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Notables Left Out

• T violation (BaBar)
• Full determination of UT allowed region, including:
• semileptonic and current state of excl/incl disparity
• input from K physics

• Universality and unitarity of CKM
• Combined Higgs/Flavor constraints
• ...
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Flavor: The Elegant Probe
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Recall: 
GIM mechanism and the prediction of upper bound on charm mass 
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In view of top and its huge mass, do we still have a prediction? 
Is GIM a mirage?

if no accidental cancellation, 
i.e., no fine tuning.

�

q=u,c,t,t�,...

VqdV
∗
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2
W ) ∼ largest term = VqdV

∗
qs × F (m2
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2
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Roughly, VqdV
∗
qs ×m2

q � 1 GeV2

that is either 
• small mass with large angle (charm)
• large mass with small angle (top) ∼ (0.003)(0.04)(175 GeV)2 = 3.7 GeV2

∼ (0.2)(1.5 GeV)2 = 0.5 GeV2

Both are right ballpark!

Nota bene: Really very rough! Need short distance QCD corrections, full top-dependence form loop, 
non-perturbative matrix elements, ...

Additional constraints from CP violation in mixing (from complex phases in CKM elements)
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CKM vs. PMNS 
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Why these values? Are the two related? Are they related to masses? 
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More GIM, more predictions

B0 − B̄0 mixing

Discovered in 1985

Mixing rate much higher than anticipated: 
at the time, thought that 

Fast mixing requires much  heavier top !!

Similarly

DIAGRAM

Large top mass make these visible. 

mt ∼ few× 10 GeV
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All cases above 
(mixing, decays) 

are sensitive to any kind of stuff
 running in the loop

constrains NP

(reigns in speculators)
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or, 
if you are an optimist

it is a window to 
discovery of 

NP
(new physics)

(I am too old)
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Flavor/CP and New Physics
• Outstanding problems in Particle Physics:
• Dark Energy
• Dark Matter
• Hierarchy
• Baryogenesis

Nature of first three may well be solely gravitational
Baryogenesis requires CPV beyond that in the SM

• Why 3 generations?
• Why the pattern of masses and mixings?CKM vs. PMNS 
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Why these values? Are the two related? Are they related to masses? 
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Flavor Physics: an important constraint on all new BSM models

Flavor Structure in the SM and Beyond
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Generic bounds without a flavor symmetry

Generic bounds without a flavor symmetry

[Neubert, EPS2011]

•Integrate out NP at UV scale

•Produce local operators

•Assume coupling is order 1
(generic, no flavor suppression)



Strategy/Philosophy

• Must determine parameters using non-flavor physics as well as possible. These 
include, e.g., mt, MW, g2  in above case. 

• Must compute strong interaction effects (but that goes without saying)
• Left with undetermined flavor parameters (e.g., Vts), confused with NP

• Determine flavor parameter from tree level physics
• Assume NP is negligible at tree level
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• Conundrum: distinguish new physics (NP) in loop from SM physicsEx. of Strong Constraints on NP 
!  Inclusive b!s!, (E! > 1.6 GeV)  

!  Measured (3.37±0.23)x10-4 

!  Theory (3.15±0.23)x10-4 (NNLL) Misiak arXiv:1010.4896 
!  Ratio = 1.07±0.10, Limits most NP models 

ICHEP, Melbourne, July 9, 2012 ! 8 

New BaBar  
 (3.31±0.35)x10-4 
See G. Eigen’s talk  
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Misiak et. al hep-ph/0609232, 
See also A. Buras et. al,  
arXiv:1105.5146 

!  Example 2HDM 
    m(H+) > 385 GeV 

B → Xsγ

Value of coupling (Vts)?

Strong interactions
vs b→ sγ

Values of other parameters (mt, MW, g2)?
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!  Ratio = 1.07±0.10, Limits most NP models 

ICHEP, Melbourne, July 9, 2012 ! 8 

New BaBar  
 (3.31±0.35)x10-4 
See G. Eigen’s talk  

250 500 750 1000 1250 1500 1750 2000

3.0

3.5

4.0

4.5

Mass (H  )    (GeV)+

B
(b

   
   

s
)x

10
! Theory 2HDM, tan =2

}}Exp.
SM

Misiak et. al hep-ph/0609232, 
See also A. Buras et. al,  
arXiv:1105.5146 
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B → Xsγ

example 
of  NP
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In this example: determine Vts using CKM unitarity and tree level semi-leptonic decays

• Measured 
• Theory (Misiak, 1010:4896)
• One of toughest constraints on NP

(3.37± 0.23)× 10−4

(3.15± 0.23)× 10−4

B → Xsγ branching fraction for Eγ > 1.6 GeV

m(H+) > 385 GeV

Ex. of Strong Constraints on NP 
!  Inclusive b!s!, (E! > 1.6 GeV)  

!  Measured (3.37±0.23)x10-4 

!  Theory (3.15±0.23)x10-4 (NNLL) Misiak arXiv:1010.4896 
!  Ratio = 1.07±0.10, Limits most NP models 

ICHEP, Melbourne, July 9, 2012 ! 8 

New BaBar  
 (3.31±0.35)x10-4 
See G. Eigen’s talk  

250 500 750 1000 1250 1500 1750 2000

3.0

3.5

4.0

4.5

Mass (H  )    (GeV)+

B
(b

   
   

s
)x

10
! Theory 2HDM, tan =2

}}Exp.
SM

Misiak et. al hep-ph/0609232, 
See also A. Buras et. al,  
arXiv:1105.5146 

!  Example 2HDM 
    m(H+) > 385 GeV 



Unitarity Triangle
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VudV
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ub + VcdV

∗
cb + VtdV

∗
tb = 0

CKM vs. PMNS 
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Why these values? Are the two related? Are they related to masses? 
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CPV



• Distinguish two cases

• CPV in mixing

• CPV in decays
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Neutral Meson Mixing 
!  Neutral mesons can transform 
    into their anti-particles via 2nd 

    order weak interactions 
!  Short distance transition rate  
   depends on  

"  mass of intermediate qi, the heavier the larger, favors 
s & b since t is allowed 

"  CKM elements Vij 

ICHEP, Melbourne, July 9, 2012 ! 11 
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from Van Kooten 

New particles possible in 
the loop 

• In SM neutral pseudoscalar P0 can 
mix into antiparticle via box diagram

• Mixing rate depends on

• Mass of internal quark
larger for heavier quark
• CKM factors Vij

• Largest for Bs since t-quark
is not suppressed by CKM
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CPV in MixingNeutral Meson Mixing 
!  Neutral mesons can transform 
    into their anti-particles via 2nd 

    order weak interactions 
!  Short distance transition rate  
   depends on  

"  mass of intermediate qi, the heavier the larger, favors 
s & b since t is allowed 

"  CKM elements Vij 
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Mixing Theory

Effective two state system:

i
d

dt
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Flavor Specific: asl

• Definition

where

• Flavor specific means

•  

• Or same sign dileptons: one meson 
mixes and decays, the other decays 
without mixing:

• In SM 

so it is very small in SM,

asl =
Γ(P̄ → f)− Γ(P → f̄)
Γ(P̄ → f) + Γ(P → f̄)

Γ(P̄ → f)(t = 0) = 0 = Γ(P → f̄)(t = 0)

f̄ �= f

µ+µ+ vs µ−µ−

asl =
|p/q|2 − |q/p|2

|p/q|2 + |q/p|2 ≈ ∆Γ

∆M
tanφ12

adsl = −4.1× 10−4, assl = 1.9× 10−5 [A. Lenz, Moriond 2012]

B0
Bs

Bs → D+µ−ν̄µ vs B̄s → D−µ+νµ



asl: D0, from di-muons

• Dimuons

•
combined for d and s

• 3.9σ deviation from SM

• Also use IP (impact parameter)
to separate d from s

21

[Phys.Rev. D82 (2010) 032001]

[Phys.Rev. D84 (2011) 052007]

absl = (−0.787± 0.172(stat)± 0.093(syst))%
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FIG. 20: (color online). The normalized IP distribution for
muons produced in oscillating decays of B0 mesons (points
with error bars) and B0

s mesons (solid histogram) in simula-
tion.

TABLE XX: Sources of uncertainty on Ab
sl(IP<120) in

Eqs. (49), (50), and (51). The first nine rows contain sta-
tistical uncertainties, the next four rows contain systematic
uncertainties.

Source !(Ab
sl)! 102 !(Ab

sl)! 102 !(Ab
sl)! 102

Eq. (49) Eq. (50) Eq. (51)
A or a (stat) 0.136 0.233 0.285
fK (stat) 1.059 0.173 0.082
RK (stat) N/A 0.141 0.155

P (" " µ)/P (K " µ) 0.388 0.060 0.026
P (p " µ)/P (K " µ) 0.699 0.064 0.004

AK 0.986 0.123 0.089
A! 1.727 0.165 0.075
Ap 1.261 0.123 0.050

! or ! 0.606 0.107 0.071
fK (syst) 4.951 0.508 0.034
RK (syst) N/A 0.286 0.307

", K, p multiplicity 0.137 0.034 0.025
cb or Cb 0.305 0.087 0.093

Total statistical 2.774 0.439 0.366
Total systematic 4.962 0.590 0.323

Total 5.685 0.735 0.488

events in the like-sign dimuon sample. Exactly the same
procedure is applied as for the main measurement, using
the background and muon reconstruction asymmetries
given in Tables VII and VIII. All other quantities are
given in Table XVIII. The background fractions are sig-
nificantly increased in the samples with small muon IP,
thereby increasing the uncertainties related to the back-
ground description (Table XX).
Using these values we obtain from the inclusive muon

sample

Ab
sl(IP<120) = (!1.65±2.77 (stat)±4.96 (syst))%, (49)

and from the like-sign dimuon sample

Ab
sl(IP<120) = (!1.17±0.44 (stat)±0.59 (syst))%. (50)

The measurement using the linear combination given in
Eq. (13) is performed with ! = +1.27, which minimizes

the total uncertainty on Ab
sl. The value of A

b
sl is found to

be

Ab
sl(IP<120) = (!1.14±0.37 (stat)±0.32 (syst))%. (51)

The mean mixing probability "d in the IP<120 sample
obtained in simulation is found to be

"d(IP<120,MC) = 0.084± 0.002, (52)

and the coe!cients Cd and Cs in Eq. (2) for the IP<120

selection are

Cd(IP<120) = 0.397± 0.022,

Cs(IP<120) = 0.603± 0.022. (53)

The measurements with IP<120 and IP>120 use in-
dependent data samples, and the dependence of Ab

sl on
adsl and assl is di"erent for the IP<120 and IP>120 sam-
ples. The measurements given in Eqs. (46) and (51) can
therefore be combined to obtain the values of adsl and
assl, taking into account the correlation among di"erent
sources of uncertainty. All uncertainties in Tables XIX,
XX, except the statistical uncertainties on a, A, fK , RK ,
P (# " µ)/P (K " µ), and P (p " µ)/P (K " µ) are
treated as fully correlated. The values of adsl and assl ex-
tracted are

adsl = (!0.12± 0.52)%,

assl = (!1.81± 1.06)%. (54)

The correlation $ds between these two quantities is

$ds = !0.799. (55)

The uncertainty on adsl and assl obtained in this study is
comparable with that obtained from the direct measure-
ments. Figure 21 presents the results of the IP study in
the (adsl, a

s
sl) plane together with the result (36) of the

Ab
sl measurement using all like-sign dimuon events. The

ellipses represent the 68% and 95% two-dimensional C.L.
regions, respectively, of assl and assl values obtained from
the measurements with IP selections.
We also performed four additional measurements with

IP thresholds of 50 µm and 80 µm. They are denoted
as IP<50, IP>50, IP<80, and IP>80, respectively. The
input quantities for these measurements are presented in
Tables XXI and XXII. The Ab

sl values in the inclusive
and like-sign dimuon samples and their combinations are
given in Table XXIII. The mean mixing probability "d

for all these measurement is obtained through simulation.
The results are presented in Table XXIV, together with
the corresponding coe!cients Cd and Cs.
As for the combinations of the IP<120 and IP>120 sam-

ples, the measurements with IP<50 and IP>50 samples,
as well as with IP<80 and IP>80 samples, can be com-
bined to determine the values of adsl and assl (Table XXV).
The measurements with di"erent IP thresholds are con-
sistent with each other within two standard deviations



asl: D0, from semileptonic

• New this year (Jul 7, Aug 29)

•

with 2 decay channels:

(idem for Bs)

•

22

[Phys. Rev. D86, 072009 (2012)]

All D0 plot:

4

B meson system, namely the mass di!erence "Mq =
M(B0

qH) ! M(B0
qL), the decay-width di!erence "#q =

#(B0
qL)! #(B0

qH), and the CP-violating phase !q, by:

aqsl =
|#q

12|
|M q

12|
sin!q =

"#q

"Mq
tan!q . (2)

Here the states B0
qH and B0

qL are the heavy and light
mass eigenstates of the B meson system, which di!er
from the flavor eigenstates. M q

12 and #q
12 are respectively

the o!-diagonal elements of the mass and decay matri-
ces [6].
The standard model predictions [8] for both assl and adsl

are very small:

adsl = (!0.041± 0.006)%, (3)

assl = (0.0019± 0.0003)%. (4)

These predictions are e!ectively negligible compared to
the current experimental precision. Hence, the measure-
ment of any significant deviation from zero is an unam-
biguous signal of new physics, which could lead to order-
of-magnitude enhancements of |adsl| [9].
The B0 semileptonic mixing asymmetry, adsl, has been

extensively studied by the B factories operating at
the $(4S) resonance, including measurements by the
CLEO [10, 11], BaBar [12, 13], and Belle [14] collabora-
tions. The current world average of these measurements
is [6]:

adsl = (!0.05± 0.56)%. (5)

Additional inclusive measurements from LEP [15–17] and
D0 [18] are subject to contamination from B0

s mesons,
and the extraction of adsl relies upon assumptions about
the contribution from assl.
The recent evidence for a non-zero dimuon charge

asymmetry by the D0 experiment is sensitive to the lin-
ear combination of B0 and B0

s mixing asymmetries, with
approximately equal contributions from each source [19].
The measurement constrains a band in the (adsl, a

s
sl)

plane, which is inconsistent with the SM prediction at
the 3.9 standard deviations level. By dividing the sam-
ple into two components with di!erent relative contribu-
tions from B0 and B0

s , the semileptonic asymmetries are
measured to be:

adsl(µµ) = (!0.12± 0.52)%, (6)

assl(µµ) = (!1.81± 1.06)%, (7)

where the measurements have a correlation coe%cient
of !0.799. The above extraction assumes that any new
source of CPV entering the dimuon asymmetry does so
through B mixing. Alternative hypotheses, for example
new sources of dimuons from non-SM processes, cannot
be excluded.
Recent searches for CPV in B0

s " J/"! decays from
the D0 [20], CDF [21], and LHCb [22] collaborations find

agreement of the CP-violating phase !s with SM predic-
tions. Given the current body of experimental evidence,
improved measurements of both adsl and assl are required
in order to constrain the possible sources of new physics
in B meson mixing and decay [23].
This article describes the measurement of the semilep-

tonic mixing asymmetry for B0
d mesons,

adsl = (8)

#(B̄0 " B0 " #+D(!)"X)! #(B0 " B̄0 " #"D(!)+X)

#(B̄0 " B0 " #+D(!)"X) + #(B0 " B̄0 " #"D(!)+X)
,

without the use of initial-state flavor tagging. The flavor
of the B0 meson at the time of decay is determined by
the charge of the muon in the semileptonic decay. Two
separate decay channels are used:

1. B0 " µ+$D"X ,
with D" " K+%"%"

(plus charge conjugate process);

2. B0 " µ+$D!"X ,
with D!" " D̄0%", D̄0 " K+%"

(plus charge conjugate process);

The two channels are treated separately, with each being
used to extract adsl, before the final measurements are
combined. For clarity, the two channels are respectively
denoted by µD and µD! throughout this paper, with the
appropriate combinations of charges implied. Charges
are only explicitly shown when required to describe the
asymmetry measurement, or to avoid possible ambiguity.

II. ANALYSIS OVERVIEW

Experimentally, the semileptonic mixing asymmetry is
expressed as:

adsl =
A!ABG

F osc
B0

. (9)

Here, A is the measured raw asymmetry, defined by:

A =
Nµ+D(!)" !Nµ"D(!)+

Nµ+D(!)" +Nµ"D(!)+

#
Ndi!

Nsum
, (10)

where Nµ±D(!)# is the number of reconstructed µ±D(!)#

signal candidates. The sum is extracted by fitting the
total mass distribution, and the di!erence by fitting the
di!erence of two charge-specific mass distributions. The
term ABG accounts for inherent detector-related back-
ground asymmetries, for example due to the di!erent
reconstruction e%ciencies for positively and negatively
charged kaons. The denominator F osc

B0 is defined as the
fraction of all µD(!) signal events that arise from decays
of B0 mesons after they have oscillated. It is required
to account for D(!) mesons arising from direct B0 de-
cays, decays of B± and B0

s mesons, or direct hadroniza-
tion from cc̄ quarks. All background asymmetries are
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signal candidates. The sum is extracted by fitting the
total mass distribution, and the di!erence by fitting the
di!erence of two charge-specific mass distributions. The
term ABG accounts for inherent detector-related back-
ground asymmetries, for example due to the di!erent
reconstruction e%ciencies for positively and negatively
charged kaons. The denominator F osc

B0 is defined as the
fraction of all µD(!) signal events that arise from decays
of B0 mesons after they have oscillated. It is required
to account for D(!) mesons arising from direct B0 de-
cays, decays of B± and B0

s mesons, or direct hadroniza-
tion from cc̄ quarks. All background asymmetries are
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TABLE VII: Systematic uncertainties from di!erent sources on the dilution fraction F osc
B0 , for both channels, and in bins of

VPDL(B0).

Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 Bin 6
!0.10 – 0.00 cm 0.00 – 0.02 cm 0.02 – 0.05 cm 0.05 – 0.10 cm 0.10 – 0.20 cm 0.20 – 0.60 cm

F osc
B0 (µD)

Branching Ratios ± 0.001 ± 0.000 ± 0.001 ± 0.004 ± 0.009 ± 0.015
Production Fractions ± 0.000 ± 0.000 ± 0.000 ± 0.001 ± 0.002 ± 0.003
B meson lifetimes ± 0.000 ± 0.000 ± 0.000 ± 0.001 ± 0.003 ± 0.007
"Md ± 0.000 ± 0.000 ± 0.001 ± 0.003 ± 0.005 ± 0.002
Total ± 0.001 ± 0.000 ± 0.001 ± 0.005 ± 0.011 ± 0.017

F osc
B0 (µD

!)
Branching Ratios ± 0.001 ± 0.000 ± 0.001 ± 0.001 ± 0.004 ± 0.006
Production Fractions ± 0.000 ± 0.000 ± 0.001 ± 0.001 ± 0.001 ± 0.002
B meson lifetimes ± 0.000 ± 0.000 ± 0.001 ± 0.001 ± 0.003 ± 0.005
"Md ± 0.000 ± 0.000 ± 0.001 ± 0.003 ± 0.005 ± 0.003
Total ± 0.001 ± 0.000 ± 0.002 ± 0.003 ± 0.007 ± 0.009

• the oscillation fractions, F osc
B0 , are treated as inde-

pendent.

To ensure that all such correlations are taken into ac-
count, the final statistical and systematic uncertainties
on each adsl measurement, and on the combination, are
derived from 200 000 ensemble tests in which all input
variables are randomly chosen according to a Gaussian
probability density function, with an appropriate central
value and width, and the distributions of the resulting
adsl measurements are inspected and fitted. This process
is performed twice, once with the inputs varied accord-
ing to their statistical uncertainties, and once with the
inputs varied according to their systematic uncertainties.
Figure 7 and Table VIII show the individual results for

the four signal VPDL bins in each channel, with statisti-
cal and systematic uncertainties.
Once the uncertainties on the individual adsl measure-

ments are established, the combination between VPDL
bins, and then between channels, is performed. For each
channel, the combined adsl value is obtained by a weighted
average of the four individual measurements:

adsl(j) =

!6
i=3 a

d
sl(ij)w(ij)

!6
i=3 w(ij)

, (35)

where the weights w(ij) are the inverse of the sum in
quadrature of statistical and systematic uncertainties for
that measurement:

w(ij) =
1

!2
stat[a

d
sl(ij)] + !2

syst[a
d
sl(ij)]

. (36)

The central values and uncertainties for the combinations
are again determined by performing the full set of 200,000
ensemble tests, with all inputs varied, and examining the
e!ect on the final values of adsl from each channel. This

procedure yields the following results:

adsl(µD) = [0.43± 0.63 (stat.)± 0.16 (syst.)]%, (37)

adsl(µD
!) = [0.92± 0.62 (stat.)± 0.16 (syst.)]%. (38)

Finally, the combination is extended to give the full
weighted average of the two channel-specific measure-
ments, with full propagation of uncertainties, to yield
the final measurement:

adsl = [0.68± 0.45 (stat.)± 0.14 (syst.)]%. (39)

The weights w(ij) used for this combination are pre-
sented in Table VIII.

X. CROSS-CHECKS

To test the robustness of the measurement technique,
the analysis is repeated with the event samples divided
into pairs of orthogonal sub-sets, of approximately equal
size. The raw asymmetries A, detector-related back-
ground corrections aK and aµ, and oscillation fractions
F osc
B0 are redetermined for each sub-sample, and the

semileptonic mixing asymmetry adsl measured in each
case. The sub-samples are defined by the following crite-
ria:

• "(µ) < 0 and "(µ) > 0;

• |"(K)| < 0.7 and |"(K)| > 0.7;

• p(K) < 3.2 GeV/c and p(K) > 3.2 GeV/c;

• a chronological division corresponding to early and
late data collection;

• !(VPDL) < 40 µm and !(VPDL) > 40 µm.
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and the asymmetry is extracted. Instead of setting the
background of Wdi! to AbgW bg

sum, the background is ei-
ther set to zero, a constant, or a polynomial function
of up to degree three. The width of the mass bins is
varied between 2 and 12 MeV/c2. Instead of using the
fitted number of B0

s decays per magnet polarity to weight
the events, the total number of candidates in the mass
range 1.7 < M(K+K!!!) < 2.3 GeV/c2 is used. The
systematic uncertainty is assigned to be half of the maxi-
mal variation in the asymmetry for each of these sources,
added in quadrature. The total e!ect of all of these sys-
tematic sources of uncertainty is a systematic uncertainty
of 0.051% on the raw asymmetry A, giving

A = [!0.40± 0.33 (stat.)± 0.05 (syst.)]%. (6)

To extract assl from the raw asymmetry, corrections to
the charge asymmetries in the reconstruction have to be
made. In this decay channel any asymmetry between
the reconstruction of K+ and K! mesons cancels as we
require that the two kaons form a " meson. The remain-
ing asymmetries are the track reconstruction asymmetry
Atrack and the muon reconstruction asymmetry Aµ.
The residual detector tracking asymmetry, Atrack, has

been studied in Ref. [2] and by using K0
S " !+!! and

K"± " K0
S!

± decays. No significant residual track re-
construction asymmetries are found and no correction for
tracking asymmetries need to be applied. The tracking
asymmetry of charged pions has been studied using MC
simulations of the detector. The asymmetry is found to
be less than 0.05%, which is assigned as a systematic un-
certainty. The muon and the pion have opposite charge,
so any remaining track asymmetries will cancel to first
order.
The residual reconstruction asymmetry of the muon

system, Aµ, has been measured using J/# " µ+µ!

decays as described in [2, 3]. This asymmetry is de-
termined as a function of pT and |$| of the muons,
and the correction is obtained by a weighted average
over the normalized yields, as determined from fits to
the M("!!) distribution. The resulting correction is
Aµ = [0.11± 0.06 (syst.)]%, which also includes the sys-
tematic uncertainty due to track reconstruction.
The remaining variable required is F osc

B0
s

(Eq. 3), which
is the only correction extracted from a MC simulation.
The D!

s signal decays can also be produced via the decay
of B0

d mesons, B± mesons, and from prompt cc̄ produc-
tion. The B0

s (B0
d) mesons can oscillate to B̄0

s (B̄0
d) states

before decaying. We split these MC samples into mixed
and unmixed decays. This classification is inclusive and
includes most intermediate excited states of both B and
D meson decays.
The MC sample is created using the pythia event gen-

erator [12] modified to use evtgen [13] for the decay of
hadrons containing b and c quarks. Events recorded in
random beam crossings are overlaid over the simulated

events to quantify the e!ect of additional collisions in the
same or nearby bunch crossings. The pythia inclusive
jet production model is used and events are selected that
contain at least one muon and aD!

s " "!!; " " K+K!

decay. The generated events are processed by the full
simulation chain, and then by the same reconstruction
and selection algorithms as used to select events from
data. Each event is classified based on the decay chain
that is matched to the reconstructed particles.
The mean proper decay lengths of the b hadrons are

fixed in the simulation to values close to the current
world-average values [14]. To correct for these di!er-
ences, a correction is applied to all non-prompt events
in simulation, based on the generated lifetime of the B
candidate, to give the appropriate world-average B me-
son lifetimes and measured value of the width di!erence
"#s [15].
To estimate the e!ects of trigger selection and track

reconstruction, we weight each event as a function of pT
of the reconstructed muon so that it matches the distri-
bution in the data, and as a function of the lifetime to
ensure that the B-meson lifetimes and "#s match the
world-average [14].
In the case of the B0

s meson, the time-integrated oscil-
lation probability is essentially 50% and is insensitive to
the exact value of "Ms. Combining the fraction of B0

s

decays in the sample and the time-integrated oscillation
probability, we find F osc

B0
s

= 0.465.
To determine the systematic uncertainty on F osc

B0
s

, the
branching ratios and production fractions of B mesons
are varied by their uncertainties. We also vary the B-
meson lifetimes and "#s and use a coarser pT binning
in the pT event weighting. The total resulting system-
atic uncertainty on F osc

B0
s

is determined to be 0.017 that
includes the statistical uncertainty from the MC simula-
tion. An asymmetry of B0

d decays of 1% would contribute
0.005% to the total asymmetry, which is negligible com-
pared to the statistical uncertainties and therefore ne-
glected.
The uncertainty due to the fitting procedure and the

residual asymmetry corrections are added in quadrature
and scaled by the dilution factor, F osc

B0
s

. The e!ect of
the uncertainty on the dilution factor is then added
in quadrature, giving a total systematic uncertainty of
0.17%.
The resulting time-integrated flavor-specific semilep-

tonic charge asymmetry is found to be

assl = [!1.08± 0.72 (stat)± 0.17 (syst)]%, (7)

superseding the previous measurement of assl by the D0
Collaboration [4, 16] and in agreement with the SM
prediction. This result can be combined with the two
Ab

sl measurements that depend on the impact parameter
of the muons (IP) [3] and the average of adsl measure-
ments from the B factories, adsl = (!0.05 ± 0.56)% [14],
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data (not Tevatron)
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adsl = (−0.05± 0.56)%

LHCb

B-factories

assl = (−0.24± 0.± 0.33)%
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CPV in mixing

• Decay amplitudes in terms of 

• CPV in decay if non-vanishing 

• Theory input: strong phases (usually model dependent)

• Instead CPV in mixing can
be theory clean
• If amplitudes with a single

weak phase dominate

• Simplest if f is a CP eigenstate
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which is a short vector of order !2. The small angle "s opposing the short side is given by

"s = arg
!
!

VtsV !
tb

VcsV !
cb

"
. (21)

The quantity sin2"s can be determined from a time-dependent analysis of B0
s " J/#$ decays.

1.4 CP Violation and Neutral-Meson Mixing

The most precise and among the theoretically cleanest information about the phase of the

CKM matrix stems at present from the measurements of time-dependent CP asymmetries in

B decays, so we need to review briefly the relevant formalism. We use the B0 system as an

example. In general, all forms of CP violation are related to interference phenomena, because CP

violation is due to irreducible phases in the Lagrangian, which are observable only in interference

experiments.

The conceptually simplest form of CP violation, which can occur in both charged- and neutral-

meson as well as baryon decays, is CP violation in decay. If at least two amplitudes with nonzero

relative weak ($k) and strong (%k) phases (that are odd and even under CP , respectively)

contribute to a decay,

Af = #f |H|B$ =
#

k

Ak ei!k ei"k , Af = #f |H|B$ =
#

k

Ak ei!k e"i"k . (22)

Then it is possible that |Af/Af | %= 1, and thus CP symmetry is violated. If there are two

contributing amplitudes then |Af |
2 ! |Af |2 & sin($1 ! $2) sin(%1 ! %2). Because these kinds

of CP asymmetries depend on strong phases, their interpretation is usually model dependent

(unless the strong phase can be eliminated by relating several decays to each other). The best

established observations of this type of CP violation are Re &#K and the charge asymmetry in

B0 " K+'".

In neutral-meson decays there are other possibilities in which CP violation can occur. The

two B-meson mass eigenstates are linear combinations of the flavor eigenstates,

|BL,H$ = p|B0$± q|B0$ , (23)

with two complex parameters p and q. The CP symmetry is violated if the mass eigenstates are

not equal to the CP eigenstates (CP violation in mixing). This happens if |q/p| %= 1, i.e., if the

physical states are not orthogonal, #BH |BL$ %= 0, which could not occur in a classical system.

The theoretical prediction of |q/p| requires the calculation of inclusive nonleptonic rates, which

is feasible in the heavy-quark limit, but in practice the uncertainties may be sizable. This type

of CP violation is well established in the charge asymmetry of semileptonic K0
L decay (given by

%L ' 2Re &K) or the asymmetry between K0
t=0 " e+X and K0

t=0 " e"X (given by 4Re &K) [17].

The latter asymmetry measuring CP violation in mixing is denoted by ASL in the B system,

where it is expected to be below the 10"3 level.

When both B0 and B0 can decay to the same final state, f , the time-dependent CP asymmetry

can be studied:

Af (t) =
![B0(t) " f ] ! ![B0(t) " f ]

![B0(t) " f ] + ![B0(t) " f ]
= Sf sin("m t) ! Cf cos("m t) , (24)
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where !m = mBH
!mBL

and t is the proper decay time of the B, and where we have assumed

CPT invariance and neglected lifetime di"erences in the neutral B-meson system (see Refs. [16]

and [18] for a more general formulation of the time dependence). The S and C coe#cients can

be calculated in terms of the B0B0 mixing parameters and the decay amplitudes,

Sf =
2 Im !f

1 + |!f |2
, Cf =

1 ! |!f |2

1 + |!f |2
, !f =

q

p

Af

Af
. (25)

It is possible that |q/p| = 1 and |!f | = 1, i.e., there is no CP violation in either mixing or

decay, but the CP asymmetry in Eq. (24) is nonzero, because Im!f "= 0 (CP violation in the

interference between decay with and without mixing, or mixing-induced CP violation).

For decays in which the final state is a CP eigenstate and amplitudes with one weak phase dom-

inate, AfCP
measures a phase in the Lagrangian theoretically cleanly, independent of hadronic

matrix elements. (However, f does not have to be a CP eigenstate for this type of CP violation

to occur, nor for it to have a clean interpretation.) For such decays, the CP symmetry of QCD

implies AfCP
= "fCP

AfCP
, where "fCP

is the CP eigenvalue of f , simplifying the evaluation of

!f . In such cases CfCP
= 0 and SfCP

= Im !fCP
= sin(arg !fCP

), where arg !fCP
is the phase

di"erence between the B0 # f and B0 # B0 # f decay paths. For the generic case, where sev-

eral amplitudes with di"erent weak phases contribute, detailed knowledge of Af/Af is necessary

to interpret the experimental measurements. In particular, the strong phases of the amplitudes,

which usually result in hadronic uncertainties in the interpretation of Sf , and may also give rise

to Cf "= 0, must be determined. Note that if Cf is small, it does not imply that Sf provides

clean information on short-distance physics. If there are amplitudes with di"erent weak but

small relative strong phases, then Cf $ 0, but Sf still depends on the hadronic physics.

1.5 Physics Beyond the Standard Model

There are many reasons to believe that there is physics beyond the SM. The evidence for dark

matter implies not-yet-seen particles, the observed matter-antimatter asymmetry of the Universe

implies not-yet-observed CP violation, and neutrino masses make the existence of heavy right-

handed neutrinos an appealing scenario. More aesthetic reasons include the gauge hierarchy

problem that requires new physics to stabilize the huge MPlanck/Mweak ratio, grand unification of

the electroweak- and strong-interaction couplings (that appears naturally with Supersymmetry

(SUSY) at the TeV scale), the strong CP problem that may imply the existence of an axion,

and the evidence for dark energy that may simply be a cosmological constant in the Einstein

equations. Some of these may also relate to new flavor physics that could have observable e"ects

in low-energy experiments.

It is interesting to probe the flavor sector, because it is not well understood. In the SM, the

origin of quark-mass and mixing-angle hierarchies are not understood. And if there is new physics

at the TeV scale, as conjectured from the gauge hierarchy problem and grand unification, we do

not understand why it does not show up in flavor physics experiments. A four-quark operator

(sd)2/#2
NP with O(1) coe#cient would give a contribution exceeding the measured value of

$K unless #NP >% 104 TeV. Similarly, (db)2/#2
NP yields !md above its measured value unless

#NP >% 103 TeV. Extensions of the SM typically have many new sources of CP violation and

where
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sin(2 )  sin(2 1)
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PRD 61, 072005 (2000)
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LHCb
LHCb-PAPER-2012-035

0.73 ± 0.07 ± 0.04

Belle5S
PRL 108 (2012) 171801

0.57 ± 0.58 ± 0.06
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0.68 ± 0.02
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The experimental techniques to measure the UT angles also change radically from one to

another. The measurements of ! and " require B0B0 mixing and therefore use neutral B

mesons, whereas the measurements of # use interference between b ! u and b ! c decay

amplitudes, and can be done with both neutral and charged B decays.

