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• My papers with Howie :

• 1990: Multiscalar models with a high-energy scale

• 1992: The decay h0 → A0A0 in the MSSM

• 1993: The decay Z → A0A0νν̄ and e+e− → A0A0Z in 2HDM

• 1995: QCD corrections to H+-mediated b → cτν decay

• My papers with Michael :

• 1996: New tools for low energy DSB

• 1997: Variations on minimal GMSB

• 1998: Enhanced symmetries and the GS of string theory

• 2001: CP violation and the scale of supersymmetry breaking

• 2002: Product groups, discrete symmetries, and GU

• 2003: Time variations in the scale of GU
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Flavor Physics

Plan of Talk

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
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The standard flavor

Why is flavor physics interesting?

• Flavor physics is sensitive to new physics at ΛNP ≫ Eexperiment

FCNC suppressed within the SM by αnW , |Vij |,mf

• The Standard Model flavor puzzle:

Why are the flavor parameters small and hierarchical?

(Why) are the neutrino flavor parameters different?

• 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

Yt ∼ 1, Yc ∼ 10−2, Yu ∼ 10−5

Yb ∼ 10−2, Ys ∼ 10−3, Yd ∼ 10−4

Yτ ∼ 10−2, Yµ ∼ 10−3, Ye ∼ 10−6

|Vus| ∼ 0.2, |Vcb| ∼ 0.04, |Vub| ∼ 0.004, δKM ∼ 1

• For comparison: gs ∼ 1, g ∼ 0.6, g′ ∼ 0.3, λ ∼ 1

• SM flavor parameters have structure: smallness + hierarchy

• Why? = The SM flavor puzzle

– Approximate symmetry? [Froggatt-Nielsen]

– Strong dynamics? [Nelson-Strassler]

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

– ?
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The standard flavor

The NP flavor puzzle

• zij
(1 TeV)2 q̄iqj q̄iqj

zij ∼< Im(zij) ∼<
∆mK

mK
= 7.0× 10−15 9× 10−7 ϵK = 2.3× 10−3 4× 10−9

∆mD

mD
= 8.7× 10−15 6× 10−7 AΓ ≤ 0.004 1× 10−7

∆mB

mB
= 6.3× 10−14 5× 10−6 SψKS

= 0.67± 0.02 1× 10−6

∆mBs

mBs
= 2.1× 10−12 2× 10−4 Sψϕ ≤ 0.2 1× 10−4

• The flavor structure of NP@TeV must be highly non-generic:

Degeneracies/Alignment

• How? Why? = The NP flavor puzzle
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The standard flavor

A brief history of CPV

• 1964− 2000

• |ε| = (2.228± 0.011)× 10−3; Re(ε′/ε) = (1.65± 0.26)× 10−3

Flavors 8/33



The standard flavor

A brief history of CPV

• 1964− 2000

• |ε| = (2.228± 0.011)× 10−3; Re(ε′/ε) = (1.65± 0.26)× 10−3

• 2000− 2012, 5σ

• SψKS = +0.68± 0.02

• SϕKS = +0.74± 0.12, Sη′KS
= +0.59± 0.07, SfKS = +0.69± 0.11

• SK+K−KS
= +0.68± 0.10

• Sπ+π− = −0.65± 0.07, Cπ+π− = −0.36± 0.06

• Sψπ0 = −0.93± 0.15, SD+D− = −0.98± 0.17,

SD∗+D∗− = −0.77± 0.10

• AK∓π± = −0.087± 0.008

• AD+K± = +0.19± 0.03
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The standard flavor

Summary I: The Standard Flavor

• 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
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The flavor of h

Present

Observable Experiment

Rγγ 1.6± 0.3

RZZ∗ 1.0± 0.4

• Indication that Yt = O(1)

• The beginning of Higgs flavor physics
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The flavor of h

Future

Observable SM

Rτ+τ− 1

Xµµ = BR(h→µ+µ−)
BR(h→τ+τ−) (mµ/mτ )

2

Xµτ = BR(h→µ±τ∓)
BR(h→τ+τ−) 0

• What can we learn from Rττ , Xµµ, Xτµ?

