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e My papers with Howie :

e 1990

o 1992:
e 1993:

1995

. Multiscalar models with a high-energy scale

The decay h® — A°A° in the MSSM
The decay Z — A A°vi and eTe™ — AYA°Z in 2HDM

: QCD corrections to HY -mediated b — ctv decay

e My papers with Michael :

Flavors

1996

1997:

1998
2001
2002

2003:

. New tools for low enerqy DSB

Variations on minimal GMSB

. Enhanced symmetries and the GS of string theory

. CP wviolation and the scale of supersymmetry breaking
. Product groups, discrete symmetries, and GU

Time variations in the scale of GU
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Flavor

Physics

Plan of Talk

Flavors

1. The standard flavor
2. The flavor of Higgs
3. The flavor of top

4. The flavor of neutrinos
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Flavors

The Standard Flavor

PHYSICAL REVIEW D, VOLUME 63, 116005

CP violation and the scale of supersymmetry breaking

Michael Dine* and Erik Kramer'
Santa Cruz Institute for Particle Physics, University of California, Santa Cruz, California 95064

Yosef Nir® and Yael Shadmi®
Department of Particle Physics, Weizmann Institute of Science, Rehovot 76100, Israel
(Received 22 January 2001; published 27 April 2001)

Supersymmetric models with a high supersymmetry breaking scale give, in general, large contributions to
g and/or to various electric dipole moments, cven when contributions to CP conserving, flavor changing
processes are sufficiently suppressed. Some examples are models of dilaton dominance, alignment, non-
Abclian flavor symmetries, heavy first two generation sfermions, anomaly mediation and gaugino mediation.
Thete is then strong motivation for “‘approximate CP,”” that is, a situation where all CP violating phases are
small, In contrast, in supcrsymmetric models with a low breaking scale it is quite plausible that the CKM
matrix is the only source of flavor and C'P violation. Gauge mediation provides a concrete cxample. Approxi-
mate CP is then unacceptable. Upcoming measurements of the CP asymmetry in B— (K g might exclude or
support the idea of approximate C P and consequently probe the scale of supersymmetry breaking.
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The standard flavor

Why is flavor physics interesting?

e ['lavor physics is sensitive to new physics at ANp >> Eexperiment
FCNC suppressed within the SM by afy/, |Vij|, m¢

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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The standard flavor

The SM flavor puzzle

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: gs ~1, ¢~ 0.6, ¢ ~03, A~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 standard flavor

The NP flavor puzzle

o u;—é\;)z 49599

S

Zij N Im(zij) <
Sk —7.0x107%  9x1077  ex =23x1073 4 x 1077
Smp =87 x 107 6x 1077 Ar <0.004 1 x 107"
Aﬂ% =6.3x107" 5x107% Syx,=0.67+0.02 1x107°
BB — 21 %1072 2x 107 Sy < 0.2 1x 1074

Flavors

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 standard flavor

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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The standard flavor

A brief history of CPV

e 1964 — 2000

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

e 2000 — 2012, 50

Flavors

Syrs = +0.68 £ 0.02
Serxg = +0.74 £ 0.12, SU’KS = +0.59 £ 0.07, Sy = +0.69 = 0.11
SK—I—K—KS = +068 :|: 010

S 4 =-065+0.07,C_ 4 _ = —0.36 =+ 0.06
Syno =—0.9340.15, Spsp- = —0.98 +0.17,

Aps -+ = —0.087 + 0.008
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The standard flavor

Summary I: The Standard Flavor

Flavors

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)

No evidence for corrections to CKM

NP contributions to the observed FCNC are at most
comparable to the CKM contributions
(s> d,b+>d,b< s,c > u)

TeV-scale NP must have degeneracy/alignment
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Flavor Physics

The Flavor of Higgs

Liron Barak, Shikma Bressler, Avital Dery, Aielet Efrati, Yonit Hochberg, YN, in progress