In the following we neglect CP violation in B0 mixing, which has been searched for with both

flavor-specific and inclusive B0 decays in samples where the initial flavor state is tagged. The

current world average is |q/p| = 1.0018 ± 0.0017 [118,119], whereas the deviation from unity is

expected to be |q/p| " 1 # 0.0003 [120], and around $2 times smaller in B0
s mixing. See Sec. 7

for an application of this search in the context of new physics studies.

5.1 ! from B Decays to Charmonium Final States

In b ! ccs quark-level decays, the time-dependent CP violation parameters measured from the

interference between decays with and without mixing are Sccs = "%CP sin2" and Cccs = 0, to a

very good approximation. The theoretically cleanest case if B ! J/&K0
S,L, where

$!K0
S,L

= $
!

V !
tbVtd

VtbV !
td

"!
VcbV !

cs

V !
cbVcs

"!
VcsV !

cd

V !
csVcd

"
= $e"2i" , (57)

and so Im$!K0
S,L

= S!K0
S,L

= ± sin 2" (see Sec. 1.4). The sign is from %!K0
S,L

= $1, the first

factor is the SM value of q/p in B0B0 mixing, the second is A/A, and the last one is pK/qK . In

the absence of K0K0 mixing there could be no interference between B0 ! &K0 and B0 ! &K0.

BABAR [121] and Belle [122] have both used the %CP = "1 modes J/&K0
S , &(2S)K0

S , 'c1K0
S and

%cK0
S , as well as J/&K0

L, which has %CP = +1, and J/&K!0(892)(! K0
S(0), which is found from

an angular analysis to have %CP close to +1 (the CP -odd fraction amounts to 0.217±0.010 [66]).

In the latest result from Belle, only J/&K0
S and J/&K0

L are used. The world average reads [66]

sin2" = 0.687 ± 0.032 , (58)

giving for the angle " within [0,(] the solutions (21.7 +1.3
"1.2)

# and (68.3 +1.2
"1.3)

#, where the first

number is compatible with the result from the global CKM fit without the measurement of

", (24.4+2.6
"1.5)

# and sin2"CKM = 0.752 +0.057
"0.035 (cf. Sec. 6). As expected in the SM, no direct CP

violation has been observed in these modes.

In b ! ccd quark-level decays, such as B0 ! J/&(0 or B0 ! D(!)D(!), unknown contributions

from (not CKM suppressed) penguin-type diagrams, carrying a di!erent weak phase than the

tree-level diagram, compromises the clean extraction of sin2". Consequently, they are not

included in the sin2" average.

5.1.1 Resolving the four-fold ambiguity

Despite the agreement of Eq. (58) with the SM, it is still possible that, because of contributions

from new physics, the correct value of " is one of the three solutions not compatible with the

SM. The measurement of the sign of cos2" eliminates two of the solutions.9 B-meson decays

to the vector-vector final state J/&K!0, where three helicity states of the vector mesons mix
9The invariance ! ! " + ! remains. It cannot be lifted without theoretical input on a strong phase [123].

B0 → ψK0
L,S

−CP of S, L
q/p Āf/Af

p/q for K

b→ cc̄sGold plated examples: 

b ccs CCP
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Average
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and Bs → ψφ,ψπ+π−

λψπ+π− = −
�

V ∗
tbVts

VtbV ∗
ts

��
VcbV ∗

cs

V ∗
cbVcs

�
= −e−2iβs small angle in squashed

unitarity triangle 
≈ 0 in SM

CPV in Bs!J/! X 
!  Interference between mixing 
   & decay 

!  For f =J/! " or J/!#+#- 

!  Small CPV expected, good place for NP to 
appear 

!  Bs!J/!" is not a CP eigenstate, as it’s a vector-
vector final state, so must do an angular analysis 
to separate the CP+ and CP- components 
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s lifetimes)
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Not vector-vector final state ⇒ no complex angular analysis!
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Bs  phenomenology 
Due to flavor changing couplings to common states, the time 
evolution of the meson BS  and         is  described by the superposition 
of BH  and BL  states, with masses mS ± !mS/2 and lifetimes "S

   !"S /2 .   

These states deviate from defined values CP = ± 1, as described in the 
SM by the mixing phase #s : 

 

 #s = -2$s , 

 

 

SM prediction (fit):   #s = -0.0368 ± 0.0018 rad  

         !"S = 0.082 ± 0.021 ps-1 

New Physics might add an additional contribution to #s ,                                                   
and might change the ratio !"S /!mS. 
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Combined fit to polarization, widths and angles in
gives widths and angles: 

B → ψφ(K+K−)
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Can we compute Γ 
(let alone ΔΓ)? 

• Standard lore: use OPE

• OPE: expansion in 1/mb

• Normally:
• OPE valid in “deep Euclidean region”
• Use dispersion relation to relate to physical region
• Result in integral over all energies in physical region
• Duality: replace integral over all energies by smearing over domain
• Duality works if smearing over large enough region:
• Include large number of resonances
• Smooth regions dominate

1 Introduction 3

b

s

s

b

c

c

b
s

s b

c

c

Figure 2: Leading-order CKM-favoured contribution to !s
12, which arises from

( )
Bs decays to final

states (indicated by the dashed lines) with a (c, c) pair and zero strangeness. The crosses denote
any of the operators Q1!6 of the |"B| = 1 hamiltonian. The Cabibbo-suppressed contributions
correspond to diagrams with one or both c quarks replaced by u quarks.

While the precise measurement in Eq. (7) sharply determines |Ms
12|, the uncertainty of f 2

Bs
B,

which is around 30%, blurs the extraction of some new physics contribution adding to S0(xt) in
Eq. (4). Alternatively one can study the ratio "Md/"Ms, where "Md is the mass difference
in the Bd!Bd system. While the hadronic uncertainty in the ratio f 2

Bs
B/(f 2

Bd
BBd

) is smaller,
one is now dependent on |Vtd/Vts|2. Even if one assumes non-standard contributions only in Bs

physics, but not in the quantities entering the global fit of the unitarity triangle, |Vtd/Vts|2 is only
known to roughly 40% [2] leaving equally much room for new physics in |Ms

12|.
Adding experimental information from "!s or as

fs helps in two ways; first, one can study
the CP-violating phase !s, which is totally unconstrained by "Ms, through Eqs. (2) and (3).
Second, one expects cancellations of hadronic parameters in the ratio !s

12/M
s
12, which enters

as
fs and "!s/"Ms. All decays into final states with zero strangeness contribute to !s

12, which
is dominated by the CKM-favoured b " ccs tree-level contribution. In the first step of the
calculation the W-boson is integrated out and the W-mediated |"B| = 1 transitions are described
by the usual effective |"B| = 1 hamiltonian with the current-current operators Q1, Q2 and the
penguin operators Q3!6, Q8 [16]. The leading contribution to !s

12 in this effective |"B| = 1
theory is shown in Fig. 2. In the second step one uses an operator product expansion (OPE), the
Heavy Quark Expansion (HQE), to express !s

12 as an expansion in the two parameters #/mb and
"s(mb). Here "s is the QCD coupling constant and # is the appropriate hadronic scale, which
quantifies the size of the hadronic matrix elements. The HQE links the diagrams of Fig. 2 to the
matrix elements of local "B = 2 operators. In addition to the operator Q in Eq. (5) one also
encounters

QS = s!(1 + #5)b! s"(1 + #5)b", (8)

whose matrix element is parameterised by a bag parameterBS in analogy to Eq. (6). The leading
contribution to !s

12 was obtained in [7, 17]. Today !s
12 is known to next-to-leading-order (NLO)

in both #/mb [18] and "s(mb) [19, 20]. The 1998 result [19]
!

"!s

!s

"
=

#
fBs

210 MeV

$2

[0.006 B + 0.150 BS ! 0.063] (9)

2 Theoretical update of Bs!Bs mixing

b

s

s

b

u,c,t

u,c,t

b

s

s

b

Figure 1: In the lowest order Ms
12 is calculated from the dispersive parts of the box diagrams

on the left. It is dominated by the top contribution. The result involves only one local |!B| =
2 operator, shown in the right picture. The leading contribution to "s

12 is obtained from the
absorptive parts of the box diagrams on the left, to which only diagrams without top quark line
contribute. To lowest order in the heavy quark expansion two |!B| = 2 operators occur, the
#/mb corrections involve five more.

|Ms
12| is directly related to!Ms, the extraction of !s from either!"s or as

fs requires an accurate
knowledge of "s

12.
In the Standard ModelMs

12 and "s
12 are computed from the box diagrams in Fig. 1 and QCD

corrections in the desired order. The Standard Model prediction forM12 reads:

M12 =
G2

F MBs

12"2
M2

W (VtbV
!
ts)

2 !#B S0(xt) f 2
Bs

B, (4)

where GF is the Fermi constant, the Vij’s are CKM elements, MBs
and MW are the masses of

Bs meson and W boson and the short-distance information is contained in !#B S0(xt): S0(xt) is
the Inami-Lim function, which depends on the top mass mt through xt = m2

t /M
2
W , and !#B is a

numerical factor containing the leading and next-to-leading QCD corrections [9]. The calculation
ofM12 involves the four-quark operator ($, % = 1, 2, 3 are colour indices):

Q = s!&µ(1 ! &5)b! s"&µ(1 ! &5)b". (5)

All long-distance QCD effects are contained in the hadronic matrix element of Q and are param-
eterised by f 2

Bs
B:

"Bs|Q|Bs# =
8

3
M2

Bs
f 2

Bs
B. (6)

The recent observation of the Bs!Bs mixing frequency !Ms = 2|Ms
12| at the Tevatron [10]

yields a powerful constraint on extensions of the Standard Model [11–14]. The results from the
DØ and CDF experiments obtained with 1 fb"1 of data, are [15]

17 ps"1 $ !Ms $ 21 ps"1 @90%CL DØ
!Ms = 17.77 ± 0.10(syst) ± 0.07 (stat) ps"1 CDF. (7)

≅ + ...

Quark-hadron duality has been part of the lore of strong interactions for three decades.

Bloom and Gilman [1,2] (BG) discovered duality in electron-proton inelastic scattering.

There, the cross section is given in terms of two Lorentz invariant form factors W1 and

W2 which are functions of the invariant mass of the virtual photon, q2, and the energy

transfer to the electron, !. Considering the form factors as functions of the scaling variable

" ! q2/2M!, they compared the scaling regime of large q2 (and large !) with the region of

fixed, low q2. They determined that, for each form factor, the low q2 curves oscillate about

the scaling curve, that identifiable nucleon resonances are responsible for these oscillations

and that the amplitude of a resonant oscillation relative to the scaling curve is independent

of q2. Moreover, they introduced sum rules whereby integrals of the form factors at low and

large q2 agree and noticed that the agreement was quite good even when the integration

involved only a region that spans a few resonances.

Poggio, Quinn and Weinberg [3] (PQW) applied these ideas to electron-positron anni-

hilation. While BG compared experimental curves among themselves, PQW compared the

experimental cross section to a scaling curve calculated in QCD. They noticed that the

weighted average of the cross section #(s),

#̄(s) =
!

$

!

!

0
ds"

#(s")

(s" " s)2 + !2
(1)

is given in terms of the vacuum polarization of the electromagnetic current with complex

argument,

#̄(s) =
1

2i

"

"(s + i!) " "(s " i!)
#

, (2)

and argued that one can safely use perturbation theory to compute this provided ! is large

enough. This procedure was better understood with the advent of Wilson’s [4] Operator

Product Expansion (OPE). It is interesting to point out that the prediction of PQW based

on the two generations of quarks and leptons known at the time did not successfully match

the experimental results. When PQW allowed for additional matter they found a best

match if they supplemented the model with a heavy lepton and a charge 1/3 heavy quark,

2

Poggio-Quinn-Weinberg: 

can use OPE for Π if Δ is large enough

[Lenz & Nierste, eg:  JHEP 0706 (2007) 072]
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• For B decay we cannot smear (integrate) over quark masses

• Neither can we compute for “deep euclidean” mass

• Maybe duality works if mass is large enough (large number
of decay channels)?

• Test the idea by applying it to soluble model: 
QCD in 2-dims at large Nc (the ‘t Hooft model)

4 6 8 10 12 14
MQ

2

3

4

5

6

7
�

•Spikes from phase space at thresholds

•Constant difference between “exact” 
and perturbative: order (1/MQ)0

to first two orders in an expansion in 1/mb and that to that order the result is identical to

the inclusive rate obtained using a heavy quark OPE as introduced in Ref. [6]. The equality

holds for the double di!erential decay rate if it is averaged over a large enough interval of

hadronic energies. The computation demonstrates explicitly quark-hadron duality in semi-

leptonic B-meson decays in the SV limit, but really sheds no light into the mechanism for

duality. In particular, it is puzzling that duality holds even if the rate is dominated by only

two channels.

More recently we attempted to verify duality in hadronic heavy meson decays. In Ref. [7]

we considered the width of a heavy meson in a soluble model that in many ways mimics

the dynamics of QCD, namely an SU(Nc) gauge theory in 1 + 1 dimensions in the large

Nc limit. This model, first studied by ’t Hooft[8], exhibits a rich spectrum with an infinite

tower of narrow resonances for each internal quantum number, making the study of duality

viable. We considered a ‘B-meson’ with a heavy quark Q and a light (anti-)quark q of

masses MQ and m, respectively, which decays via a weak interaction into light q̄q mesons.

To leading order in 1/Nc the decay rate is dominated by two body final states: if !j denote

the tower of q̄q-mesons, the total width is given by "(B) =
!

"(B ! !j!k), where the

sum extends over all pairing of mesons such that the sum of their masses does not exceed

the B mass, µj + µk < MB. The main result of that investigation was that there is rough

agreement between "(B) and the decay rate of a free heavy quark, "(Q). When considered as

functions of MQ the quark rate is smooth but the meson rate exhibits sharp peaks whenever

a threshold for production of a light pair opens up. This is due to the peculiar behavior

of phase space in 1 + 1 dimensions, which is inversely proportional to the momentum of

the final state mesons. Nevertheless, in between such peaks it was found that the relation

"(B) = "(Q)(1 + 0.14/MQ), in units of g2Nc/! = 1, holds fairly accurately.

Recently[9] we considered the e!ect of local averaging on the results of Ref. [7]. The main

result is that when averaged locally over the heavy mass MQ the agreement between "(B)

and "(Q) is parametrically improved. In fact, for the averaged widths we found

""(B)# $ ""(Q)#
"

1 +
0.4

M2
Q

+
5.5

M3
Q

#

(3)

Remarkably, the correction of order 1/MQ has disappeared.

In this paper we demonstrate that when averaging over MQ the corrections of order 1/MQ

are absent. The argument we present is very general and applies both to the ’t Hooft model,

3
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FIG. 1. Normalized e+e! cross section averaged over the squared center of mass energy s as

in Eq. (1) with ! = 3GeV2. The dashed (red) curve is from PQW [3]. The solid (green) curve is

ours and shows the e"ect of including the narrow charm-onium resonances.

anticipating the discovery of the tau-lepton and b-quark. It is also interesting that PQW

did not include in their average of data the contribution of charm-onium resonances. When

this is done the average cross section is raised significantly at low s, leaving the higher s

region una!ected, as shown in Fig. 1.

In an attempt to understand the origin of quark-hadron duality we have computed both

the actual rate and its “scaling limit” from first principles in special situations. In Ref. [5] we

computed the semi-leptonic decay rate and spectrum for a heavy hadron in the small velocity

(SV) limit. We showed that two channels, B ! De! and B ! D"e!, give the decay rate

to first two orders in an expansion in 1/mb and that to that order the result is identical to

the inclusive rate obtained using a heavy quark OPE as introduced in Ref. [6]. The equality

holds for the double di!erential decay rate if it is averaged over a large enough interval of

hadronic energies. The computation demonstrates explicitly quark-hadron duality in semi-

leptonic B-meson decays in the SV limit, but really sheds no light into the mechanism for

duality. In particular, it is puzzling that duality holds even if the rate is dominated by only

3

Effect of including narrow
resonances in lorentzian smearing:

red: PQW (exclude resonances)

green: include resonances

NOTE: very slow approach to duality,
effect of resonances significant in resonant region

Quark-hadron duality has been part of the lore of strong interactions for three decades.

Bloom and Gilman [1,2] (BG) discovered duality in electron-proton inelastic scattering.

There, the cross section is given in terms of two Lorentz invariant form factors W1 and

W2 which are functions of the invariant mass of the virtual photon, q2, and the energy

transfer to the electron, !. Considering the form factors as functions of the scaling variable

" ! q2/2M!, they compared the scaling regime of large q2 (and large !) with the region of

fixed, low q2. They determined that, for each form factor, the low q2 curves oscillate about

the scaling curve, that identifiable nucleon resonances are responsible for these oscillations

and that the amplitude of a resonant oscillation relative to the scaling curve is independent

of q2. Moreover, they introduced sum rules whereby integrals of the form factors at low and

large q2 agree and noticed that the agreement was quite good even when the integration

involved only a region that spans a few resonances.

Poggio, Quinn and Weinberg [3] (PQW) applied these ideas to electron-positron anni-

hilation. While BG compared experimental curves among themselves, PQW compared the

experimental cross section to a scaling curve calculated in QCD. They noticed that the

weighted average of the cross section #(s),

#̄(s) =
!