• Interplay of flavor with electroweak symmetry breaking
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The flavor of h

MHDM with NFC

• Only one Higgs doublet couples to the charged lepton sector ϕℓ

• ϕh = Vhℓϕℓ + · · ·
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The flavor of h

MHDM with NFC

• Only one Higgs doublet couples to the charged lepton sector ϕℓ

• ϕh = Vhℓϕℓ + · · ·

⇓
• Yτ = Vhℓv

⟨ϕl⟩

√
2mτ

v

2HDM type II: Yτ = − sinα
cos β

√
2mτ

v

• Yµ

Yτ
=

mµ

mτ

• Yµτ = Yτµ = 0
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The flavor of h

1HDM with MFV

• λijL̄iϕEj +
λ′
ij

Λ2 (ϕ
†ϕ)L̄iϕEj + · · ·

• MFV: λ′ = aλ+ bλλ†λ+ · · ·
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The flavor of h

1HDM with MFV

• λijL̄iϕEj +
λ′
ij

Λ2 (ϕ
†ϕ)L̄iϕEj + · · ·

• MFV: λ′ = aλ+ bλλ†λ+ · · ·

⇓
• Yτ =

(
1 + av2

Λ2

) √
2mτ

v

• Yµ

Yτ
=

[
1− 2b(m2

τ−m
2
µ)

Λ2

]
mµ

mτ

• Yµτ = Yτµ = 0
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The flavor of h

1HDM with FN

• λijL̄iϕEj +
λ′
ij

Λ2 (ϕ
†ϕ)L̄iϕEj + · · ·

• FN: λ′
ij = O(1)× λij
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The flavor of h

1HDM with FN

• λijL̄iϕEj +
λ′
ij

Λ2 (ϕ
†ϕ)L̄iϕEj + · · ·

• FN: λ′
ij = O(1)× λij

⇓
• Yτ =

[
1 +O

(
v2

Λ2

)] √
2mτ

v

• Yµ

Yτ
=

[
1 +O

(
v2

Λ2

)]
mµ

mτ

• Yµτ = O
(

|U23|vmτ

Λ2

)
, Yτµ = O

(
vmτ

|U23|Λ2

)
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The flavor of h

Summary II: The flavorful h

Model Rτ+τ− Xµ+µ−/(m2
µ/m

2
τ ) Xτµ

SM 1 1 0

NFC (Vhℓv/vℓ)
2 1 0

MSSM (sinα/ cosβ)2 1 0

MFV 1 + 2av2/Λ2 1− 4bm2
τ/Λ

2 0

FN 1 +O(v2/Λ2) 1 +O(v2/Λ2) O(|U23|mτv/Λ
2)
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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]

Flavors 17/33



The flavor of t

Experiments: At
FB

Observable Experiment SM

AtFB 0.18± 0.04 ∼ 0.08

AℓFB 0.15± 0.04 ∼ 0.02

AtFB(mtt̄ > 450) 0.28± 0.06 0.10− 0.15
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The flavor of t

Scalar mediation

• CDF: AtFB(mtt̄ > 450 GeV) = 0.47± 0.11

• SM: AtFB(mtt̄ > 450 GeV) = 0.09± 0.01

• Suggestive of a new boson-mediated tree-level uū → tt̄

• Scalars: t-channel exchange of one of

(1, 2), (8, 2), (6̄, 1), (6̄, 3), (3, 1), (3, 3)

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

• Focus on Φ(1, 2)−1/2 with m ∼ 130 GeV and λϕut ∼ 1
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The flavor of t

Flavor constraints – λQL1tRϕ

Consider mϕ ∼ 130 GeV, λ ∼ 1

• λ(uLtRϕ
0 + V ∗

uidLitRϕ
−):

K0 −K0 mixing with intermediate top ∝ (VudV
∗
us)

2

Excluded by ∆mϕ
K ∼ 103∆mexp

K

• λ(dLtRϕ
− + ViduLitRϕ

0):

D0 −D0 mixing with intermediate top ∝ (VcdV
∗
ud)

2

Excluded by ∆mϕ
D ∼ 103∆mexp

D
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The flavor of t

Flavor constraints – λQL3uRϕ

Consider mϕ ∼ 130 GeV, λ ∼ 1:

• λ(tLuRϕ
0 + V ∗

tidLiuRϕ
−):

b → uūs at tree level ∝ (V ∗
tbVts)