MULTI-SCALAR MODELS WITH A HIGH-ENERGY SCALE*

Howard E HABER

Santa Cruz Institute for Particle Physies, Umiversity of California, Sawia Cruz, CA ¥3064, USA

Yosel NIR

Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309, USA

Received & November 1989
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The flavor of h

Present

Observable Experiment

R, 1.6 £ 0.3
Rz 1.0 £ 0.4

e Indication that YV; = O(1)

e The beginning of Higgs flavor physics

Flavors
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The flavor of h

Future

Observable SM
R_+ - 1
Y — BR(hopTum) ( 2
HpE— BR(h—7t77) m:u/m7'>
X BR(h—u®™7T) 0

pT BR(h—71t77)

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

e Interplay of flavor with electroweak symmetry breaking

Flavors
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The flavor of h

MHDM with NFC

e Only one Higgs doublet couples to the charged lepton sector ¢,
o 6= Viede+ -
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The flavor of h

MHDM with NFC

e Only one Higgs doublet couples to the charged lepton sector ¢,

® ¢p = Vieoy + -
U

o V. — Viev V2m,

T (P1) v
2HDM type II: Y, = —sino v2m.
Y, _ my,
D
e V., =Y, =0
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The flavor of h

1HDM with MFEFV

/

AL —
A2 (¢T¢)Lz¢Ej = o0
e MFV: X =aX+bINTA+ -+

© \ijLipE; +
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The flavor of h

1HDM with MFEFV

M\ _
A2 (¢T¢)Lz¢Ej = o0
e MFV: X =aX+bINTA+ -+

|

© \ijLipE; +
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The flavor of h

1HDM with FN

(1) LibE; + -

e FN: )\;j — 0(1) X >\z'j
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The flavor of h

1HDM with FN

— M\ _
o NijLidE; + 33 (H1$) LigE; + -
o FN: )\;j = 0(1) X )\ij

v oo ()]
-0 (8) &
-0 (1), v, -0 ()
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The flavor of h

Summary II: The flavorful A

Model R+, - Xyt - /(m2,/m3) X
SM 1 1 0
NFC (Viev /vp)? 1 0

MSSM  (sin a/ cos 3)? 1 0
MEFV 1+ 2av?/A? 1 — 4bm?2/A? 0

FN 1+ O(v?/A?) 1+ O(v?/A?)

O(|Uaz|m,v/A?)

Flavors
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Flavor Physics

The Flavor of Top

Blum, Hochberg, Nir, JHEP1110, 124 [1107.4350)]

Hochberg, Nir, PRL108, 261601 [1112.5268]

Hiller, Hochberg, Nir, PRD85, 116008 [1204.1046]

ARE THE CONSTANTS OF NATURE CONSTANT?

Speakers:

Tal Alexander (WIS)
Micha Berkooz (WIS)
Michael Dine (UCSC)
Tomer Volansky (WIS)

Flavors

Workshop on time variations in alpha
Department of Particle Physics
Weizmann Institute of Science

March 3, 2002

Organizing Committee: Yossi Nir (WIS)
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The flavor of ¢

Experiments: Al

Observable Experiment SM
Aty 0.18 £ 0.04 ~ 0.08
Abo 0.15 4 0.04 ~ 0.02

At (myz > 450)  0.28 £0.06  0.10 — 0.15
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The flavor of ¢

Scalar mediation

Flavors

CDF: ALs(my > 450 GeV) = 0.47 £ 0.11
SM: Abg(my; > 450 GeV) = 0.09 £ 0.01
Suggestive of a new boson-mediated tree-level uu — tt

Scalars: t-channel exchange of one of
(1,2),(8,2),(6,1),(6,3),(3,1),(3,3)

All colored rep’s in tension with other t-related measurements

Focus on ®(1,2)_; /9 with m ~ 130 GeV and Ay ~ 1
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The flavor of ¢