$

!

!

0
ds"

#(s")

(s" " s)2 + !2
(1)

is given in terms of the vacuum polarization of the electromagnetic current with complex

argument,

#̄(s) =
1

2i

"

"(s + i!) " "(s " i!)
#

, (2)

and argued that one can safely use perturbation theory to compute this provided ! is large

enough. This procedure was better understood with the advent of Wilson’s [4] Operator

Product Expansion (OPE). It is interesting to point out that the prediction of PQW based

on the two generations of quarks and leptons known at the time did not successfully match

the experimental results. When PQW allowed for additional matter they found a best

match if they supplemented the model with a heavy lepton and a charge 1/3 heavy quark,

2

•Smearing will turn the finite difference into one that decreases with 1/MQ

•Q: how can this averaging procedure turn a constant difference into one that 
decreases as (1/MQ)1?

•Go back to e+e-
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7 8 9 10 11 12
MQ

�0.4

�0.2

0.0

0.2

0.4
�n � �Q

• Lorentzian smearing

• Justified by OPE provided

• Corrections to OPE:

• I conclude:
Cannot trust OPE for width
unless asymptotically heavy quark

1
((x−MQ)2 + 1)n

n ≥ 2

4 6 8 10 12 14
MQ1

2

3

4

5

6

7
�

n = 1

n = 3
n = 5

order
1

M2
Q

Difference with OPE
corrected by 1/M2 +1/M3 



End Long Digression
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b → s penguin modes
sin(2 eff)  sin(2 e

1
ff)  vs  CCP  -ACP

Contours give -2 (ln L) = 2 = 1, corresponding to 60.7% CL for 2 dof
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• No sign of deviations 
from standard CKM 

• Many of these new: 
expect improvement in 
next generation

b → ccd modes

Kronenbitter
De Sangro

B-mixing + b! ccd — sensitive to !1/"

B0 ! D+D"

CP-eigenstate

S = sin 2!1, A = 0
if negligible penguin

B0 ! D#+D#"

mix of CP-odd/even

S, A for each of

longitudinal / transverse

B0 ! D±D#$

Not a CP-eigenstate

2 amplitudes " 2 modes
# C, S, A, !S, !A

D$+D$% full reconstruction

5.4# CPV, Podd = 14 ± 2 ± 1%

(Belle)

New partial reconstruction (BaBar)
(one of D$ of D$D$ is tagged only by slow $)
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Backup: HFAG B0 → D+D−
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D
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 SCP vs CCP

Contours give -2!(ln L) = !"
2 = 1, corresponding to 60.7% CL for 2 dof

-1.6 -1.2 -0.8 -0.4 0 0.4 0.8

-0.8

-0.4

0

0.4

0.8

SCP

CCP

BaBar
Belle
Average

H F A GH F A G
Winter 2009

PRELIMINARY

D
+
 D

-
 SCP vs CCP

Contours give -2!(ln L) = !"
2 = 1, corresponding to 60.7% CL for 2 dof

-1.6 -1.2 -0.8 -0.4 0 0.4 0.8

-0.8

-0.4

0

0.4

0.8

SCP

CCP

BaBar
Belle
Average

H F A GH F A G
Moriond 2012
PRELIMINARY

Indirect CP -violation at Belle 18/15

Backup: HFAG B0 → D∗+D∗−
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α/φ2 and Penguin Pollution

• Isospin analysis  [Gronau-London PRL65,3381(1990)] 

• Relations with B → π+π0 and B0 → π0π0 
(same for B → ρρ after resolving polarization)

• Isospin breaking effects are small 

• Time-dependent Dalitz analysis [Snyder-Quinn PRD48,2139(1993)]

• B0 → π+π−π0 contains ρ+π−, ρ−π+, ρ0π0 and cross terms 
(interference)

• α/φ2 directly determined, ρ±π0 and ρ0π±  may improve  
further (future)

A(!+!0) = A(!!!0)

A(!
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" 2
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Isospin analysis [Gronau-London PRL65,3381(1990)]

Relations with B+ % !+!0 and B0 % !0!0

(same for B% %% after resolving polarization)

Isospin breaking effects are small (& 2')

[EW penguins, mu ! md, ! ! &(() mixing]

Time-dependent Dalitz analysis [Snyder-Quinn PRD48,2139(1993)]

B0 % !+!!!0 contains %+!!, %!!+, %0!0 and their interferences

#2/' directly determined, %±!0 and %0!+ for further improvementC
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[BG Phys.Lett. B229 (1989) 280]
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12 
ICHEP 2012, Melbourne, 7 July 2012 

! 

B
0
"# +#$

LHCb-CONF-2012-007!! 

A""
dir = 0.11± 0.21± 0.03

A""
mix = #0.56 ± 0.17 ± 0.03

$ A""
dir
,A""

mix( ) = #0.34

!! Preliminary results from fit: 

B0!K"!

B0!""!

First B0!"" CP asymmetry 

measurement at hadron collider!
–! Input #md from LHCb, extract      

$(B0), agrees with world average 

5359±96 

events 

NEW form LHCb
[Paul Soler ICHEP 2012]

Soler Jermin

Huge signal sample

5359 ± 96 ev

Tagging !e! = (2.3 ± 0.1%)
(! !e! " 30% at Belle/BaBar)

[LHCb 0.7 fb#1, LHCb-CONF-2012-007]

S"" = Amix
"" = 0.56 ± 0.17 ± 0.03

A"" = Adir
"" = 0.11 ± 0.21 ± 0.03

First significant (3.2#) mixing-induced
CPV measurement at a hadron collider
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LHCb consistent
 with BaBar!
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Combined

CKM fit

!2 / " = (88.7 +4.6!4.2)
"

[CKMfitter Moriond2012]

Multifold ambiguity solved by combination of ##, $# and $$
# Consistent solution exists, $$ bound is most stringent

Many Belle’s / some BaBar’s results yet to be updated to the full

statistics, LHCb will further improve S## andA##
Further !2/" related measurements are homework for Belle II/SuperB
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Direct CPV
Volume 222, number 3,4 PHYSICS LETTERS B 25 May 1989 

F ( D + ~  ~ )  - F ( D - - - .  ~ ) )  2 I m  (a*b) Im(Z'*A) ~$6 $23S13 I m ( ~ )  (14) 
A = F ( D + ~ Y ~ J ) + F ( D - - - - , ~ )  - lal 2 12~12+ I ~  1AI2+2 R e ( a ' b )  R e ( S  *A) s~z ' 

where the approximation holds if I b I is not much larger than I a I- I f  s6 Im ( b / a )  ~ 1/2, s~2 = 0.220, $23 = 0 . 0 5 ,  
and S13=0.007, then A ~ 8!  10 -4. To observe an asymmetry A as an m standard deviation effect in a decay 
mode with a branching ratio B requires N >  m 2/A 2B mesons. For example ,2 BR (D ÷ ~ K ÷I~ °) = (8 + 2) X 10-  3, 
so for a 3a effect in this decay mode 2X 109 D mesons are required, a number  which is a bit larger than can be 
obtained in present experiments. 

On the other hand, as we have seen, an enhancement of  the triplet operator increases only I b l. Therefore, it 
will have the effect of  increasing the asymmetry. An enhancement o f  L bl by a factor of  20, as occurs in the M =  
1/2 rule of  K decays, would reduce the number  of  D mesons needed by a factor of  400, so only 5 X 106 would be 
required. 

This effect is unlike the situation in K decays, in which enhancement o f  the A / =  1/2 operator makes the 
observation of  ~'/~ more difficult. In that case, the denominator  of  the expression comparable to eq. (14) 
contains two operators with coefficients of  the same size, so when one operator is enhanced the asymmetry gets 
suppressed. 

It is important  to understand the role that the SU (3) flavor symmetry has played in this analysis. In the 
derivation of  eq. (8) the SU (3) was merely a bookkeeping device; it was used to organize the operators in a 
simple way, but any other grouping would have yielded the same result. SU (3) symmetry really should be used 
to relate different decay modes to each other, but, in arguing that the matrix elements of  the triplet operators 
may be enhanced, we do not really need to do this. We may take all the different hadronic matrix elements of  
[ 3 ], [ 6 ], and [ 15M] to be different, not  related by eq. ( 11 ). In that case we simply note that the matrix elements 
of  [ 3 ] are the ones which are likely to be large, and they are multiplied by the coefficient A. 

In ref. [ 10] it was noted that it is possible to obtain tree level CP violation in D~ + ~ K + n  ° decays from the 
interference of  the "spectator" diagram with the "annihilat ion" diagram. Because the annihilation diagram is 
suppressed by f ~/rn 2, where fD is the D meson decay constant, the CP violation in the D + decays from this 
mechanism is small, requiring about 4 ! 10 l° D mesons to manifest itself as a 3a effect. In D O and D ÷ decays the 
effect was too small to be observed. It was also pointed out that the anomalously short lifetime of  the D~ + relative 
to the D ÷ might have been an indication that the annihilation diagram was larger than naively expected, in 
which case the CP violation would be easier to observe. Today it is believed that the short lifetime of  the D~ + is 
not due to an enhancement o f  the annihilation diagram, rather it is caused by large phase shifts in the final state 
[ 6 ]. As we have seen, these phase shifts are crucial to the observation of  CP violation. 

It is worth noting that the three- and four-body strangeness conserving decays of  the D are also good places to 
look for asymmetries; there may be an enhancement o f  the triplet operator in a decay to a multibody final state. 
For example ~3, BR(D+__ .K+K-n+  (nonresonant ) )  = ( 4 +  1 ) X 10 -3, just a factor of  2 smaller than the two- 
body decay above. Since the two diagrams shown in fig. 1 have different phases, it is very easy to see how CP 
violations occur in the decay to this final state. 

An outstanding puzzle in D decays is the ratio F ( D ° ~ K + K  - ) / F ( D ° ~ n + n  - ). Experimentally ~4, this ratio 
is about 7 / 2. SU (3)  predicts that the decay rates should be nearly identical, because the amplitudes are [ 3 ]: 

a ( D ° ~ K + K  - ) = ( 2 T + E - S ) X +  ! (3T+2G+F-E)A,  

a ( D ° - - , n + n - )  = - ( 2 T + E - S ) S +  ! (3T+2G+F-E)A.  ( 15 ) 

If  we wish to explain this ratio by the enhancement o f  the triplet operators, we need (2G + F)A of  the same order 

,2 This branching ratio is from the Review of Particle Properties [ 5 ], based on refs. [ 8,9 ]. 
~3 Fromref. [5],basedonrefs. [8,11]. 
~4 From ref. [5], based on refs. [8,12]. 
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d 
C 8 C d 
q q q q 

8 

d 

Fig. 1. Two diagrams for charm decay into the same final state. 
The first diagram has a coefficient V*~ V.~, while the second has 
Vcd V,d. 

where q are light quark fields, having flavor index i, j and color index a,  fl; F is a gamma matrix structure which 
will be discussed below; and T k are coefficients given below. This hamiltonian transforms under flavor SU (3) 
as 3 ® 3 ® 3 = 15M~ 6 ~  3 ~ 3. The 15M is symmetric in i, k and traceless when i or k is contracted with j, the 6 is 
antisymmetric and traceless, while the traces o f  the symmetric and antisymmetric parts are the two 3's. 

We may use a renormalization group analysis [4 ] to compute  the coefficients o f  the various operators de- 
scribed above. The bare operators in the ACharm = - 1, strangeness conserving decay are 

~eba~ = 4Gv x//~ [V*dV, d(d'*LUc,)(uaLuda)+V*~Vudg'~LUc,)(aPLusa)+Vc*bV.b(6'~LUc,~)(aPLuba)], (2) 

where L ~= 7u( 1 -7~ ) /2 .  The renormalized effective hamiltonian is a function of  the scale/2. We assume that at 
/2 = row, the W boson mass, the effective hamiltonian is the same as eq. (2).  Assuming the top quark mass is 
bigger than 60 GeV or so, we may compute  the effective operator a t / 2 =  m¢, the charm quark mass, via a two 
step process. The effective hamiltonian is run f r o m / 2 =  mw t o / 2 =  rob, the b-quark mass, at which scale the b- 
quark is frozen out, and then the hamiltonian is run down to/2 = me. 

Eq. (2) may be written in the form 

G~ 
~bare - -  N//~ [ (2(9 ( 'sM)+2C (g))Z+ (3(32 - (9, + (p (,5M)')A+4V¢*b V.b~ 1, (3) 

where 

~(v~v--V~dV.d), ~J=!(Vc%V.~+V~Vu~) 
and 

(9 ~'sM) = ( g'~L Uc,~) ( aPLusa) + ( a'~L ~c,~) ( gaLusa) - ( ar,~L Uc,~) ( aPLuda) - ( a,~L ,,c,~) ( daLuda), 

(9 ~lSM)'= ( d'~L ~c,~) ( aPLudp) + ( a'~L "c,~) ( dPLuda) + (g~L,'c,~) ( aPL,,sp) + ( a"L  Uc.) ( eSLusp) 

- 2( a"L  ~c.) ( aPL, u , )  , 

C (~)= (Y'~LUc~) (aaL~,sa) - (a"L,c,~) (gPL,s , )  - (cl~LUc,~) (aPLuda) + ( a " L , c , )  (d~L,dp) .  

(9, = ( a~L ~c,) [ ( aaL~ua) + ( d~L~dp) + (~PLusa) ], 

c5 = ( a'~L ~c,) [ ( aPL~u.~) + ( d'Lud,~) + ( yaL~s,~) ], 

C8 = ( a'~L ~ca) ( SaLub,~). 

Here we have used a Fierz rearrangement to write C2 and ~ in this form. The operators 8~(Ls,,) and (9 ('sM)' are 
two different members o f  the same SU (3) 15-plet. The operators (f,, (32, and 68 transform as members of  triplets. 

The coefficient A would be 0 if  the 2 ! 2 submatrix of  the KM matrix were unitary. I f  the world has only three 
generations (as we assume throughout) ,  then unitarity o f  the KM matrix requires that Vc% V.b = --2A. 

Since the strong interactions conserve flavor SU (3),  one sees that it is not  possible to mix different SU (3)  
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[BG & Golden, Phys.Lett. B222 (1989) 501]Garra Tico
Tonelli

Ko

!Acp = Acp(D0 ! K+K") " Acp(D0 ! !+!") [%]
LHCb !0.82 ± 0.21 ± 0.11 PRL2012

CDF !0.62 ± 0.21 ± 0.10 charm2012

BaBar (see below) PRD2011

Belle !0.87 ± 0.41 ± 0.06 ICHEP2012

WA !0.678 ± 0.147 (>4!) HFAG2012

CDF (pp): Araw( f ) = Acp( f ) + AD("s) [slow pion detection]
LHCb (pp): Araw( f ) = Acp( f ) + AD("s) + AP(D"+) [production]
Belle (e+e!): Araw( f ) = Acp( f ) + AD("s) + AFB(D) [forward-backward]
(B# D has to be removed to avoid CPV in B decays in many analysis)

Individual ACP are not significant
Acp(D0 # K+K!) [%] Acp(D0 # "+"!) [%]

CDF !0.24 ± 0.22 ± 0.09 +0.22 ± 0.24 ± 0.11
BaBar 0.00 ± 0.34 ± 0.13 !0.24 ± 0.52 ± 0.22
Belle !0.32 ± 0.21 ± 0.09 +0.55 ± 0.36 ± 0.09

Need to search
for ACP in

other modes
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GF ~ =  ~ {[(1"52) (9(~5M)+ (3.46) (9(~)IS 

+ [ ( - 2 . 7 0 )  (9~ + (4.22) (92 + (0.074) (93 + ( - 0 . 1 8 2 )  (94 + (0.055) (95 + ( - 0 . 2 1 2 )  (96 + (1.52/2) (9(~5M)' ]A}. 
(8) 

Of course, (97 and 6k do not appear below the b-quark scale. It is, however, important to include the effects of (98 
in the low energy physics. Leaving out this operator at the high scale would have resulted in coefficients of (93, 
(~,, (95, (96 of about twice the magnitude of those given above. 

The interesting thing about eq. (8) is the enhancement of (9~ and ~,  and the relatively large coefficient of (96- 
(96 is an operator with different Lorentz structure, involving both left- and right-handed quarks. Matrix elements 
of operators like this are frequently considerably larger than a naive estimate would indicate. 

In ref. [ 1 ] it is argued that the enhancement to this operator is likely to be smaller than for the comparable 
operator K decay. Essentially, this follows from the fact that the charm quark mass is about the same as the 
chiral symmetry breaking scale Ao Where before we found enhancements like A2c/m~ > 10, we will now find 
only A~/mZc < 1. On the other hand, we know that there are large final state interactions in charm quark decays 
[ 6 ], and yet this argument would have persuaded us that these phase shifts should be small. We prefer to let this 
issue be resolved by experiment. 

