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Flavor physics: a wall 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

The standard model looks complete now,
with no confirmed signals of BSM physics at the LHC yet !
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Is there just a desert beyond ?

In the light of the high-energy and high-intensity colliders,
We may find some pugmarks

(Need not be of the camel we are seeking)
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Flavour physics: a window of the SM edifice

Precision tests of the Standard Model
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) ?

How to look at the multidimentional flavour data ?
Identify patterns of correlations
Correlations within a meson system give information on
BSM operator structure (V-A, tensor, LR, etc.)
Correlations among different meson systems tell about
underlying flavour symmetries (MFV, universality, etc.)
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The philosophy of this talk

Will not start with a preconceived destination (model)
Will follow the pugmarks of data
Will talk about classes of models indicated by the data
... and explore some of these directions
Cannot cover everything: shall try to give a “flavour” of
things



Pugmarks and directions

1 The signs: from precision measurements
CKM matrix elements
Mixing and decay in neutral mesons
Rare FCNC processes

2 Model-independent constraints
Quantifying NP contributions
Wilson coefficients of effective operators

3 Directions: specific new physics models
Models with two Higgs doublets (2HDM)
Minimal supersymmetric models
Models with Z ′

4 Concluding remarks



Pugmarks and directions

1 The signs: from precision measurements
CKM matrix elements
Mixing and decay in neutral mesons
Rare FCNC processes

2 Model-independent constraints
Quantifying NP contributions
Wilson coefficients of effective operators

3 Directions: specific new physics models
Models with two Higgs doublets (2HDM)
Minimal supersymmetric models
Models with Z ′

4 Concluding remarks



Pugmarks and directions

1 The signs: from precision measurements
CKM matrix elements
Mixing and decay in neutral mesons
Rare FCNC processes

2 Model-independent constraints
Quantifying NP contributions
Wilson coefficients of effective operators

3 Directions: specific new physics models
Models with two Higgs doublets (2HDM)
Minimal supersymmetric models
Models with Z ′

4 Concluding remarks



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

2014-fits

KM paradigm
mostly vindicated !

************** Not so fast ! *************
***** Devil may be in the details ! *****
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Measurements for determination of CKM elements



Precision measurements of |Vus|

Unitarity vs. semileptonic K decays vs. hadronic τ decays

Semileptonic K decays⇒ |Vus| = 0.2255± 0.0010
Strange vs. non-strange hadronic τ decays
⇒ |Vus| = 0.2202± 0.0014
∼ 3σ discrepancy !



K`2 vs. K`3 tension in |Vus|

Pink: fK +/fπ+ (i.e. K`2)
Yellow: F K→π

+ (i.e. K`3)
Black line: unitarity
(neglect |Vub|2)

Slight tension of K`3 with
K`2 and unitarity

FNAL MILC



Hint of an anomaly in K`2 ? Lepton non-universality ?

Measured value of B(K → eν) is on the lower side.

CKMFitter, pre-NA62



Lepton universality in K`2 seems to be OK



Inclusive vs exclusive |Vcb| and |Vub|

Inclusive vs. exclusive
|Vub|:

Excl: (3.28± 0.15± 0.26)× 10−3

Incl: (4.36± 0.18± 0.44)× 10−3

∼ 3σ discrepancy
|Vcb|:

Excl: (38.99± 0.49± 1.17)× 10−3

Incl: (42.42± 0.44± 0.74)× 10−3

CKMFitter, PDG14



Effective |Vub|: through B(B → τν)

P. Urquio, CKM14

Apart from the latest Belle measurement, all others
indicated excess B(B → τν).



Effective |Vcb|: semileptonic B → Dτν and B → D∗τν

BaBar

R(D) = B(B → Dτν)/B(B → D`ν)

SM Prediction: R(D) = 0.305± 0.012
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



Consolidating observations before going ahead

Semileptonic decays s → u`ν as well as b → u`ν
systematically give lower values of |Vuq| as compared to
those given by the leptonic decays of K and B.
For b → c`ν, though, the branching ratios obtained are
larger. Some non-universality at play here ?
Lepton non-universality is severely constrained in the first
two generations, not so much for the third one. Models with
a charged Higgs are natural candidates. (Will be explored
later.)
For semileptonic B decays b → u`ν and b → c`ν, inclusive
decay rates are systematically larger than the exclusive
ones.
A single hint may not be sufficient, but overall trends may
point the way..
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Mass and width differences: theory and experiment