Flavor constraints — A\Q)1tro

Consider my ~ 130 GeV, A ~1

o \urtre® + Viidritrg™):
KY — K9 mixing with intermediate top o< (V,qV.%,)
Excluded by Am?{ ~ 10°AmP

o MNdrtro™ + Viguritrd):
DY — DO mixing with intermediate top (Vcdvq;kd)Z
Excluded by Am% ~ 10°Am7P

2
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The flavor of ¢

Flavor constraints — AQ);3ur¢

Consider mg ~ 130 GeV, X~ 1:

o \trupd® + Viidriupd™):
b — uus at tree level oc (V3 Vis)
Excluded by BR(BY — 7T K~)? ~ 200 x BR(B? — 7t K )P

o | A(brurg™ + Visur;ur¢?)
The only (flavor-) viable possibility
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The flavor of ¢

Al n = AAE,

o AAcp = Acp(KTK™) — Acp(ntn™)

_ T(D°—f)-T(DO— §)
® ACP(f) o F(DO_>f)_|_F(ﬁ_>f)
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The flavor of ¢

Al n = AAE,

Flavors

AAcp = Acp(KTK™) — Acp(ntm™)

_ (D= f)-T(DO=)
ACP(f) - F(DO_>f)—|—F(ﬁ—>f)

Consider A(brur¢™ + Visur;urd®)

t-channel tree-level exchange of ¢” generates

4|>‘|2VUch*b

mt - (UrCL)(ULuR)

Predicts AA?JP = 2v/2(Go/Gr)IckmIqep ~ (0.02 — 0.07)Igep
— GO — 4Jr?2|2 = (10 — 30)
é

G
< Va
— ok = 2Zm (23 ) ~ 0.001

Guess Iqcp ~ fp/mp = |AA?§P\ ~ 0.005
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The flavor of ¢

Experiments: AAqp

Observable Experiment SM
AAcp —0.0066 £ 0.0015 0.0002Xqcp
At - +0.0020 4 0.0022
Ag+i- —0.0023 + 0.0017
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The flavor of ¢

Scalar mediated A%,

Flavors

A scalar ¢(1,2)1 /2

Yukawa, couplings \Q3ur¢ = A(EuRgb— -+ V;'bU—LiUR¢O)

Explains two puzzles:
— Gives AL 5(myz > 450 GeV) > 0.2
— Gives |[AAcp| ~ 0.005

Testable (and, sadly, might soon be (is?) excluded):
— Large contribution to atomic parity violation (40)
— Enhancement of 1b/2b

— Possible enhancement of h — ~~
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The flavor of ¢

Summary III: The flavorful ¢

e A wonderful example of collider <+ flavor interplay

e The model is radically different from MFV,
yet not excluded by flavor

e Are we too much “committed” to MFV?
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The flavor of ¢

Summary III: The flavorful ¢

Flavors

A wonderful example of collider <+ flavor interplay

The model is radically different from MFV,
yet not excluded by flavor

Are we too much “committed” to MFV?

Al.g: scalar-mediated mechanisms involve flavor non-universal

couplings in the up sector
AAcp: involves flavor non-universal couplings in the up sector

The two observables, if BSM, might be related

Our model provides a specific example;

Are there any others?
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Flavor Physics

The Flavor of Neutrinos

Shahar Amitai, 1211.6252; 1212.5165

6 2 f
. - g°myg T 349
[(z — Advp) = 3. 21775 cosb By [? - —77} ‘ i

It is unfortunate that the factor in brackets is rather small (roughly 0.09), thereby
reducing the partial width by more than an order of magnitude over a naive initial
estimate. The branching ratio is most easily displayed by normalizing our result

to I(Z — vp) = gzmz/(%ﬂ(:osg Oy ). We find

2

r(Z— A%A%p) (% — 5) (1)
I'(Z — vi) 925672 sin? Oy cos? O "

Flavors
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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 [Usy| =0.55+0.01, |Uyus|=0064+0.02, ||Ues|=0.15=+0.01

Gonzalez-Garcia et al., 1209.3023

Flavors 27/33



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| =0.5540.01, |Uy,s|=0.64=0.02,

Gonzalez-Garcia et al., 1209.3023

o |Uus| > any |Vi;l;
() U€2| > any H/@J|

o [Ues| K |Ue2Ups

U.3| = 0.15 £ 0.01

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

e So far, neither smallness nor hierarchy

e Anarchy?

