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Flavor physics: a wall and a window of the SM edifice

Building up the Standard Model
τ − θ puzzle⇒ Parity violation
Cabibbo angle⇒

weak coupling universality ⊕ quark mixing
GIM mechanism⇒ no FCNC at tree level, charm
CKM paradigm⇒ (at least) three quark families
Large B–B mixing⇒ heavy top quark
Rate of radiative B decay⇒ top quark mass

Precision tests of the Standard Model: a window to NP
CKM elements: do they explain all CP violation ?
Rare decays: new particles contribute through loops ?
Asymmetries: are the predicted SM relations obeyed ?
What are the features of New Physics (if any) ?
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Global fits to CKM elements
CKMfitter:

UTfit:

Constraints in the ρ̄–η̄ plane:
the ratio |Vub/Vcb|
εK from K → ππ

Mass differences ∆Md and ∆Ms

Angles α, β, γ (or φ2, φ1, φ3) of
the unitarity triangle

KM paradigm
mostly vindicated !

pre-ICHEP12 fits



Not so fast: Devil may be in the details

Vus: semileptonic K decays vs. hadronic τ decays

Semileptonic K decays⇒ |Vus| = 0.2254± 0.0013
Strange vs. non-strange hadronic τ decays
⇒ |Vus| = 0.2202± 0.0015
More than 3σ discepancy !



The tale of three Vub’s

Vub: inclusive vs. exclusive

|Vub|(excl) = (3.38± 0.36)× 10−3

|Vub|(incl) = (4.27± 0.38)× 10−3

|Vub|(τν) =??

pre-ICHEP12 Y. Yook, ICHEP12



Correlation between sin 2β and B → τν (hence Vub)

(pre-ICHEP12)

Branching ratio of B+ → τ+ν too large
Difficult to blame on the decay constant / bag factor
Effective Vub needs to be larger
Points towards lepton-universality violation,
since K → µν is consistent with the SM



Semileptonic decays B → Dτν and B → D∗τν

Babar 2012

R(D) = B(B → Dτν)/B(B → D`ν)

SM Prediction: R(D) = 0.297± 0.017
Measurement: R(D) = 0.440± 0.058± 0.042
⇒ 2.2σ enhancement

R(D∗) = B(B → D∗τν)/B(B → D∗`ν)

SM Prediction: R(D) = 0.252± 0.003
Measurement: R(D) = 0.332± 0.024± 0.018
⇒ 2.7σ enhancement

Affect b → cτν, indicate lepton-universality violation



Tests of unitarity

With magnitudes of elements

|Vud | = 0.97425± 00022 , |Vus| = 0.2254± 0.0013
Unitarity holds to one part in 10−3

With unitarity angles

The trivial unitarity relation (more a test of our calculations):
α + β + γ = π

The nontrivial unitarity relation:

sinβs =
∣∣∣Vus

Vud

∣∣∣2 sinβ sin(γ+βs)
sin(β+γ) [1 +O(λ4)]

Aleksan et al, 1994

We will soon be close to testing this
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Mass and width differences: theory and experiment

∆M Measurements
∆Md/Γd = 0.770± 0.008⇒ |Vtd |
∆Ms/Γs = 26.74± 0.22⇒ |Vts|

∆Γd and ∆Γs: predictions and measurements

In SM, ∆Γd/Γd = (42± 8)× 10−4

Current limit: ∆Γd/Γd = 0.015± 0.018
(BaBar + Delphi + Belle)

In SM, ∆Γs/Γs = 0.137± 0.027
Measurement: ∆Γs/Γs = 0.159± 0.023
(mainly from Bs → J/ψφ at LHCb)



CP-violating phase in Bd -B̄d mixings

One of the most well-measured parameters, but some
discrepancy with the direct measurement and the CKM fit



The tale of two betas in Bs-B̄s mixing

β
J/ψφ
s from Bs → J/ψφ

β
J/ψφ
s ≈ 1

2Arg
(
− (VcbV∗cs)2

M12s

)
β

J/ψ
s (SM) = 0.019± 0.001

βsl
s from asl

asl = (∆Γs/∆Ms) tanφsl
s

φsl
s = Arg(−M12s/Γ12s)

Arg(Γ12) 6= Arg(VcbV ∗cs)2 since the (c-u) and (u-u)
intermediate states contribute to Γ12.
φsl

s (SM) = 0.0041± 0.0007
βsl

s (SM) = −0.0020± 0.0003



β
J/ψφ
s : Angular analysis of Bs → J/ψφ

Results close to SM, discrete ambiguity in the sign of ∆Γ
removed.
Enhancement in ∆Γs possible only by a few tens of percent

Enhancement in βJ/ψφ
s can be much larger, due to its small

SM value



βsl
s : Like-sign dimuon asymmetry

SM⇒ Ab
sl = (−0.023+0.005

−0.006)%

Ab
sl = (−0.787± 0.172± 0.093)%⇒ 3.9σ deviation

Bs sector: as
sl = (−1.81± 1.06)%

as
sl = ∆Γs

∆Ms
tanφsl

s
Large ∆Γs and/or large φs !