The reason that an enhancement of the triplet causes enhancement of CP violation can be seen by examining 
the form of X and A. Using the parameterization of the KM matrix given in ref. [ 7 ], 

C12C13 S12C13 s13e -i6~ 
V= --s12c23--c12s23s13ei'~ c12c23--s12s23s13ei'5 $23c13 / ' (9)  

si2s23--c12c23s13 ei'3 --c12s23--s12c23s13 el'~ c23 c13 ] 

we find 
,~__~ - -  1 - - i O  1 - - i , ~  2 - - i , ~  ~e $23s13c13 , Z=s12c12c23c13 + ~c13s23s13e --s12c13s23s13e . (10) 

That is, A is small in magnitude, but has a large phase, while X is essentially real. Since the triplet operator 
multiplies A, its enhancement increases the CP violation. 

Consider the decay of a D meson to a two pseudoscalar final state. Bose symmetry allows only five invariant 
amplitudes: 

( [8]}1 [6]k, lDr)  =SJ-}k,r, ( [8]}1 [15M]~ID, )=EY-~r ,  ( [27]~)1 [15M]~,"nlDr) =T~--~r ~, 

( [8]}1 [3]kID,) - -F~- '*  ----~j , ,  < [ l ] ] [ 3 ] ' [ D r ) -  a-i - G ~  ,, (11) 

where by [3] i we mean the sum of the triplet operators given in eq. (8), and [6]kt and [ 15M]~'n include the 
numerical coefficients. The tensor structures Y are made out the of SU (3) invariant objects ~} and e~jk and have 
the symmetry and tracelessness properties appropriate for the terms on the left-hand sides. The normalizations 
of the ¢- tensors are chosen to make the amplitudes given below simple. 

We may now see why an enhancement of F and G could produce observable CP violating effects. Table 1 of 
ref. [3 ] gives the amplitudes for all the two meson final states. They are of the form 

a (D--, ~¢ ~) =aS+bA, (12) 

where a and b are different combinations of S, E, T, F, and G, depending on the two pseudoscalar final state 
For example, 

a (D +--,K+I¢ °) = ( 3 T - E - S ) S +  ( T+ IE+ 3F)A. ( 13 ) 

The asymmetry A between this decay and its CP conjugate is 
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SU(3) analysis: five invariant amplitudes

Then 

|Σ| ∼ λ� |∆| ∼ λ5
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F ( D + ~  ~ )  - F ( D - - - .  ~ ) )  2 I m  (a*b) Im(Z'*A) ~$6 $23S13 I m ( ~ )  (14) 
A = F ( D + ~ Y ~ J ) + F ( D - - - - , ~ )  - lal 2 12~12+ I ~  1AI2+2 R e ( a ' b )  R e ( S  *A) s~z ' 

where the approximation holds if I b I is not much larger than I a I- I f  s6 Im ( b / a )  ~ 1/2, s~2 = 0.220, $23 = 0 . 0 5 ,  
and S13=0.007, then A ~ 8!  10 -4. To observe an asymmetry A as an m standard deviation effect in a decay 
mode with a branching ratio B requires N >  m 2/A 2B mesons. For example ,2 BR (D ÷ ~ K ÷I~ °) = (8 + 2) X 10-  3, 
so for a 3a effect in this decay mode 2X 109 D mesons are required, a number  which is a bit larger than can be 
obtained in present experiments. 

On the other hand, as we have seen, an enhancement of  the triplet operator increases only I b l. Therefore, it 
will have the effect of  increasing the asymmetry. An enhancement o f  L bl by a factor of  20, as occurs in the M =  
1/2 rule of  K decays, would reduce the number  of  D mesons needed by a factor of  400, so only 5 X 106 would be 
required. 

This effect is unlike the situation in K decays, in which enhancement o f  the A / =  1/2 operator makes the 
observation of  ~'/~ more difficult. In that case, the denominator  of  the expression comparable to eq. (14) 
contains two operators with coefficients of  the same size, so when one operator is enhanced the asymmetry gets 
suppressed. 

It is important  to understand the role that the SU (3) flavor symmetry has played in this analysis. In the 
derivation of  eq. (8) the SU (3) was merely a bookkeeping device; it was used to organize the operators in a 
simple way, but any other grouping would have yielded the same result. SU (3) symmetry really should be used 
to relate different decay modes to each other, but, in arguing that the matrix elements of  the triplet operators 
may be enhanced, we do not really need to do this. We may take all the different hadronic matrix elements of  
[ 3 ], [ 6 ], and [ 15M] to be different, not  related by eq. ( 11 ). In that case we simply note that the matrix elements 
of  [ 3 ] are the ones which are likely to be large, and they are multiplied by the coefficient A. 

In ref. [ 10] it was noted that it is possible to obtain tree level CP violation in D~ + ~ K + n  ° decays from the 
interference of  the "spectator" diagram with the "annihilat ion" diagram. Because the annihilation diagram is 
suppressed by f ~/rn 2, where fD is the D meson decay constant, the CP violation in the D + decays from this 
mechanism is small, requiring about 4 ! 10 l° D mesons to manifest itself as a 3a effect. In D O and D ÷ decays the 
effect was too small to be observed. It was also pointed out that the anomalously short lifetime of  the D~ + relative 
to the D ÷ might have been an indication that the annihilation diagram was larger than naively expected, in 
which case the CP violation would be easier to observe. Today it is believed that the short lifetime of  the D~ + is 
not due to an enhancement o f  the annihilation diagram, rather it is caused by large phase shifts in the final state 
[ 6 ]. As we have seen, these phase shifts are crucial to the observation of  CP violation. 

It is worth noting that the three- and four-body strangeness conserving decays of  the D are also good places to 
look for asymmetries; there may be an enhancement o f  the triplet operator in a decay to a multibody final state. 
For example ~3, BR(D+__ .K+K-n+  (nonresonant ) )  = ( 4 +  1 ) X 10 -3, just a factor of  2 smaller than the two- 
body decay above. Since the two diagrams shown in fig. 1 have different phases, it is very easy to see how CP 
violations occur in the decay to this final state. 

An outstanding puzzle in D decays is the ratio F ( D ° ~ K + K  - ) / F ( D ° ~ n + n  - ). Experimentally ~4, this ratio 
is about 7 / 2. SU (3)  predicts that the decay rates should be nearly identical, because the amplitudes are [ 3 ]: 

a ( D ° ~ K + K  - ) = ( 2 T + E - S ) X +  ! (3T+2G+F-E)A,  

a ( D ° - - , n + n - )  = - ( 2 T + E - S ) S +  ! (3T+2G+F-E)A.  ( 15 ) 

If  we wish to explain this ratio by the enhancement o f  the triplet operators, we need (2G + F)A of  the same order 

,2 This branching ratio is from the Review of Particle Properties [ 5 ], based on refs. [ 8,9 ]. 
~3 Fromref. [5],basedonrefs. [8,11]. 
~4 From ref. [5], based on refs. [8,12]. 
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⇒  Expect sizable direct CPV in these decays! (predicted in 1989)
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FIG. 1: Values of |b| and !ba compatible with ACP (K+K!)!ACP ("+"!) reported by the LHCb
collaboration. The yellow band represents a 1-# deviation.
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FIG. 2: CP asymmetry in K+K! (red), "+"! (green) and "0"0 (blue) channels. The central
values of asymmetries shown here correspond to ACP (K+K!)!ACP ("+"!) reported by the

LHCb collaboration.

"+"!, one can predict the value of ACP (D0 "
"0"0). CDF collaboration has recently re-
ported ACP (K+K!) = !0.24 ± 0.24% and
ACP ("+"!) = 0.22 ± 0.26% [12], which are
consistent with most of the parameter space,
considered in Fig. 2. Depending on the par-
ticular values of the phases !ca and !Ta, this
would imply ACP ("0"0) # (0.5 ! 1)%, as seen
from the two plots in Fig. 2. The "0"0 final
state is di!cult to observe experimentally; how-
ever, our framework makes it possible to make
predictions about asymmetries in other pseudo-
scalar final states (including the e"ects of $!$"

mixing), which can be more easily tested. The
complete analysis is in progress and will be ad-
dressed in a separate publication.

Note that the asymmetry ACP (D+ " "+"0)
vanishes. This persists even if all SU(3) break-
ing matrix elements are included as can be seen

from Appendix A.
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Appendix A: Full SU(3) Breaking Decay
Amplitudes

In this appendix we collect the complete ex-
pressions for the amplitudes of (D0, D+, D+

s )

Of course, expect large SU(3) breaking effects.

[Pirtskhalava & Uttayarat, Phys.Lett. B712 (2012) 81-86
Bhattacharya, Gronau & Rosner, PRD85 (2012) 054014
Cheng & Chiang, PRD85 (2012) 034036
Brod,Grossman, Kagan & Zupan, JHEP 1210 (2012) 161]

This still requires an enhancement of F, G, 
but only of order 10

Or perhaps new physics??
[Rozanov & Vysotsky, arXiv:1111.6949
Altmannshofer, Primulando, Yu & Yu, JHEP 1204 (2012) 049
Cheng, Geng & Wang, PRD85 (2012) 077702
Feldmann, Nandi & Soni, JHEP 1206 (2012) 007
......]
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!Acp = Acp(D0 ! K+K") " Acp(D0 ! !+!") [%]
LHCb !0.82 ± 0.21 ± 0.11 PRL2012

CDF !0.62 ± 0.21 ± 0.10 charm2012

BaBar (see below) PRD2011

Belle !0.87 ± 0.41 ± 0.06 ICHEP2012

WA !0.678 ± 0.147 (>4!) HFAG2012

CDF (pp): Araw( f ) = Acp( f ) + AD("s) [slow pion detection]
LHCb (pp): Araw( f ) = Acp( f ) + AD("s) + AP(D"+) [production]
Belle (e+e!): Araw( f ) = Acp( f ) + AD("s) + AFB(D) [forward-backward]
(B# D has to be removed to avoid CPV in B decays in many analysis)

Individual ACP are not significant
Acp(D0 # K+K!) [%] Acp(D0 # "+"!) [%]

CDF !0.24 ± 0.22 ± 0.09 +0.22 ± 0.24 ± 0.11
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Belle !0.32 ± 0.21 ± 0.09 +0.55 ± 0.36 ± 0.09
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γ/φ3: Tree Level
A(B! " D0K!) # !3 A(B! " D0K!) # !3(" + i#)

V *
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B +
b
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D 0
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K +
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B +
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u

u
V *

ub

V 
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K +

Tree only
D0 and D0 mix

GLW — B! " DcpK! & B+ " DcpK+ (Dcp " K+K!, $+$!, K0
S
$0, . . . )

ADS — B! " D0
dcs
K! & B+ " D0

dcs
K+ (D0

dcs
" K+$!, K+$!$0, . . . )

3 unknowns (%3/&, rB and 'B), need more than one mode to resolve
2 observables (Acp and Rcp) for each mode

GGSZ — B" DK, D" K0
S
$+$!, strong phase from Dalitz plot

Need D decay model (sum of resonances),
or phase measured at ((3770) (CLEO-c or future BESIII)
Most sensitive to %3
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• GLW — B− → DcpK− & B+ → DcpK+ (Dcp → K+K−, π+π−, KS0 π0, ...)
• ADS — B− →D0 K− & B+ → D0 K+ (D0 →K+π−, K+π−π0, ...)
• GGSZ — B → DK, D → KS0π+π−, strong phase 

                 from Dalitz plot

Caution: Standard analysis assumes no 
CPV in D decay.
CPV in D decay can shift γ/φ3 by 5o ! 
Not included yet.
[Wang, arXiv:1211.4539]
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New ICHEP2012 results
not included yet

[Belle 657M BB to appear in PRD]

LHCb prospects: half statistics of Belle’s sample with 2011 data of 1 fb!1
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http://arXiv.org/abs/arXiv:1211.4539
http://arXiv.org/abs/arXiv:1211.4539


Rare decays



B → K*γ

44

• Sensitive to NP (no tree level SM, new particles in 1-loop)
• 2HDM type II (SUSY-like) always larger than SM
• Effective theorty approach to SM calcualtion:
• Matching (NNLO)
• Running (NNLO)
• Matrix elements (almost complete NNLO)

[Ali, ICHEP 2004]

The e!ective Lagrangian:

Le! = LQCD!QED(u, d, s, c, b) +
4GF"

2
V #

tsVtb !
8

i=1
Ci(µ) Qi +

!

"
"
"
"
"
"
#

higher-electroweak,
higher-dimensional,
on-shell vanishing,

evanescent

$

%
%
%
%
%
%
&

.

Q1,2 = b s

c c

= (s̄"ic)(c̄"$
ib), from b W s

c c

, |Ci(mb)| % 1

Q3,4,5,6 = b s

q q

= (s̄"ib)!q(q̄"$
iq), |Ci(mb)| < 0.07

Q7 = b s

!

=
emb
16!2 s̄L"µ#bRFµ#, C7(mb) & '0.3

Q8 = b s

g

=
gmb
16!2 s̄L"µ#TabRGa

µ#, C8(mb) & '0.15

In the SM, the Wilson coe"cients C1, . . . , C8 are known up the the NNLO (O($2
s)).

Goal: Constrain new physics using the determination of C7 from B(B̄ ( Xs%) measurement.

(present accuracy: 5 ÷ 7%)

The e!ective Lagrangian:

Le! = LQCD!QED(u, d, s, c, b) +
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= (s̄"ic)(c̄"$
ib), from b W s

c c

, |Ci(mb)| % 1

Q3,4,5,6 = b s

q q

= (s̄"ib)!q(q̄"$
iq), |Ci(mb)| < 0.07

Q7 = b s

!

=
emb
16!2 s̄L"µ#bRFµ#, C7(mb) & '0.3

Q8 = b s

g

=
gmb
16!2 s̄L"µ#TabRGa

µ#, C8(mb) & '0.15

In the SM, the Wilson coe"cients C1, . . . , C8 are known up the the NNLO (O($2
s)).

Goal: Constrain new physics using the determination of C7 from B(B̄ ( Xs%) measurement.

(present accuracy: 5 ÷ 7%)

Known to NNLO
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Energetic photon production in charmless decays of the B̄-meson
(E! !>

mb

3 " 1.6 GeV)

A. Without long-distance charm loops:
1. Hard 2. Conversion 3. Collinear 4. Annihilation

s

(qq̄ #= cc̄)
q̄ q

s s s
Dominant, well-controlled. O(!s!/mb), ($1.5 ± 1.5)%. Pert. < 1%, nonp. ! $0.2%. Exp. "0, #, #!, $ subtracted.

[Lee, Neubert, Paz, 2006] [Kapustin,Ligeti,Politzer, 1995] Perturbatively ! 0.1%.

B. With long-distance charm loops:

5. Soft 6. Boosted light cc̄ 7. Annihilation of cc̄ in a heavy (c̄s)(q̄c) state
gluons state annihilation
only (e.g. #c, J/%, %%)

c̄
c̄ c c̄ c c̄ c

c

s s s s

O(!2/m2
c), ! +3.1%. Exp. J/% subtracted (< 1%). O(!s(!/M)2) O(!s!/M)

[Voloshin, 1996], [...], Perturbatively (including hard): ! +3.6%. M ! 2mc, 2E!, mb.

[Buchalla, Isidori, Rey, 1997] &(1)
ij ('), &(2)!0

ij ('), i, j = 1, 2 e.g. B[B" & DsJ(2457)" D#(2007)0 ] " 1.2%,
B[B0 & D#(2010)+ D̄#(2007)0K"] " 1.2%.

Relative size of various long distance contributions (“matrix elements”) have been studied

[lifted from Misiak]
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B → K(*)Ɩ+Ɩ−
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!  Similar to K*!, but more decay paths 

!  Several variables can be examined, e.g. 
muon forward-backward asymmetry, AFB is 
well predicted in SM 

B!K(*)l+l "

ICHEP, Melbourne, July 9, 2012 ! 27 

+ new 
particles  
in loops 

• Sensitive to NP (no tree level SM, new particles in 1-loop)
• Many variables can be studied, e.g., forward-backward asymmetry AFB

or Isospin asymmetry:

• Charmonium resonance region must be excluded (B → K(*)ψ → K(*)Ɩ+Ɩ−)
• Small q2= (p++p−)2, large recoil energy for K(*), use SCET
• Large q2, use HQET
• SM: fairly clean prediction of  location of zero in AFB, negligible AI

! ! !( ) µ+µ   Isospin asymmetry 

•  SM prediction of AI is very close to zero e.g. for !!! µ+µ   [T. Feldmann and J. Matias JHEP 01 
(2003)074 ]. 

•  BaBar, Belle and CDF have measured AI. [B. Aubert et al., arXiv:1204.3933; J.-T. Wei et al., PRL 103, 
171801 (2009); T. Aaltonen et al., PRL 107, 201802 (2011)] 

•  ! ! !( ) µ+µ  are FCNC decays: 

•  The Isospin asymmetry AI in ! ! "( ) µ+µ    
is defined as: 

6/07/2012 Abraham Gallas  ICHEP2012 17 
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 Bo!K*ol+l 

!  Conforms to SM prediction 

ICHEP, Melbourne, July 9, 2012 ! 28 

!"#$%&'"!
( ) *( *) "(

!"
+%
&'

,-
#$*
(

" !
+.

B.