∆M Measurements
∆Md/Γd = 0.774± 0.006⇒ |Vtd |
∆Ms/Γs = 26.85± 0.13⇒ |Vts|

∆Γd and ∆Γs: predictions and measurements

In SM, ∆Γd/Γd = (42± 8)× 10−4

Current limit: ∆Γd/Γd = 0.001± 0.010
(HFAG)

In SM, ∆Γs/Γs = 0.137± 0.027
Measurement: ∆Γs/Γs = 0.138± 0.012
(mainly from Bs → J/ψφ at LHCb)



Lifetime difference in Bs and Bd decays

∆Γ measured through Bs
to flavor-specific modes,
Bs → K +K−, J/ψf0,
Bs → J/ψφ.
Some enhancement
possible, has to be
through b → sττ
transitions.

∆Γd should also be
controlled by new
physics b → dττ
transitions

Lenz, CKM2014

∆Γ’s are sensitive to models with Z ′



The angles of the unitarity triangle

The value of β consistent across multiple modes
The value of γ consistent across experiments
α = π − β − γ by definition. True test of unitarity:

sinβs =
∣∣∣Vus

Vud

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

Aleksan et al, 1994

Measurements of βs needed



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



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

φs = −2βJ/ψφ
s

Results for ∆Γs very close to SM now: enhancement by
only a few tens of per cent possible.
φs = −0.03± 0.11 rad
Large (relative) enhancement in βJ/ψφ

s is possible, also
detectable since the SM value is small and precisely
known.



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

(original D0 result)

ACP(B0
s ) ≡ as

sl = ∆Γs
∆Ms

tanφsl
s

Large ∆Γs and/or large φs !



D–D̄ mixing

Both ∆m/Γ and ∆Γ/Γ significantly nonzero
D–D̄ mixing detected.
Cannot be sure that it is all SM, long-distance contributions
hard to calculate
It is possible that |q/p| is significantly non-unity.
CP violation through mixing possible, not detected yet
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CP Violation in charm

LHCb, Gersabeck, Staric, CKM14

∆ACP = Adir
CP(K )− Adir

CP(π) + 〈t(K )〉
τD

Aindir
CP (K )− 〈t(π)〉

τD
Aindir

CP (π)

Note: Aindir
CP (K ) and Aindir

CP (π) can be different in principle
(by virtue of their definitions here).
Earlier anomalies seem to be disappearing !
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Flavour changing neutral current processes

Suppressed in the SM due to the loop factor, CKM
hierarchy, chiral structure and GIM mechanism.

(Slide from M. Blanke)



The rare but clean decay K → πνν̄

Not yet observed, but...

J. Brod, CKM14

Models can change the relative BRs of KL → π0νν̄ and
K + → π+νν̄ to a large extent



Branching ratios of Bs → µ+µ− and Bs → µ+µ−

F. Archilli, CKM14

B(Bs → µµ) = (2.9± 0.7)× 10−9

B(Bd → µµ) = (3.6+1.6
−1.4)× 10−10

Compatibility with the SM: 2.2σ for Bd , and 1.2σ for Bs.



What NP can affect B(Bs/d → µµ) ?

Sensitive to minimal SUSY model parameters:

B(Bq → µµ) ∝ |V ∗tbVtq|
m2

bm2
` tan6 β

m4
A

Severely restricts large tanβ

MFV models cannot
account for the observed
values Buras 2014

Role for Z ′ ?



Angular distribution in B → K ∗µ+µ−



Angular asymmetries in B → K ∗µ+µ−

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

The zero crossing compatible with NLO predictions



The P ′5 anomaly

P ′5 = S5√
FL(1−FL)

, largely

free from formfactor
uncertainties
Local discrepancy of
3.7σ in P ′5.
p = 0.5% with
look-elsewhere effect.
No “intuitive” NP jumps
to mind, detailed analysis
needed.



Lepton non-universality in B → K ``

The ratio RK ≡ B(B+ → K +µ+µ−)/B(B+ → K +e+e−)
expected to be 1.00 in SM

Measured value for 1 < q2 < 9 GeV2:
RK = 0.745+0.090

−0.074 ± 0.035⇒ ∼ 2.6σ deviation from SM
Non-universality from Higgs not enough since Higgs
contribution is m`-suppressed.
Models with Z ′ that does not couple to electrons can
explain this anomaly.