Excluded by BR(B0 → π+K−)ϕ ∼ 200× BR(B0 → π+K−)exp

• λ(bLuRϕ
− + VibuLiuRϕ

0)

The only (flavor-) viable possibility
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The flavor of t

At
FB ⇒ ∆AD

CP

• ∆ACP ≡ ACP(K
+K−)−ACP(π

+π−)

• ACP(f) =
Γ(D0→f)−Γ(D0→f)

Γ(D0→f)+Γ(D0→f)
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The flavor of t

At
FB ⇒ ∆AD

CP

• ∆ACP ≡ ACP(K
+K−)−ACP(π

+π−)

• ACP(f) =
Γ(D0→f)−Γ(D0→f)

Γ(D0→f)+Γ(D0→f)

• Consider λ(bLuRϕ
− + VibuLiuRϕ

0)

• t-channel tree-level exchange of ϕ0 generates
4|λ|2VubV

∗
cb

m2
ϕ

(uRcL)(uLuR)

• Predicts ∆AϕCP = 2
√
2(G0/GF )ICKMIQCD ∼ (0.02− 0.07)IQCD

– G0 ≡ 4|λ|2
m2

ϕ
= (10− 30)× GF√

2

– ICKM ≡ 2Im
(
VubV

∗
cb

VusV ∗
cs

)
∼ 0.001

• Guess IQCD ∼ fD/mD =⇒ |∆AϕCP| ∼ 0.005
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The flavor of t

Experiments: ∆ACP

Observable Experiment SM

∆ACP −0.0066± 0.0015 0.0002XQCD

Aπ+π− +0.0020± 0.0022

AK+K− −0.0023± 0.0017
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The flavor of t

Scalar mediated At
FB

• A scalar ϕ(1, 2)1/2

• Yukawa couplings λQL3uRϕ = λ(bLuRϕ
− + VibuLiuRϕ

0)

• G0 ≡ 4|λ|2
m2

ϕ
= (10− 30)× GF√

2

• Explains two puzzles:

– Gives AtFB(mtt̄ > 450 GeV) ∼> 0.2

– Gives |∆ACP | ∼ 0.005

• Testable (and, sadly, might soon be (is?) excluded):

– Large contribution to atomic parity violation (4σ)

– Enhancement of 1b/2b

– Possible enhancement of h → γγ
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The flavor of t

Summary III: The flavorful t

• 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?

Flavors 25/33



The flavor of t

Summary III: The flavorful t

• 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?

• AtFB: scalar-mediated mechanisms involve flavor non-universal

couplings in the up sector

• ∆ACP : 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
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The flavor of ν

ν-flavor parameters for anarchists

• ∆m2
21 = (7.5±0.2)×10−5 eV2, |∆m2

32| = (2.5±0.1)×10−3 eV2

• |Ue2| = 0.55± 0.01, |Uµ3| = 0.64± 0.02, |Ue3| = 0.15± 0.01

Gonzalez-Garcia et al., 1209.3023

Flavors 27/33



The flavor of ν

ν-flavor parameters for anarchists

• ∆m2
21 = (7.5±0.2)×10−5 eV2, |∆m2

32| = (2.5±0.1)×10−3 eV2

• |Ue2| = 0.55± 0.01, |Uµ3| = 0.64± 0.02, |Ue3| = 0.15± 0.01

Gonzalez-Garcia et al., 1209.3023

• |Uµ3| > any |Vij |;

• |Ue2| > any |Vij |

• |Ue3| ̸≪ |Ue2Uµ3|

• m2/m3 ∼> 1/6 > any mi/mj for charged fermions

• So far, neither smallness nor hierarchy

• Anarchy?
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The flavor of ν

ν-flavor parameters for tribimaximalists

• ∆m2
21 = (7.5±0.2)×10−5 eV2, |∆m2

32| = (2.5±0.1)×10−3 eV2

• |Ue2| = 0.55± 0.01, |Uµ3| = 0.64± 0.02, |Ue3| = 0.15± 0.01

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

ν-flavor parameters for tribimaximalists

• ∆m2
21 = (7.5±0.2)×10−5 eV2, |∆m2

32| = (2.5±0.1)×10−3 eV2

• |Ue2| = 0.55± 0.01, |Uµ3| = 0.64± 0.02, |Ue3| = 0.15± 0.01

Gonzalez-Garcia et al., 1209.3023

•
√
1/3 = trimaximal mixing: |Ue2| =

√
1/3− 0.03;

•
√
1/2 = bimaximal mixing: |Uµ3| =

√
1/2− 0.06;

• 0 = bimaximal mixing: |Ue3| = 0 + 0.15

• Tribimaximal mixing?