(

(/)

*

*/)

01&234

5678#93&:;<;=>34 7?@ AB55B A>A>3
C+ "

LHCb || 
Gallas 
Torreira, 
BaBar || 
Eigen, 
CDF|| 
Miyake, 
Belle 
PRL 103, 
171801 
(2009) 

B → K*Ɩ+Ɩ−

!0 ! ! 0 µ+µ   Angular Analysis Results 
•  Un-binned maximum-likelihood 4D fit to 3 angles ("l , 

"!  ,#) and mass distributions in bins of q2 

•  Larger data sample enables measurements of S3 and 
AIM 

 

•  Error bars include systematic uncertainties 
 

•  Data points are centered at the <q2> of signal 
candidates in data 

•  Most precise measurements to-date- consistent with 
the SM prediction (*). AIM O(10-3) in SM (**) 

(*, **) C. Bobeth et al. [arXiv: 1105.0376; JHEP 0807 106] 

6/07/2012 Abraham Gallas  ICHEP2012 9 

[Gallas, ICHEP 2012]

AI  for ! ! ! µ+µ  

•  AI for  !! " µ+µ   is consistent with zero, as predicted by the SM 
•  LHCb results in agreement with previous measurements 

6/07/2012 Abraham Gallas  ICHEP2012 19 

Theoretical predictions below q2 = 8.68 GeV/c2 by  C. Bobeth, G. Hiller and D. van Dyk] 
No hint of NP here!
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The results show a marked dependence (especially for
small MK!) of the zero position on the pion energy cutoff
Ecut
! which separates regions (I) and (II). This is essentially

due to the dominance of the factorizable contribution in
region (II). A conservative way to use our results is to take
the smaller value of Ecut

! ! 300 MeV, for which the chiral
perturbation theory result can be expected to be the most
precise.

So far, our considerations were restricted to the case of
!B0 ! K"!#‘#‘" decays. Going over to the CP conjugate

mode B0 ! K#!"‘#‘", the position of the zero could
change because of direct CP violation present in the spec-
tator amplitude H$q%

sp , which is furthermore enhanced by a
4!2 factor [see Eq. (53)]. Denoting the factorizable cor-
rections analogous to asp and af for the CP conjugate mode
with !ai, we find

!a sp&"$0:016"0:014i%$M2
K!"M2

K' # iMK'"K' %; (97)

such that the CP asymmetry in the position of the zero is
induced through the finite K' width, and is small. Beyond
tree level, such an effect will be introduced at order "s$Q%
through matching corrections to bsp.

We consider next another observable, the slope of the
curve for the zero of the FBA in Fig. 5. From Eq. (74), this
is given by

dq20$M2
K!%

dM2
K!

! " 1
F" 1

#
!

M2
K!

$F" 1%2 "
m2

B

F2

"
dF$M2

K!%
dM2

K!
:

(98)

F$M2
K!% is defined in Eq. (73) and depends on the Wilson

coefficients C7;9, also on the factorizable contributions
a$MK!%. The last term contributes through the MK! de-
pendence of a$MK!%, and is

dF$M2
K!%

dM2
K!

! mB

2mbC7

da$M2
K!%

dM2
K!

’ 0:02; (99)

where we used the result in Eq. (95) for asp$MK!% and
neglected the tiny contribution from af. The contribution
of this term to Eq. (98) is multiplied with a factor of order
1–2. Thus, even assigning this estimate a conservative
error of &200%, its contribution to the slope in Eq. (98)
for values MK! & 1 GeV is negligible compared to the first
term depending only on F (recall that F& 4). This is also
seen in the curves in Fig. 5, whose slopes are essentially the
same for all choices of the hadronic parameters considered.
This shows that a measurement of the slope of the zero
could provide a useful source of information about the
Wilson coefficients C7;9, but without the hadronic uncer-
tainties associated with the absolute position of the zero.

VI. CONCLUSIONS

We studied in this paper the helicity structure of the
exclusive rare !B ! !K!‘#‘" decays in the region of phase
space with one energetic kaon and a soft pion. In this
region the helicity amplitudes are given by new factoriza-
tion relations, containing a universal soft matrix element,
and a new nonperturbative matrix element for the B ! !
transition analogous to the off-forward parton distribution
functions.

The most important difference with the !B ! !K'
n‘#‘"

decays at large recoil is the appearance in the multibody
case of a nonvanishing right-handed helicity amplitude
!B ! ( !K!)h!#1‘#‘" at leading order in #=mb. This can
be computed in factorization, in terms of the B ! ! off-
forward matrix element of a nonlocal heavy-to-light op-
erator. In the soft pion limit this nonperturbative matrix
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FIG. 5 (color online). Plot of the position of the zero of the forward-backward asymmetry q20 ! q20$MK!% as a function of the
invariant mass of the K! system. The plots show the change in the position of the zero due to the spectator and factorizable amplitudes,
Eq. (64), for three values of the pion energy cutoff Ecut

! ! 300, 500 MeV, and Ecut
! ! 700 MeV separating regions I and II. The dotted

(blue) line denotes the position of the zero in the absence of the factorizable and spectator contributions (for # ! 4:8 GeV). The
nonfactorizable matrix element is taken to be $BK

'
? $0% ! 0:3 (left panel) and $BK

'
? $0% ! 0:1 (right panel).

BENJAMÍN GRINSTEIN AND DAN PIRJOL PHYSICAL REVIEW D 73, 094027 (2006)

094027-14

AFB zero
Theory, including non-resonant Kπ, to order Λ/mb, with maximum π energy cut 

!0 ! ! 0 µ+µ  AFB zero-crossing point 
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•  The SM predicts AFB to change sign at 
a  well defined point in q2.  

•  This zero-crossing point q2
0 is largely 

free from form-factors uncertainties. 

•  q2
0 is extracted through a 2D fit to the 

forward- and backward-going mK"µµ 
and q2 distributions. 

•  The world’s first measurement of q2
0 , 

at q2
0 = 4.9+1.1

-1.3 GeV2/c4  [Preliminary] 

•  Consistent with the SM predictions 
which range from 4÷4.3 GeV2/c4    
[arXiv:1105.0376, Eur. Phys. J. C41 (2005)     
173-178, C47 (2006) 625-641] 

Forward Backward 
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•  The SM predicts AFB to change sign at 
a  well defined point in q2.  

•  This zero-crossing point q2
0 is largely 

free from form-factors uncertainties. 

•  q2
0 is extracted through a 2D fit to the 

forward- and backward-going mK"µµ 
and q2 distributions. 

•  The world’s first measurement of q2
0 , 

at q2
0 = 4.9+1.1

-1.3 GeV2/c4  [Preliminary] 

•  Consistent with the SM predictions 
which range from 4÷4.3 GeV2/c4    
[arXiv:1105.0376, Eur. Phys. J. C41 (2005)     
173-178, C47 (2006) 625-641] 

Forward Backward 
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[BG & Pirjol PDD 73, 094027 (2006)]

[Burdman]



B → KƖ+Ɩ−
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AI  for ! ! ! µ+µ  

•  AI for  !! !µ+µ   tends to sit below the SM prediction, which is zero. 
•  Results agree with previous measurements but nearly all measurements of AI are 

negative 
•  Ignoring the small correction of (syst) errors between each q2 bin, the significance 

of the deviation from zero across q2 is 4.4" (LHCb alone) 

6/07/2012 Abraham Gallas  ICHEP2012 20 

Isospin asymmetry 

    Not SM, but no NP model yet.  
Annihilation diagram only for 
B-, but why the difference for 
K* & K?    

ICHEP, Melbourne, July 9, 2012 ! 30 
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•  There is a deficit of !0!"0µ+µ  signal in the q2 regions which are not adjacent to 
the charmonium resonances: 

6/07/2012 Abraham Gallas  ICHEP2012 30 

Theory prediction from [C. Bobeth, G. Hiller, and D. van Dyk,  
JHEP 01 (2012) 107, arXiv:1111.2558. 

Discrepant with SM predictions:
•Low rate at low q2

•AI negative throughout
•LHCb alone: 4.2σ from zero
•Why in K, but not in K*?
•NP models? 



B → µ+µ−
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Reconstructed B → µ+µ− 
event from the 
LHCb Collaboration
[muon.wordpress.com]

SM

B
s
!µ+µ! 

!! SM branching ratio is (3.2±0.2)x10-9 [Buras arXiv:

1012.1447], NP can make large contributions.  

!! Many NP models possible, not just Super-Sym 

34 ICHEP, Melbourne, July 9, 2012!
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SM Theory
Reliably compute CP-averaged decay rates in the flavor eigenstate basis

2

is a final-state dependent observable.
In experiment it is common practice to extract a

branching ratio from the total event yield, ignoring in-
formation on the particles’ lifetime. The “experimental”
branching ratio can thus be defined as follows [10]:

BR (Bs → f)
exp

≡ 1

2

� ∞

0

�Γ(Bs(t) → f)� dt (5)

=
1

2

�
Rf

H

Γ(s)
H

+
Rf

L

Γ(s)
L

�
=

τBs

2

�
Rf

H
+Rf

L

��
1 +A

f
∆Γ ys

1− y2s

�
.

Note that this quantity is the average of the branching
ratios for the heavy and light mass eigenstates.

On the other hand, what is generally calculated the-
oretically are CP-averaged decay rates in the flavor-
eigenstate basis, i.e.

�Γ(Bs(t) → f)�
��
t=0

= Γ(B0

s → f) + Γ(B̄0

s → f). (6)

This leads to the following definition of the “theoretical”
branching ratio:

BR (Bs → f)
theo

≡ τBs

2
�Γ(B0

s (t) → f)�
���
t=0

=
τBs

2

�
Rf

H
+Rf

L

�
. (7)

By considering t = 0, the effect of B0

s–B̄
0

s mixing is
“switched off”. The advantage of this Bs branching
ratio definition, which has been used, for instance in
Refs. [11, 12], is that it allows a straightforward compar-
ison with branching ratios of B0

d or B+

u mesons by means
of the SU(3) flavor symmetry of strong interactions.

The experimentally measurable branching ratio,
Eq. (5), can be converted into the “theoretical” branch-
ing ratio defined by Eq. (7) through

BR (Bs → f)
theo

=

�
1− y2s

1 +A
f
∆Γ ys

�
BR (Bs → f)

exp
.

(8)
In the case of ys = 0, the theoretical and experimental
branching ratio definitions are equal.

Inspection of Eq. (8) reveals that ys and A
f
∆Γ are re-

quired for the translation of the experimental branching
ratios into their theoretical counterparts. Ideally, the lat-
ter quantities should eventually be used in particle com-
pilations, in our opinion.

The decay width parameter ys is universal and has
already been measured, as summarized in Eq. (1). In
Fig. 1, we illustrate Eq. (8) for a variety of values of Af

∆Γ
and observe that differences between BR (Bs → f)

theo

and BR (Bs → f)
exp

as large as O(10%) may arise.
The simplest situation corresponds to flavor-specific

(FS) decays such as B0

s → D−
s π

+, where AFS

∆Γ = 0 and
the correction factor is simply given by 1− y2s .

However, if both the B0

s and the B̄0

s mesons can de-
cay into the final state f , the observable A

f
∆Γ is more

involved and depends, in general, on non-perturbative
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FIG. 1: Illustration of Eq. (8) for various values of Af
∆Γ. We

also show the current LHCb measurement of ys [4].

hadronic parameters, CP-violating weak decay phases,
and theB0

s–B̄
0

s mixing phase φs. Assuming the SM struc-
ture for the decay amplitudes and using the SU(3) flavor
symmetry to determine the hadronic parameters from
relations to Bd decays, theoretical analyses of Af

∆Γ were
performed for the final states J/ψ φ [12], K+K− [13],
J/ψ f0(980) [14], J/ψKS [15] and D+

s D
−
s [16].

III. USING LIFETIME INFORMATION

The simplest possibility for implementing Eq. (8) is to
use theoretical information about the A

f
∆Γ observables.

However, this input can be avoided once time information
of the untagged Bs decay data sample becomes available.
Then the effective lifetime of the Bs → f decay can be
determined, which is theoretically defined as the time
expectation value of the untagged rate [17]:

τf ≡
�∞
0

t �Γ(Bs(t) → f)� dt
�∞
0

�Γ(Bs(t) → f)� dt

=
τBs

1− y2s

�
1 + 2Af

∆Γys + y2s
1 +A

f
∆Γys

�
. (9)

The advantage of τf is that it allows an efficient extrac-

tion of the product of Af
∆Γ and ys. Using the effective

lifetime, Eq. (8) can be expressed as

BR (Bs → f)
theo

=

�
2−

�
1− y2s

� τf
τBs

�
BR (Bs → f)

exp
.

(10)
Note that on the right-hand side of this equation only
measurable quantities appear and that the decay width
difference ys enters at second order. The measurement of
effective lifetimes is hence not only an interesting topic

[Buras et al, Eur.Phys.J. C72 (2012) 2172]
Br(Bs) = (3.23± 0.27)× 10−9

Br(Bd) = (1.07± 0.27)× 10−10

NEW: De Bruyn et al: This is not what is measured!
Cannot neglect life-time difference:

[De Bruyn et al, PRD86 (2012) 014027]
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I. INTRODUCTION

Weak decays of Bs mesons encode valuable informa-

tion for the exploration of the Standard Model (SM). The

simplest observables are branching ratios, which give the

probability of the considered decay to occur. Measure-

ments of Bs branching ratios at hadron colliders, such as

Fermilab’s Tevatron and CERN’s Large Hadron Collider

(LHC), would require knowledge of the Bs production

cross-section, which presently makes absolute branch-

ing ratio measurements impossible. Hence experimental

control channels and the ratio of the fs/fu,d fragmenta-

tion functions, describing the probability that a b quark

hadronizes as a B̄q meson [1], are required for the conver-

sion of the observed number of decays into the branch-

ing ratio. At e+e− B factories operated at the Υ(5S)
resonance, the total number of produced Bs mesons is

measured separately and subsequently also allows for the

extraction of the Bs branching ratio from the data [2].

A key feature of the Bs mesons is B0

s–B̄
0

s mixing,

which leads to quantum-mechanical, time-dependent os-

cillations between the B0

s and B̄0

s states. In contrast to

the Bd system, the Bs mesons exhibit a sizable differ-
ence between the decay widths of the light and heavy

mass eigenstates, Γ(s)
L

and Γ(s)
H

, respectively [3]. Cur-

rently the most precise measurement is extracted from

the B0

s → J/ψφ channel by the LHCb collaboration [4]:

ys ≡
∆Γs

2Γs
≡ Γ(s)

L
− Γ(s)

H

2Γs
= 0.088± 0.014; (1)

τ−1

Bs
≡ Γs ≡

�
Γ(s)
L

+ Γ(s)
H

�
/2 = (0.6580± 0.0085) ps−1

is

the inverse of the Bs mean lifetime τBs .

In view of the sizable decay width difference, Eq. (1),
special care has to be taken when dealing with the con-

cept of a branching ratio. We shall clarify this issue and

give an expression, allowing us to convert the experimen-

tally measured Bs branching ratio into the corresponding

“theoretical” branching ratio. The latter is not affected
by B0

s–B̄
0

s mixing and encodes the information for the

comparison with branching ratios of B0

d decays, where

the relative decay width difference at the 10
−3

level [3]

can be neglected, or branching ratios of B+

u modes.

The difference between these two branching ratio con-

cepts involves ys and is specific for the considered Bs

decay, thereby involving non-perturbative parameters.

However, measuring the effective lifetime of the consid-

ered Bs decay, the effect can be included in a clean way.

In experimental analyses, this subtle effect has so far

been neglected or only been partially addressed; exam-

ples are the branching ratio measurements of the Bs →
K+K−

[5], Bs → J/ψf0(980) [6], Bs → J/ψKS [7],

Bs → D+

s D
−
s [8] and B0

s → D−
s π

+
[9] decays by the

LHCb, CDF, DØ and Belle collaborations.

II. EXPERIMENT VERSUS THEORY

What complicates the concept of a Bs branching ratio

is the fact that the untagged decay rate is the sum of two

exponentials [10]:

�Γ(Bs(t) → f)� ≡ Γ(B0

s (t) → f) + Γ(B̄0

s (t) → f)

= Rf
H
e−Γ(s)

H
t
+Rf

L
e−Γ(s)

L
t, (2)

corresponding to two mass eigenstates with different life-
times. Using Eq. (1), we write

�Γ(Bs(t) → f)� =
�
Rf

H
+Rf

L

�
e−Γs t

×
�
cosh

�
ys t

τBs

�
+Af

∆Γ sinh

�
ys t

τBs

��
, (3)

where

Af
∆Γ ≡ Rf

H
−Rf

L

Rf
H
+Rf

L

(4)

Decay rate is sum of two different exponentials
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s mixing and encodes the information for the

comparison with branching ratios of B0
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u modes.
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[5], Bs → J/ψf0(980) [6], Bs → J/ψKS [7],

Bs → D+

s D
−
s [8] and B0
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II. EXPERIMENT VERSUS THEORY

What complicates the concept of a Bs branching ratio

is the fact that the untagged decay rate is the sum of two

exponentials [10]:

�Γ(Bs(t) → f)� ≡ Γ(B0

s (t) → f) + Γ(B̄0
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tion functions, describing the probability that a b quark

hadronizes as a B̄q meson [1], are required for the conver-
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ing ratio. At e+e− B factories operated at the Υ(5S)
resonance, the total number of produced Bs mesons is

measured separately and subsequently also allows for the

extraction of the Bs branching ratio from the data [2].