New LHCb measurement: some NP contribution to ad
sl ?



Consolidated Bd results

∆d = M12d
M12d (SM)

Γ12d (NP) = 0 assumed (not true in general)



Consolidated Bs results

∆s = M12s
M12s(SM)

Γ12s(NP) = 0 assumed (not true in general)
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Branching ratio of Bs → µ+µ−

Buchmueller et al

SM: BR
= (3.2± 0.2)× 10−9

Measurement:
BR < 4.5× 10−9

(95% C.L.)
Already constraining
many NP models
severely



Angular variables in B → K ∗µ+µ−



Angular asymmetries in B → K ∗µ+µ−



AFB in B → K ∗µ+µ−

From the interference between γ- and Z-penguin
Zero of AFB is a clean observable: the form factor
dependence cancels at LO to give

Re[Ceff
9 (q2

0)] = −(2mBmb/q2
0) Ceff

7

At NLO, q2
0 = 3.90± 0.12 GeV2

Observation: q2
0 = 4.9+1.1

−1.3 GeV2
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Desirability for flavor physics

Unitarity quadrilaterals: allow extra sources of CP violation

AD, CSKim, 2007; Alok, AD, Ray 2009

Makes possible deviations in both, β and βs (= χ in figure)
May help in accounting for the sin 2β anomaly
Predicts deviation of βs from SM



Electroweak constraints

Three generations give a
good fit to precision data
Fourth generation still
allowed

Chanowitz, Erler, Hou, Kribs, Langacker, Soni et al



Constraints from the flavor data

Observables that impact CKM4 in a clean manner:

Rbb and Ab from Z → bb̄
εK from KL → ππ

the branching ratio of K + → π+νν̄

the mass differences in the Bd and Bs systems
the time-dependent CP asymmetry in Bd → J/ψKS

γ from tree-level decays
the branching ratios of B → Xsγ, B → Xceν̄, and
B → Xsµ

+µ−

Constraints and implications

|Ṽub′ | < 0.06, |Ṽcb′ | < 0.027, |Ṽtb′ | < 0.31 at 3σ
NP signals for B,D and rare K decays are still possible

AD, Alok, London 2011



Constraints from the Higgs data

(red: decrease in χ2 if channel
is removed from the analysis)

Data 5.3σ away from
SM4
Fourth generation in
serious trouble

Eberhardt et al, arXiv:1209.1101
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If B → τν is indeed enhanced

Y. Yook, ICHEP12

Large tanβ – large MH+ solution is the decoupling limit: not
better than the SM.
Only the sliver can actively account for the enhancement



If B → Dτν and B → D∗τν are also enhanced

Type-II 2HDM cannot account for B → Dτν and B → D∗τν
simultaneously.

Type-III HDM can account for B → Dτν and B → D∗τν
simultaneously, but not B → τν at the same time.

With Type-III HDM, with MSSM-like Higgs potential and
flavor violation in the up sector, all three measurements
can be accounted for.

Crivellin, Greub, Kokulu, 2012
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Constraints on cMSSM (including τν data)

cMSSM cannot explain
the B → τν anomaly
Only a small region in
parameter space
survives
This “golden” region is
still consistent with
neutralino dark matter !

Bhattacharjee et al, 2011
(The region ruled out by
2012 LHC data)

Flavor physics is now encroaching on the territory of
high-energy collider physics !



Even if B → τν is kept out

At large tanβ, constraints from flavor physics become
more and more stringent

Ghosh et al, 2012



Constraints in the Mh-tan β plane

The analysis was done before the Higgs announcement
The theoretical constraints assume |A0| < 1 TeV
With A0 < −5 TeV, 125 GeV Higgs become allowed
Flavor-physics data points towards large negative A0

Ghosh et al, 2012



Outline

1 Recent measurements: hints and dead-ends
CKM matrix elements
Bd − B̄d and Bs − B̄s mixing
Rare FCNC decays b → sµµ

2 Specific new physics models: constraints
Fourth generation of quarks
MFV models with charged Higgs
Constrained MSSM

3 Model-independent new-physics search
Models contributing to Γs

12
Lorentz structure of new physics

4 Concluding remarks



Outline

1 Recent measurements: hints and dead-ends
CKM matrix elements
Bd − B̄d and Bs − B̄s mixing
Rare FCNC decays b → sµµ

2 Specific new physics models: constraints
Fourth generation of quarks
MFV models with charged Higgs
Constrained MSSM

3 Model-independent new-physics search
Models contributing to Γs

12
Lorentz structure of new physics

4 Concluding remarks



Desirability of ΓNP
12s = 0

Bs → J/ψφ and like-sign dimuon asymmetry favor different
φs regions
The tension can be reduced only with larger ∆Γs

If no NP contribution to Γ12s, difficult to be consistent with
data

AD, Ghosh, Kundu, Patra, 2011; AD, Ghosh, 2012



ΓNP
12s and b → sττ

NP contributing to b → sττ can enhance ∆Γs
AD, A. Kundu, S, Nandi, 2007

Such NP can also account for the dimuon anomaly, if it can
make B(Bs → τ+τ−) ∼ 5− 10%

AD, A. Kundu, S, Nandi, 2010

b → sττ the only unconstrained operator that can
contribute significantly to Γ12s

Bauer et al, 2010

B(Bs → τ+τ−) is not measured yet. Is that the missing link
to NP ?