Possible enhancement of rare top FCNC decays

SM 2HDM MSSM RS
t → cZ ∼ 10−14

∼< 10−6
∼< 10−7

∼< 10−5

t → cγ ∼ 10−13
∼< 10−7

∼< 10−8
∼< 10−9

t → cg ∼ 10−11
∼< 10−5

∼< 10−7
∼< 10−10

t → ch ∼ 10−15
∼< 10−2

∼< 10−5
∼< 10−4

Atwood-Reina-Soni 1996, Cao et al 2009, Agashe-Contino 2009
Azatov et al 2009, Casagrande et al 2010
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Consolidated Bd and Bs results

∆d = M12d
M12d (SM) , ∆s = M12s

M12s(SM) ,

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



MFV constraints from Bd and Bs mixing
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Effective operators for meson mixing

Meson mixing measurements
give limits on cNP

i ≡ 1/Λ2



Lorentz structure of NP operators in b → sµµ

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
}

Alok et al, 2011



Characteristics of NP Lorentz structures

New SP operators: affect B(Bs → µ+µ−)

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

New T operators

Can enhance AFB(q2) in B → Kµµ to ∼ 20% for large q2

Alok et al 2011



Explaining the P ′5 anomaly in B → K ∗µµ

CNP
9 ≡ RV , C′9 ≡ R′V , C′10 ≡ R′A

Large change in C9 and C′9 desired
This could correspond to Z ′ with axial coupling to quarks
and vector coupling to muons
Implementation uses gauged Lµ − Lτ symmetry

Altmannshofer 2014



Further constraints from B → K ∗µµ

On effective Wilson coefficients:

Altmannshofer 2014

A model-independent relation between many angular
observables

Mandal, Sinha, Das 2014



Rare top decays

J. Brod

TeV scales are already being probed here.
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B → τν and 2HDM new physics

B(B+ → τν) =
G2

F f 2
B |Vub|2

8π
τBmBm2

τ

(
1− m2

τ

m2
B

)[
1−

(
m2

B

m2
H+

)
λbbλττ

]2

Different types of 2HDM models:
Type λUU λDD λLL

I cotβ cotβ cotβ
II cotβ − tanβ − tanβ
III cotβ − tanβ cotβ
IV cotβ cotβ − tanβ

MFV SUSY: constraints in the MH+–tanβ plane



Type-III 2HDM with non-minimal flavour violation

R(D) and R(D∗) may be accounted with a single
parameter εu32.
Not possible for Type-I or Type-II models
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Constraints on pMSSM

Mahmoudi 2014

Black: all pMSSM, Gray: including the correct Higgs mass,
dark green: including B(Bs → µµ)

Flavour constraint disfavours low mA , large tanβ, as
expected



Constraints from CMSSM for light stop (m t̃ < 1.5 TeV)

AD, Ghosh, Patel, Raychaudhuri 2013

Higgs mass constraints are dominant, at least at low tanβ
At high tanβ, flavour constraints come into play again.
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For enhancing B(K → πνν̄)

Buras 2014

Flavour-changing couplings of Z ′

If left- and right-handed flavour-violating couplings are
present, sensitivity to scales up to 2000 TeV possible.
Predictions sensitive to precise values of CKM elements
For consistency with K − K̄ mixing, some fine-tuning
needed



For explaining B → K ∗µµ distribution

Gauge Lµ − Lτ , which is anomaly-free.

L = g′(µ̄γµµ− τ̄ γµτ)Z ′µ

Z ′q1q2 coupling only through mixing with heavy vector-like
fermions charged under the U(1)′

Constraints from g − 2,
Bs mixing, τ decays,
Z → 4µ etc. included

Altmannshofer et al 2014



Other things models with Z ′ can do

Enhance Γ12, and hence ∆Γ, in Bd -B̄d and Bs-B̄s systems
Enhance B(Bs → ττ) by orders of magnitude

AD, Kundu, Nandi, 2007

Account for the dimuon anomaly
AD, A. Kundu, S, Nandi, 2010

Change the ratio of Bd and Bs lifetimes
AD, Ghosh, Kundu, Patra, 2011; AD, Ghosh, 2012
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Concluding remarks

B physics: a magnifying glass for testing SM
Thanks to the lattice colleagues for the precision.

Rare decays and precision measurements constrain
specific NP models as well as indicate what classes of NP
may be present

While rare K decays have the largest precision reach, the
large number of rare B decays offer probing power into the
flavour structure.

SUSY, multiple Higgses, Z ′, extra qyarks, leptoquarks, ....
many possibilities

Only data will tell, one has to look closely, though...



A closer look can take you

From beauty...
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A closer look can take you

... to relativity !



So simply....

Follow the pugmarks.....
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