A key feature of the Bs mesons is B0
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s and B̄0

s states. In contrast to

the Bd system, the Bs mesons exhibit a sizable differ-
ence between the decay widths of the light and heavy

mass eigenstates, Γ(s)
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, respectively [3]. Cur-
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is

the inverse of the Bs mean lifetime τBs .

In view of the sizable decay width difference, Eq. (1),
special care has to be taken when dealing with the con-

cept of a branching ratio. We shall clarify this issue and

give an expression, allowing us to convert the experimen-

tally measured Bs branching ratio into the corresponding

“theoretical” branching ratio. The latter is not affected
by B0
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s mixing and encodes the information for the

comparison with branching ratios of B0

d decays, where

the relative decay width difference at the 10
−3

level [3]

can be neglected, or branching ratios of B+

u modes.

The difference between these two branching ratio con-

cepts involves ys and is specific for the considered Bs

decay, thereby involving non-perturbative parameters.

However, measuring the effective lifetime of the consid-

ered Bs decay, the effect can be included in a clean way.

In experimental analyses, this subtle effect has so far

been neglected or only been partially addressed; exam-

ples are the branching ratio measurements of the Bs →
K+K−

[5], Bs → J/ψf0(980) [6], Bs → J/ψKS [7],

Bs → D+

s D
−
s [8] and B0

s → D−
s π

+
[9] decays by the

LHCb, CDF, DØ and Belle collaborations.

II. EXPERIMENT VERSUS THEORY

What complicates the concept of a Bs branching ratio

is the fact that the untagged decay rate is the sum of two

exponentials [10]:

�Γ(Bs(t) → f)� ≡ Γ(B0

s (t) → f) + Γ(B̄0

s (t) → f)

= Rf
H
e−Γ(s)

H
t
+Rf

L
e−Γ(s)

L
t, (2)

corresponding to two mass eigenstates with different life-
times. Using Eq. (1), we write

�Γ(Bs(t) → f)� =
�
Rf

H
+Rf

L

�
e−Γs t

×
�
cosh

�
ys t

τBs

�
+Af

∆Γ sinh

�
ys t

τBs

��
, (3)

where

Af
∆Γ ≡ Rf

H
−Rf

L

Rf
H
+Rf

L

(4)

Experiment measures total number produced: 

2

is a final-state dependent observable.
In experiment it is common practice to extract a

branching ratio from the total event yield, ignoring in-
formation on the particles’ lifetime. The “experimental”
branching ratio can thus be defined as follows [10]:

BR (Bs → f)
exp

≡ 1

2

� ∞

0

�Γ(Bs(t) → f)� dt (5)

=
1

2

�
Rf

H

Γ(s)
H

+
Rf

L

Γ(s)
L

�
=

τBs

2

�
Rf

H
+Rf

L

��
1 +A

f
∆Γ ys

1− y2s

�
.

Note that this quantity is the average of the branching
ratios for the heavy and light mass eigenstates.

On the other hand, what is generally calculated the-
oretically are CP-averaged decay rates in the flavor-
eigenstate basis, i.e.

�Γ(Bs(t) → f)�
��
t=0

= Γ(B0

s → f) + Γ(B̄0

s → f). (6)

This leads to the following definition of the “theoretical”
branching ratio:

BR (Bs → f)
theo

≡ τBs

2
�Γ(B0

s (t) → f)�
���
t=0

=
τBs

2

�
Rf

H
+Rf

L

�
. (7)

By considering t = 0, the effect of B0

s–B̄
0

s mixing is
“switched off”. The advantage of this Bs branching
ratio definition, which has been used, for instance in
Refs. [11, 12], is that it allows a straightforward compar-
ison with branching ratios of B0

d or B+

u mesons by means
of the SU(3) flavor symmetry of strong interactions.

The experimentally measurable branching ratio,
Eq. (5), can be converted into the “theoretical” branch-
ing ratio defined by Eq. (7) through

BR (Bs → f)
theo

=

�
1− y2s

1 +A
f
∆Γ ys

�
BR (Bs → f)

exp
.

(8)
In the case of ys = 0, the theoretical and experimental
branching ratio definitions are equal.

Inspection of Eq. (8) reveals that ys and A
f
∆Γ are re-

quired for the translation of the experimental branching
ratios into their theoretical counterparts. Ideally, the lat-
ter quantities should eventually be used in particle com-
pilations, in our opinion.

The decay width parameter ys is universal and has
already been measured, as summarized in Eq. (1). In
Fig. 1, we illustrate Eq. (8) for a variety of values of Af

∆Γ
and observe that differences between BR (Bs → f)

theo

and BR (Bs → f)
exp

as large as O(10%) may arise.
The simplest situation corresponds to flavor-specific

(FS) decays such as B0

s → D−
s π

+, where AFS

∆Γ = 0 and
the correction factor is simply given by 1− y2s .

However, if both the B0

s and the B̄0

s mesons can de-
cay into the final state f , the observable A

f
∆Γ is more

involved and depends, in general, on non-perturbative
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FIG. 1: Illustration of Eq. (8) for various values of Af
∆Γ. We

also show the current LHCb measurement of ys [4].

hadronic parameters, CP-violating weak decay phases,
and theB0

s–B̄
0

s mixing phase φs. Assuming the SM struc-
ture for the decay amplitudes and using the SU(3) flavor
symmetry to determine the hadronic parameters from
relations to Bd decays, theoretical analyses of Af

∆Γ were
performed for the final states J/ψ φ [12], K+K− [13],
J/ψ f0(980) [14], J/ψKS [15] and D+

s D
−
s [16].

III. USING LIFETIME INFORMATION

The simplest possibility for implementing Eq. (8) is to
use theoretical information about the A

f
∆Γ observables.

However, this input can be avoided once time information
of the untagged Bs decay data sample becomes available.
Then the effective lifetime of the Bs → f decay can be
determined, which is theoretically defined as the time
expectation value of the untagged rate [17]:

τf ≡
�∞
0

t �Γ(Bs(t) → f)� dt
�∞
0

�Γ(Bs(t) → f)� dt

=
τBs

1− y2s

�
1 + 2Af

∆Γys + y2s
1 +A

f
∆Γys

�
. (9)

The advantage of τf is that it allows an efficient extrac-

tion of the product of Af
∆Γ and ys. Using the effective

lifetime, Eq. (8) can be expressed as

BR (Bs → f)
theo

=

�
2−

�
1− y2s

� τf
τBs

�
BR (Bs → f)

exp
.

(10)
Note that on the right-hand side of this equation only
measurable quantities appear and that the decay width
difference ys enters at second order. The measurement of
effective lifetimes is hence not only an interesting topic
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�Γ(Bs(t) → f)� dt

=
τBs

1− y2s

�
1 + 2Af

∆Γys + y2s
1 +A

f
∆Γys

�
. (9)

The advantage of τf is that it allows an efficient extrac-

tion of the product of Af
∆Γ and ys. Using the effective

lifetime, Eq. (8) can be expressed as

BR (Bs → f)
theo

=

�
2−

�
1− y2s

� τf
τBs

�
BR (Bs → f)

exp
.

(10)
Note that on the right-hand side of this equation only
measurable quantities appear and that the decay width
difference ys enters at second order. The measurement of
effective lifetimes is hence not only an interesting topic
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We have just entered an era of precision measurements for Bs-decay observables. A characteristic
feature of the Bs-meson system is B0

s–B̄
0
s mixing, which exhibits a sizable decay width difference.

The latter feature leads to a subtle complication for the extraction of branching ratios of Bs decays
from untagged data samples, leading to systematic biases as large as O(10%) that depend on the
dynamics of the considered decay. We point out that this effect can only be corrected for using
information from a time-dependent analysis and suggest the use of the effective Bs decay lifetime,
which can already be extracted from the untagged data sample, for this purpose. We also address
several experimental issues that can play a role in the extraction of effective lifetimes at a hadron
collider, and advocate the use of the Bs branching ratios, as presented in this note, for consistent
comparisons of theoretical calculations and experimental measurements in particle listings.
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I. INTRODUCTION

Weak decays of Bs mesons encode valuable informa-

tion for the exploration of the Standard Model (SM). The

simplest observables are branching ratios, which give the

probability of the considered decay to occur. Measure-

ments of Bs branching ratios at hadron colliders, such as

Fermilab’s Tevatron and CERN’s Large Hadron Collider

(LHC), would require knowledge of the Bs production

cross-section, which presently makes absolute branch-

ing ratio measurements impossible. Hence experimental

control channels and the ratio of the fs/fu,d fragmenta-

tion functions, describing the probability that a b quark

hadronizes as a B̄q meson [1], are required for the conver-

sion of the observed number of decays into the branch-

ing ratio. At e+e− B factories operated at the Υ(5S)
resonance, the total number of produced Bs mesons is

measured separately and subsequently also allows for the

extraction of the Bs branching ratio from the data [2].

A key feature of the Bs mesons is B0

s–B̄
0

s mixing,

which leads to quantum-mechanical, time-dependent os-

cillations between the B0

s and B̄0

s states. In contrast to

the Bd system, the Bs mesons exhibit a sizable differ-
ence between the decay widths of the light and heavy

mass eigenstates, Γ(s)
L

and Γ(s)
H

, respectively [3]. Cur-

rently the most precise measurement is extracted from

the B0

s → J/ψφ channel by the LHCb collaboration [4]:

ys ≡
∆Γs

2Γs
≡ Γ(s)

L
− Γ(s)

H

2Γs
= 0.088± 0.014; (1)

τ−1

Bs
≡ Γs ≡

�
Γ(s)
L

+ Γ(s)
H

�
/2 = (0.6580± 0.0085) ps−1

is

the inverse of the Bs mean lifetime τBs .

In view of the sizable decay width difference, Eq. (1),
special care has to be taken when dealing with the con-

cept of a branching ratio. We shall clarify this issue and

give an expression, allowing us to convert the experimen-

tally measured Bs branching ratio into the corresponding

“theoretical” branching ratio. The latter is not affected
by B0

s–B̄
0

s mixing and encodes the information for the

comparison with branching ratios of B0

d decays, where

the relative decay width difference at the 10
−3

level [3]

can be neglected, or branching ratios of B+

u modes.

The difference between these two branching ratio con-

cepts involves ys and is specific for the considered Bs

decay, thereby involving non-perturbative parameters.

However, measuring the effective lifetime of the consid-

ered Bs decay, the effect can be included in a clean way.

In experimental analyses, this subtle effect has so far

been neglected or only been partially addressed; exam-

ples are the branching ratio measurements of the Bs →
K+K−

[5], Bs → J/ψf0(980) [6], Bs → J/ψKS [7],

Bs → D+

s D
−
s [8] and B0

s → D−
s π

+
[9] decays by the

LHCb, CDF, DØ and Belle collaborations.

II. EXPERIMENT VERSUS THEORY

What complicates the concept of a Bs branching ratio

is the fact that the untagged decay rate is the sum of two

exponentials [10]:

�Γ(Bs(t) → f)� ≡ Γ(B0

s (t) → f) + Γ(B̄0

s (t) → f)

= Rf
H
e−Γ(s)

H
t
+Rf

L
e−Γ(s)

L
t, (2)

corresponding to two mass eigenstates with different life-
times. Using Eq. (1), we write

�Γ(Bs(t) → f)� =
�
Rf

H
+Rf

L

�
e−Γs t

×
�
cosh

�
ys t

τBs

�
+Af

∆Γ sinh

�
ys t

τBs

��
, (3)

where

Af
∆Γ ≡ Rf

H
−Rf

L

Rf
H
+Rf

L

(4)

where
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This applies to any final state f (not just µ+µ−)
3

Bs → f
BR(Bs → f)exp Af

∆Γ(SM)
BR (Bs → f)theo /BR (Bs → f)exp

(measured) From Eq. (8) From Eq. (10)

J/ψf0(980) (1.29+0.40
−0.28)× 10−4 [18] 0.9984± 0.0021 [14] 0.912± 0.014 0.890± 0.082 [6]

J/ψKS (3.5± 0.8)× 10−5 [7] 0.84± 0.17 [15] 0.924± 0.018 N/A

D−
s π+ (3.01± 0.34)× 10−3 [9] 0 (exact) 0.992± 0.003 N/A

K+K− (3.5± 0.7)× 10−5 [18] −0.972± 0.012 [13] 1.085± 0.014 1.042± 0.033 [19]

D+
s D

−
s (1.04+0.29

−0.26)× 10−2 [18] −0.995± 0.013 [16] 1.088± 0.014 N/A

TABLE I: Factors for converting BR (Bs → f)exp (see (5)) into BR (Bs → f)theo (see (7)) by means of Eq. (8) with theoretical

estimates for Af
∆Γ. Whenever effective lifetime information is available, the corrections are also calculated using Eq. (10).

for obtaining constraints on the B0

s–B̄
0

s mixing parame-

ters [17], but an integral part of the determination of the

“theoretical” Bs branching ratios from the data.

In Table I, we list the correction factors for converting

the experimentally measured branching ratios into the

theoretical branching ratios for various decays. Here we

have used theoretical information for Af
∆Γ and Eq. (8), or

– if available – the effective decay lifetimes and Eq. (10).

The rare decay B0

s → µ+µ−
, which is very sensitive to

New Physics [20], is also affected by ∆Γs. In Ref. [21], we

give a detailed discussion of this key Bs decay, showing

that the helicities of the muons need not be measured to

deal with this problem, and that ∆Γs actually offers a

new window for New Physics in B0

s → µ+µ−
.

IV. Bs → V V DECAYS

Another application is given by Bs transitions into two

vector mesons, such as Bs → J/ψφ [22], Bs → K∗0K̄∗0

[23] and Bs → D∗+
s D∗−

s [8]. Here an angular analy-

sis of the decay products of the vector mesons has to

be performed to disentangle the CP-even and CP-odd

final states, which affects the branching fraction deter-

mination in a subtle way, as recognized in Refs. [23, 24].

Using linear polarization states 0, � with CP eigenvalue

ηk = +1 and ⊥ with CP eigenvalue ηk = −1 [25], the

generalization of Eq. (8) is given by

BR
V V
theo

=
�
1− y2s

�



�

k=0,�,⊥

f exp

V V,k

1 + ysAV V,k
∆Γ



BR
V V
exp

, (11)

where f exp

V V,k = BR
V V,k
exp

/BRV V
exp

and BR
V V
exp

≡
�

k BR
V V,k
exp

so that
�

k f
exp

V V,k = 1. As discussed in Ref. [17], assuming

the SM structure for the decay amplitudes, we can write

AV V,k
∆Γ = −ηk

�
1− C2

V V,k cos(φs +∆φV V,k), (12)

where CV V,k describes direct CP violation, φs is the

B0

s–B̄
0

s mixing phase, and ∆φV V,k is a non-perturbative

hadronic phase shift. The expressions given in Ref. [23]

for the Bs → K∗0K̄∗0
decay take the leading order ef-

fect of ys into account, and assume φs = 0 and negligible

hadronic corrections.

The generalization of Eq. (10) is given by

BR
V V
theo

= BR
V V
exp

�

k=0,�,⊥

�
2−

�
1− y2s

� τV V
k

τBs

�
f exp

V V,k,

(13)

and does not require knowledge of the AV V,k
∆Γ observables.

V. EXPERIMENTAL ASPECTS

Additional subtleties arise in the experimental deter-

mination of Bs branching ratios and effective lifetimes, in

particular at a hadron collider environment where many

final-state particles are produced in the fragmentation.

Separating Bs signal decays from the background typi-

cally involves selection criteria that use the flight distance

of the Bs meson or the impact parameter of its decay

products, leading to a decay-time dependent efficiency.

By rejecting short-living Bs meson candidates, the rela-

tive amounts of Bs,L and Bs,H mesons in the remaining

data sample are altered, resulting in a biased result for

the branching ratio determination. The extrapolation of

the event yield to full acceptance is usually obtained from

simulation, but this requires a priori assumptions of the

values for ys and Af
∆Γ. For example, the dependence of

the branching fraction correction on the value Af
∆Γ can

be several percent if only decay times greater than 0.5 ps

are considered. This systematic uncertainty is avoided

by tuning the simulation using the measured value of the

effective lifetime.

Furthermore, the presence of remaining background

events with a different observed decay time distribution

as the signal, implies that it is experimentally unprac-

tical to determine the time expectation value τf of the

untagged rate as given in Eq. (9). Instead, the effective
lifetime is commonly extracted by fitting a single expo-

nential function to the untagged rate [6, 19, 26], which

in general is described by two exponentials (see Eq. (2)).

In Appendix A we demonstrate that such a fitting proce-

dure leads to an unbiased determination of the effective
lifetime in the case of a log likelihood fit and to a small

bias for a χ2
minimization procedure.

Large corrections!2

is a final-state dependent observable.
In experiment it is common practice to extract a

branching ratio from the total event yield, ignoring in-
formation on the particles’ lifetime. The “experimental”
branching ratio can thus be defined as follows [10]:

BR (Bs → f)
exp

≡ 1

2

� ∞

0

�Γ(Bs(t) → f)� dt (5)

=
1

2

�
Rf

H

Γ(s)
H

+
Rf

L

Γ(s)
L

�
=

τBs

2

�
Rf

H
+Rf

L

��
1 +A

f
∆Γ ys

1− y2s

�
.