Flavors

27/33



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 [Uwr| =0.55+0.01, |Uys|=0.64+0.02, ||Ues| =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 |U.o| =0.55+0.01, |Uys|=0.64+0.02,

Gonzalez-Garcia et al., 1209.3023

Ue3| =0.15+0.01

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

e ) = bimaximal mixing: | |U.3| =0+ 0.15

e Tribimaximal mixing?

e Non-Abelian flavor symmetry? A4?

Flavors
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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)

Flavors
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The flavor of v

What are the small parameters?

me/m, = 0.0048
roz = |Ama, /Am3,| = 0.030
m,/m, = 0.059
s13 = |Ues| = 0.15

e Normal hierarchy (NH): |/ro5 = 0.18 ~ s13
e Inverted hierarchy (IH): ro3 = 0.03 ~ s,
e Quasi-degeneracy (QD): Am3,/m? < ra3

s13 and, for NH, ms/mg can be accidentally somewhat small

Flavors
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The flavor of v

Lessons for model building

e Abelian symmetries that explain s13 < 1 give
either To3 = 0(1) Or oz = 0(813)
—> Fine tuning at the level of si3

e The Altarelli-Feruglio A, models that give TBM give
o3 — O(].)
— Fine tuning at the level of s%,

Flavors
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The flavor of v

Summary IV: The flavorful v

Flavors

|Ue3| ~ 0.15 strengthens the case for neutrino mass anarchy
|Ue3| ~ 0.15 weakens the case for tribimaximal mixing

If interpreted as small parameters, si3 ~ mo/ms is very
challenging for model builders

If interpreted as order one parameters, s13, ms/ms = O(1):
a hint of H(L1> = H(Lg) = H(Lg)

32/33



Thank you, Howie and Michael

E‘,

,_,\}t“ '
i I
f mz '

January 28, 1990 Aprll 15, 1997

Flavors 333



Flavor Physics

Flavors

Backup Transparencies
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AL o o AALL

AAE, = € /e

Consider M\(brurd~ + Visirupe®)

Flavors

The same Yukawa couplings of ¢° that contribute to AAcp
contribute unavoidably to €' /e

A box diagram involving ¢° and W generates

>\2GF ln(mQ/mQ ) * *\ (= J
e e s (Viia Vs Vi Vi) (@) (A ur)

o Re(é/s
Predicts Re(e,/e)E\f]P = +104+ 3

Requires %";—ﬁg = —(4—17) x 107%: a factor of 3 above and

same sign as the value extracted within the SM

Given the large hadronic uncertainties, such an enhancement

cannot be used to exclude the model
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A%‘B < AAcp

Electroweak Precision Tests

Consider M\(brurd~ + Visur;upe®):

e S parameter: no meaningful constraint

o T parameter: =0 < ().45 250 GeV

average Maverage

e Fj: no meaningful constraint

® QW dleaVOI'S the mOdel at 40- [ Gersham, Kim, Tulin, Zurek, 12()3.1320};
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A%‘B < AAcp

Additional Top Physics

Consider M\(brur¢~ + Visur;upe®):

e Same sign tops: o(uu — tt) X A upAipu, < 1
e Top decay: I'(t — u¢”) large but within bounds

e Single top: o(ug — t¢) large, modifies 1b/2b [ ruane, Urbano,

1212.1399]
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