Uy|=0.64+0.02, |Us|=0.15+0.01

Gonzalez-Garcia et al., 1209.3023
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The flavor of v

v-flavor parameters for tribimaximalists

e Am3, = (7.5+£0.2)x107% eV?, |AmZ,| = (2.540.1)x 1073 eV?
o |Usp| =0.55+0.01, |Uy|=0.64+0.02, |Us|=0.15+0.01

Gonzalez-Garcia et al., 1209.3023

e \/1/3 = trimaximal mixing: |Ue| = /1/3 — 0.03;
e \/1/2 = bimaximal mixing: |U,3| = +/1/2 — 0.06;

e 0 = bimaximal mixing:

e Tribimaximal mixing?

|Ue3| =04+ 0.15

e Non-Abelian flavor symmetry? A7
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The flavor of v

Structure is in the eye of the beholder

0.79 —0.85 0.51 —0.59 0.13 —0.18
Ulse = 10.20—0.54 0.42—0.73 0.58 —0.81
0.21 —0.55 0.41 —0.73 0.57 — 0.80

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 Flavor Puzzles

Intermediate summary 11

e Why is there smallness and hierarchy in the flavor parameters?

e Is there a relation Dirac/Majorana < hierarchy/anarchy?

Is there a relation Dirac/Majorana < Abelian/non-Abelian?

e How does new physics at TeV suppress its flavor violation?
Is the solution related to the previous ones?
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Flavor Physics

What will we learn?

Flavor Physics: Past, Present, Future 23/31



What will we learn?

Collider < Flavor

ATLAS/CMS and flavor factories give complementary information

e In the absence of NP at ATLAS/CMS:

flavor factories will be crucial to find Anp

e Consistency between ATLAS/CMS and FF:

necessary to understand the NP flavor puzzle

e NPinc—u?s—=d?b—=d? b—=s?t—=>c?t—u?
w—el T —u? T—e?

o A’]?B - a wonderful example of collider-flavor interplay

[Blum, Hochberg, Nir, JHEP 10 (2011) 124]

o A’]?B < AAcp? An intriguing possibility

[Hochberg, Nir, PRL 108 (2012) 261601]
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What will we learn?

Collider < Flavor

Excluded

m;-m;
m;+m;

0
0

Flavor Factories
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What will we learn?

Collider < Flavor

1
Excluded
mM;-Mm; m;-m;
m+m; m+m; ATLAS/
CMS
0 0
0 1
0 Kij 1 Ki
Flavor Factories FF+ATLAS/CMS

[Grossman, Ligeti, Nir, PTP122(09)125 [0904.4262]]
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What will we learn?

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 will surely understand how it is solved

e The SM flavor puzzle:
Progress possible if structure not MFV but related to SM
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What will we learn?

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 will surely 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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What will we learn?

h at present

Observable Experiment

R, 1.140.2
Ry 1.140.2
_ Opro BR(h— f)
* Bf = o 2 BRSHP™

e Indication that Y; = O(1)

e The beginning of Higgs flavor physics
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What will we learn?

h in the future

Observable SM
R_+ - 1
Y — BR(hopTu7) (m,/m.)?
297 BR(h—)TiT_) M T
__ BR(h T:F)
Xyr = BR(h:¢+T—) 0

e What can we learn from R, X,,, X;,7

e Interplay of flavor with electroweak symmetry breaking

Flavor Physics: Past, Present, Future 28/31



What will we learn?

h in the future

Observable SM
R_+ - 1
X, = BR(h—=ptp™) (m,/m.)?2
297 BR(h—)TiT_) H T
__ BR(h T:F)
Xyr = BR(h:¢+T—) 0

e What can we learn from R, X,,, X;,7

e Interplay of flavor with electroweak symmetry breaking

o ATLAS/CMS: R, ~1.0+£0.4, R, <9.8
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What will we learn?

The Havorftul A

Model P Lw Reor X [(mifmd) X,
SM 1 1 0
NFC (Viev/ve)? 1 0
MSSM (sin o/ cos 3)* 1 0
MFV 1 + 2a0% /A2 1 — dbm2 /A2 0
2HDMEMEY O(1) 0(1) 0
N 1+0@W?/A%)  1+0(w?/A?)  o(zlp=)
GL 9 25/9 O(X 4 )

Measurements of Y;; can exclude/support flavor models

Dery, Efrati, Hochberg, YN, 1302.3229; Dery, Efrati, Hiller, Hochberg, YN, 1304.6727
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What will we learn?

Intermediate summary 111

Measure new flavor parameters:
o Vi, Vb, Yr
e BR(h — up)/BR(h — 77)
e BR(h — u7r)/BR(h — 77)
e BR(t — ch)

Test solutions of NP /SM flavor puzzles:

o MFV
o I'N
o NFC
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Flavor Physics

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
(10~ second after the big bang)?

e What are the dark matter particles?

e How was the baryon asymmetry generated?

e What is the solution of the flavor puzzles?
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Flavor Physics

Questions for the Symposium

e What will be the best experiments to make progress on flavor?

e What will be the best experiments to make progress on
baryogenesis?

e Do we have a serious hint for new physics?
A%B‘7 AAEL? A% ? R(D®))?

e Is tribimaximal mixing viable/testable?
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