• Non-Abelian flavor symmetry? A4?
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The flavor of ν

Structure is in the eye of the beholder

|U |3σ =


0.79− 0.85 0.51− 0.59 0.13− 0.18

0.20− 0.54 0.42− 0.73 0.58− 0.81

0.21− 0.55 0.41− 0.73 0.57− 0.80


• Tribimaximal-ists:

|U |TBM =


0.82 0.58 0

0.41 0.58 0.71

0.41 0.58 0.71


• Anarch-ists:

|U |anarchy =


O(0.6) O(0.6) O(0.6)

O(0.6) O(0.6) O(0.6)

O(0.6) O(0.6) O(0.6)
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The flavor of ν

What are the small parameters?

me/mµ = 0.0048

r23 ≡ |∆m2
21/∆m2

31| = 0.030

mµ/mτ = 0.059

s13 ≡ |Ue3| = 0.15

• Normal hierarchy (NH):
√
r23 = 0.18 ∼ s13

• Inverted hierarchy (IH): r23 = 0.03 ∼ s213

• Quasi-degeneracy (QD): ∆m2
21/m

2 ≪ r23

s13 and, for NH, m2/m3 can be accidentally somewhat small
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The flavor of ν

Lessons for model building

• Abelian symmetries that explain s13 ≪ 1 give

either r23 = O(1) or r23 = O(s13)

=⇒ Fine tuning at the level of s13

• The Altarelli-Feruglio A4 models that give TBM give

r23 = O(1)

=⇒ Fine tuning at the level of s213
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The flavor of ν

Summary IV: The flavorful ν

• |Ue3| ∼ 0.15 strengthens the case for neutrino mass anarchy

• |Ue3| ∼ 0.15 weakens the case for tribimaximal mixing

• If interpreted as small parameters, s13 ∼ m2/m3 is very

challenging for model builders

• If interpreted as order one parameters, s13,m2/m3 = O(1):

a hint of H(L1) = H(L2) = H(L3)
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Thank you, Howie and Michael

January 28, 1990 April 15, 1997
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Flavor Physics

Backup Transparencies
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At
FB ⇔ ∆AD

CP

∆AD
CP ⇒ ϵ′/ϵ

Consider λ(bLuRϕ
− + VibuLiuRϕ

0)

• The same Yukawa couplings of ϕ0 that contribute to ∆ACP

contribute unavoidably to ϵ′/ϵ

• A box diagram involving ϕ0 and W generates
√
2|λ|2GF

π2

ln(m2
ϕ/m

2
W )

1−(m2
ϕ/m

2
W )

(V ∗
udVcsVubV

∗
cb)(uRsL)(dLuR)

• Predicts
Re(ϵ′/ϵ)ϕ

Re(ϵ′/ϵ)EWP
= +10± 3

• Requires ImA0

ReA0
= −(4− 7)× 10−4: 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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At
FB ⇔ ∆ACP

Electroweak Precision Tests

Consider λ(bLuRϕ
− + VibuLiuRϕ

0):

• S parameter: no meaningful constraint

• T parameter: m+−m0

maverage ∼< 0.45 250 GeV
maverage

• Rb: no meaningful constraint

• QW : disfavors the model at 4σ [ Gersham, Kim, Tulin, Zurek, 1203.1320];
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At
FB ⇔ ∆ACP

Additional Top Physics

Consider λ(bLuRϕ
− + VibuLiuRϕ

0):

• Same sign tops: σ(uu → tt) ∝ λtLuR
λtRuL

≪ 1

• Top decay: Γ(t → uϕ0) large but within bounds

• Single top: σ(ug → tϕ) large, modifies 1b/2b [ Huang, Urbano,

1212.1399]
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