How much enhancement of Bs → ττ possible ?

Enhancement of Bs → τ+τ− (but not of Bd → τ+τ−) would
contribute to the difference in Bs and Bd lifetimes.

SM predicts |τBs/τBd − 1| ∼< 1%

Measured lifetime ratio: τBs/τBd = 1.002± 0.014± 0.012

B(Bs → τ+τ−) up to 3.5% possible even without
considering effect on other decays

But b → sττ also enhances Bd → Xsττ , which allows a
cancellation, so that B(Bs → τ+τ−) ∼< 15% possible

Limit from direct limit on B+ → K +τ+τ− easily evaded

AD, Ghosh, 2012



How well do specific models work ?

Leptoquarks Flavor-dependent Z ′

Leptoquarks cannot enhance the BR to percent level.
With flavor-dependent Z ′ model, enhancement upto 5%
allowed (limits from τBs/τBd and B(B+ → K +ττ))
Perhaps NP in Bd system is also needed ? Where can it
come from ?
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Lorentz structure of NP models

Heff(b → sµ+µ−) = HSM
eff +HVA

eff +HSP
eff +HT

eff ,

HSM
eff = −4GF√

2
V ∗tsVtb

{ 6∑
i=1

Ci (µ)Oi (µ) + C7
e

16π2 (s̄σµν(msPL + mbPR)b) Fµν

+ C9
αem

4π
(s̄γµPLb) µ̄γµµ+ C10

αem

4π
(s̄γµPLb) µ̄γµγ5µ

}
HVA

eff =
αGF√

2π
V ∗tbVts

{
RV s̄γµPLb µ̄γµµ+ RA s̄γµPLb µ̄γµγ5µ

+ R′V s̄γµPRb µ̄γµµ+ R′A s̄γµPRb µ̄γµγ5µ
}
,

HSP
eff =

αGF√
2π

V ∗tbVts

{
RS s̄PRb µ̄µ+ RP s̄PRb µ̄γ5µ

+ R′S s̄PLb µ̄µ+ R′P s̄PLb µ̄γ5µ
}
,

HT
eff =

αGF√
2π

V ∗tbVts

{
CT s̄σµνb µ̄σµνµ+ iCTE s̄σµνb µ̄σαβµ ε

µναβ
}



b → sµ+µ− decay modes: inter-related observables

Bs → µ+µ−

Branching ratio

B → Xsµ
+µ−, B → µ+µ−γ, B → Kµ+µ−

Branching ratio, Forward-backward asymmetry AFB, CP
asymmetry

B → K ∗µ+µ−

Branching ratio, longitudinal polarization fraction fL
Many angular asymmetries: AFB,A

(2)
T ,ALT

Triple Product (TP) asymmetries: A(im)
T ,A(im)

LT

CP asymmetries for all of these



New VA operators: effect on K ∗µµ observables

Forward-backward asymmetry

Longitudinal polarization fraction

The angular observable A(2)
T :

Alok et al 2011



New SP operators: Bs → µ+µ− branching ratio

SM: BR = (3.2± 0.2)× 10−9

LHCb limit: BR< 4.5× 10−9

B(B̄s → µ+ µ−) =
G2

Fα
2
emm5

Bs
f 2
BsτBs

64π3 |VtbV ∗ts |2
√

1−
4m2

µ

m2
Bs

×

{(
1−

4m2
µ

m2
Bs

)∣∣∣∣∣RS − R′S
mb + ms

∣∣∣∣∣
2

+

∣∣∣∣∣RP − R′P
mb + ms

+
2mµ

m2
Bs

(C10 + RA − R′A)

∣∣∣∣∣
2}
.

⇒ Strong bounds on Scalar and pseudoscalar operators
|Rs − R′S|

2 + |RP − R′P |2 < 0.05



New T operators: AFB in B → Kµµ

Zero everywhere in the SM, new VA operators do not help
SP operators are severely bounded
T operators can cause enhancement at high q2

From B → Xsµµ: |CT |2 + 4|CTE |2 < 1.0.
Can enhance AFB(q2) to ∼ 20% for large q2

Alok et al 2011
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Concluding remarks

B physics: a window and a magnifying glass (precision
measurements)

Bounds from low-energy data getting significant enough to
constrain new physics at the energy frontier

Hints of NP in Ab
sl , B → τν, B → D(∗)τν:

Universality-breaking b → uτν / b → cτν / b → sττ ?
Indications of NP that contribute to ∆Γs ?
Bs → ττ may turn out to be crucial

Only data will tell.
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