Note that this quantity is the average of the branching
ratios for the heavy and light mass eigenstates.

On the other hand, what is generally calculated the-
oretically are CP-averaged decay rates in the flavor-
eigenstate basis, i.e.

�Γ(Bs(t) → f)�
��
t=0

= Γ(B0

s → f) + Γ(B̄0

s → f). (6)

This leads to the following definition of the “theoretical”
branching ratio:

BR (Bs → f)
theo

≡ τBs

2
�Γ(B0

s (t) → f)�
���
t=0

=
τBs

2

�
Rf

H
+Rf

L

�
. (7)

By considering t = 0, the effect of B0

s–B̄
0

s mixing is
“switched off”. The advantage of this Bs branching
ratio definition, which has been used, for instance in
Refs. [11, 12], is that it allows a straightforward compar-
ison with branching ratios of B0

d or B+

u mesons by means
of the SU(3) flavor symmetry of strong interactions.

The experimentally measurable branching ratio,
Eq. (5), can be converted into the “theoretical” branch-
ing ratio defined by Eq. (7) through

BR (Bs → f)
theo

=

�
1− y2s

1 +A
f
∆Γ ys

�
BR (Bs → f)

exp
.

(8)
In the case of ys = 0, the theoretical and experimental
branching ratio definitions are equal.

Inspection of Eq. (8) reveals that ys and A
f
∆Γ are re-

quired for the translation of the experimental branching
ratios into their theoretical counterparts. Ideally, the lat-
ter quantities should eventually be used in particle com-
pilations, in our opinion.

The decay width parameter ys is universal and has
already been measured, as summarized in Eq. (1). In
Fig. 1, we illustrate Eq. (8) for a variety of values of Af

∆Γ
and observe that differences between BR (Bs → f)

theo

and BR (Bs → f)
exp

as large as O(10%) may arise.
The simplest situation corresponds to flavor-specific

(FS) decays such as B0

s → D−
s π

+, where AFS

∆Γ = 0 and
the correction factor is simply given by 1− y2s .

However, if both the B0

s and the B̄0

s mesons can de-
cay into the final state f , the observable A

f
∆Γ is more

involved and depends, in general, on non-perturbative
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FIG. 1: Illustration of Eq. (8) for various values of Af
∆Γ. We

also show the current LHCb measurement of ys [4].

hadronic parameters, CP-violating weak decay phases,
and theB0

s–B̄
0

s mixing phase φs. Assuming the SM struc-
ture for the decay amplitudes and using the SU(3) flavor
symmetry to determine the hadronic parameters from
relations to Bd decays, theoretical analyses of Af

∆Γ were
performed for the final states J/ψ φ [12], K+K− [13],
J/ψ f0(980) [14], J/ψKS [15] and D+

s D
−
s [16].

III. USING LIFETIME INFORMATION

The simplest possibility for implementing Eq. (8) is to
use theoretical information about the A

f
∆Γ observables.

However, this input can be avoided once time information
of the untagged Bs decay data sample becomes available.
Then the effective lifetime of the Bs → f decay can be
determined, which is theoretically defined as the time
expectation value of the untagged rate [17]:

τf ≡
�∞
0

t �Γ(Bs(t) → f)� dt
�∞
0

�Γ(Bs(t) → f)� dt

=
τBs

1− y2s

�
1 + 2Af

∆Γys + y2s
1 +A

f
∆Γys

�
. (9)

The advantage of τf is that it allows an efficient extrac-

tion of the product of Af
∆Γ and ys. Using the effective

lifetime, Eq. (8) can be expressed as

BR (Bs → f)
theo

=

�
2−

�
1− y2s

� τf
τBs

�
BR (Bs → f)

exp
.

(10)
Note that on the right-hand side of this equation only
measurable quantities appear and that the decay width
difference ys enters at second order. The measurement of
effective lifetimes is hence not only an interesting topic

more generally
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TABLE I. Expected and observed limits on the B0 →
µ+µ−

branching fractions for the 2012 and for the combined

2011+2012 datasets.

Dataset Limit at 90% CL 95% CL

2012 Exp. bkg+SM 8.5× 10
−10

10.5× 10
−10

Exp. bkg 7.6× 10
−10

9.6× 10
−10

Observed 10.5× 10
−10

12.5× 10
−10

2011+2012 Exp. bkg+SM 5.8× 10
−10

7.1× 10
−10

Exp. bkg 5.0× 10
−10

6.0× 10
−10

Observed 8.0× 10
−10

9.4× 10
−10

nents is also evaluated for the 2011 dataset, modifying
the number of expected combinatorial background in the
signal regions. The results for the B0

(s) → µ+µ− branch-
ing fractions have been updated accordingly. We ob-
tain B(B0

s → µ+µ−) < 5.1 × 10−9 and B(B0 → µ+µ−)
< 13×10−10 at 95% CL to be compared to the published
limits B(B0

s → µ+µ−) < 4.5× 10−9 and B(B0 → µ+µ−)
< 10.3×10−10 at 95% CL [8], respectively. The (1-CLb)
p-value for B0

s → µ+µ− changes from 18% to 11% and
the B0

s → µ+µ− branching fraction increases by ∼ 0.3σ
from (0.8+1.8

−1.3) × 10−9 to (1.4+1.7
−1.3) × 10−9. This shift

is compatible with the systematic uncertainty previously
assigned to the background shape [8]. The values of the
B0

s → µ+µ− branching fraction obtained with the 2011
and 2012 datasets are compatible within 1.5σ.

The 2011 and 2012 results are combined by computing
the CLs and performing the maximum-likelihood fit si-
multaneously to the eight and seven BDT bins of the 2011
and 2012 datasets, respectively. The parameters that
are considered 100% correlated between the two datasets
are fs/fd, B(B+ → J/ψK+) and B(B0 → K+π−), the
transition point of the Crystal Ball function describing
the signal mass lineshape, the mass distribution of the
B0

(s) → h+h�− background, the BDT and mass distri-

butions of the B0 → π−µ+νµ and B0(+) → π0(+)µ+µ−

backgrounds and the SM predictions of the B0
s → µ+µ−

and B0 → µ+µ− branching fractions. The distribution of
the expected and observed events in bins of BDT in the
signal regions obtained from the simultaneous analysis of
the 2011 and 2012 datasets, are summarized in Table II.

The expected and observed upper limits for the B0 →
µ+µ− channel obtained from the combined 2011+2012
datasets are summarized in Table I and the expected
and observed CLs values as a function of the branching
fraction are shown in Fig. 1. The observed CLb value
at CLs+b = 0.5 is 89%. The probability that back-
ground processes can produce the observed number of
B0

s → µ+µ− candidates or more is 5 × 10−4 and corre-
sponds to a statistical significance of 3.5σ. The value of
the B0

s → µ+µ− branching fraction obtained from the fit
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is

B(B0
s → µ+µ−) = (3.2+1.4

−1.2(stat)
+0.5
−0.3(syst))× 10−9

and is in agreement with the SM expectation. The in-
variant mass distribution of the B0

(s) → µ+µ− candidates
with BDT > 0.7 is shown in Fig. 2.

The true value of the B0
s → µ+µ− branching fraction is

contained in the interval [1.3, 5.8]×10−9([1.1, 6.4]×10−9)

4

TABLE I. Expected and observed limits on the B0 →
µ+µ−

branching fractions for the 2012 and for the combined

2011+2012 datasets.

Dataset Limit at 90% CL 95% CL

2012 Exp. bkg+SM 8.5× 10
−10

10.5× 10
−10

Exp. bkg 7.6× 10
−10

9.6× 10
−10

Observed 10.5× 10
−10

12.5× 10
−10

2011+2012 Exp. bkg+SM 5.8× 10
−10

7.1× 10
−10

Exp. bkg 5.0× 10
−10

6.0× 10
−10

Observed 8.0× 10
−10

9.4× 10
−10

nents is also evaluated for the 2011 dataset, modifying
the number of expected combinatorial background in the
signal regions. The results for the B0

(s) → µ+µ− branch-
ing fractions have been updated accordingly. We ob-
tain B(B0

s → µ+µ−) < 5.1 × 10−9 and B(B0 → µ+µ−)
< 13×10−10 at 95% CL to be compared to the published
limits B(B0

s → µ+µ−) < 4.5× 10−9 and B(B0 → µ+µ−)
< 10.3×10−10 at 95% CL [8], respectively. The (1-CLb)
p-value for B0

s → µ+µ− changes from 18% to 11% and
the B0

s → µ+µ− branching fraction increases by ∼ 0.3σ
from (0.8+1.8

−1.3) × 10−9 to (1.4+1.7
−1.3) × 10−9. This shift

is compatible with the systematic uncertainty previously
assigned to the background shape [8]. The values of the
B0

s → µ+µ− branching fraction obtained with the 2011
and 2012 datasets are compatible within 1.5σ.

The 2011 and 2012 results are combined by computing
the CLs and performing the maximum-likelihood fit si-
multaneously to the eight and seven BDT bins of the 2011
and 2012 datasets, respectively. The parameters that
are considered 100% correlated between the two datasets
are fs/fd, B(B+ → J/ψK+) and B(B0 → K+π−), the
transition point of the Crystal Ball function describing
the signal mass lineshape, the mass distribution of the
B0

(s) → h+h�− background, the BDT and mass distri-

butions of the B0 → π−µ+νµ and B0(+) → π0(+)µ+µ−

backgrounds and the SM predictions of the B0
s → µ+µ−

and B0 → µ+µ− branching fractions. The distribution of
the expected and observed events in bins of BDT in the
signal regions obtained from the simultaneous analysis of
the 2011 and 2012 datasets, are summarized in Table II.

The expected and observed upper limits for the B0 →
µ+µ− channel obtained from the combined 2011+2012
datasets are summarized in Table I and the expected
and observed CLs values as a function of the branching
fraction are shown in Fig. 1. The observed CLb value
at CLs+b = 0.5 is 89%. The probability that back-
ground processes can produce the observed number of
B0

s → µ+µ− candidates or more is 5 × 10−4 and corre-
sponds to a statistical significance of 3.5σ. The value of
the B0

s → µ+µ− branching fraction obtained from the fit
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candidates (black dots) with BDT > 0.7 in the com-

bined 2011+2012 dataset. The result of the fit is over-

laid (blue solid line) and the different components detailed:

B0
s → µ+µ−

(red long dashed), B0 → µ+µ−
(green medium

dashed), B0
(s) → h+h�−

(pink dotted), B0 → π−µ+νµ

(black short dashed) and B0(+) → π0(+)µ+µ−
(light blue

dot dashed), and the combinatorial background (blue medium

dashed).

is

B(B0
s → µ+µ−) = (3.2+1.4

−1.2(stat)
+0.5
−0.3(syst))× 10−9

and is in agreement with the SM expectation. The in-
variant mass distribution of the B0

(s) → µ+µ− candidates
with BDT > 0.7 is shown in Fig. 2.

The true value of the B0
s → µ+µ− branching fraction is

contained in the interval [1.3, 5.8]×10−9([1.1, 6.4]×10−9)
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TABLE II. Expected combinatorial background, B0
(s) → h+h�−

peaking background, cross-feed, and signal events assuming the

SM prediction, together with the number of observed candidates in the B0
s → µ+µ−

and B0 → µ+µ−
mass signal regions, in

bins of BDT for the 2011 (top) and for the 2012 (bottom) data samples. The quoted errors include statistical and systematic

uncertainties.

Mode BDT bin 0.0 – 0.25 0.25 – 0.4 0.4 – 0.5 0.5 – 0.6 0.6 – 0.7 0.7 – 0.8 0.8 – 0.9 0.9 – 1.0

B0
s → µ+µ−

Exp. comb. bkg 1880
+33
−33 55.5+3.0

−2.9 12.1+1.4
−1.3 4.16+0.88

−0.79 1.81+0.62
−0.51 0.77+0.52

−0.38 0.47+0.48
−0.36 0.24+0.44

−0.20

(2011) Exp. peak. bkg 0.13+0.07
−0.05 0.07+0.02

−0.02 0.05+0.02
−0.02 0.05+0.02

−0.01 0.05+0.02
−0.01 0.05+0.02

−0.01 0.05+0.02
−0.01 0.05+0.02

−0.01

Exp. signal 2.70+0.81
−0.80 1.30+0.27

−0.23 1.03+0.20
−0.17 0.92+0.15

−0.13 1.06+0.17
−0.15 1.10+0.17

−0.15 1.26+0.20
−0.17 1.31+0.28

−0.25

Observed 1818 39 12 6 1 2 1 1

B0 → µ+µ−
Exp. comb. bkg 1995

+34
−34 59.2+3.3

−3.2 12.6+1.6
−1.5 4.44+0.99

−0.86 1.67+0.66
−0.54 0.75+0.58

−0.40 0.44+0.57
−0.38 0.22+0.48

−0.20

(2011) Exp. peak. bkg 0.78+0.38
−0.29 0.40+0.14

−0.10 0.31+0.11
−0.08 0.28+0.09

−0.07 0.31+0.10
−0.08 0.30+0.10

−0.07 0.31+0.10
−0.08 0.30+0.11

−0.08

Exp. cross-feed 0.43+0.13
−0.13 0.21+0.04

−0.04 0.16+0.03
−0.03 0.15+0.03

−0.02 0.17+0.03
−0.03 0.17+0.03

−0.02 0.20+0.03
−0.03 0.21+0.05

−0.04

Exp. signal 0.33+0.10
−0.10 0.16+0.03

−0.03 0.13+0.02
−0.02 0.11+0.02

−0.02 0.13+0.02
−0.02 0.13+0.02

−0.02 0.15+0.02
−0.02 0.16+0.03

−0.03

Observed 1904 50 20 5 2 1 4 1

Mode BDT bin 0.0 – 0.25 0.25 – 0.4 0.4 – 0.5 0.5 – 0.6 0.6 – 0.7 0.7 – 0.8 0.8–1.0

B0
s → µ+µ−

Exp. comb. bkg 2345
+40
−40 56.7+3.0

−2.9 13.1+1.5
−1.4 4.42+0.91

−0.81 2.10+0.67
−0.56 0.35+0.42

−0.22 0.39+0.33
−0.21

(2012) Exp. peak. bkg 0.250+0.08
−0.07 0.15+0.05

−0.04 0.08+0.03
−0.02 0.08+0.02

−0.02 0.07+0.02
−0.02 0.06+0.02

−0.02 0.10+0.03
−0.03

Exp. signal 3.69+0.59
−0.52 2.14+0.37

−0.33 1.20+0.21
−0.18 1.16+0.18

−0.16 1.17+0.18
−0.16 1.15+0.19

−0.17 2.13+0.33
−0.29

Observed 2274 65 19 5 3 1 3

B0 → µ+µ−
Exp. comb. bkg 2491

+42
−42 59.5+3.3

−3.2 13.9+1.6
−1.5 4.74+1.00

−0.89 2.10+0.74
−0.61 0.55+0.50

−0.31 0.29+0.34
−0.19

(2012) Exp. peak. bkg 1.49+0.50
−0.36 0.86+0.29

−0.22 0.48+0.16
−0.12 0.44+0.15

−0.11 0.42+0.14
−0.10 0.37+0.13

−0.09 0.62+0.21
−0.15

Exp. cross-feed 0.63+0.10
−0.09 0.36+0.07

−0.06 0.20+0.04
−0.03 0.20+0.03

−0.03 0.20+0.03
−0.03 0.20+0.03

−0.03 0.36+0.06
−0.05

Exp. signal 0.44+0.06
−0.06 0.26+0.04

−0.04 0.14+0.02
−0.02 0.14+0.02

−0.02 0.14+0.02
−0.02 0.14+0.02

−0.02 0.26+0.04
−0.03

Observed 2433 59 19 3 2 2 2

at 90% CL (95% CL), where the lower and upper limit
are the branching fractions evaluated at CLs+b = 0.95
(CLs+b = 0.975) and CLs+b = 0.05 (CLs+b = 0.025),
respectively. These results are in good agreement with
the lower and upper limits derived from integrating the
profile likelihood obtained from the unbinned fit.

In summary, a search for the rare decays B0
s → µ+µ−

and B0 → µ+µ− is performed using 1.0 fb−1 and 1.1 fb−1

of pp collision data collected at
√
s = 7 TeV and

√
s = 8

TeV, respectively. The data in the B0 search window
are consistent with the background expectation and the
world’s best upper limit of B(B0 → µ+µ−) < 9.4×10−10

at 95% CL is obtained. The data in the B0
s search

window show an excess of events with respect to the
background-only prediction with a statistical significance
of 3.5σ. A fit to the data leads to B(B0

s → µ+µ−)
= (3.2+1.5

−1.2) × 10−9 which is in agreement with the SM
prediction. This is the first evidence for the decay
B0

s → µ+µ−.
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Also new (best) bound:

B(B0
s → µ+µ−)SM = (3.23± 0.27)× 10−9
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Is there still a problem with B−→ τ−ν?  

• B−→ τ−ν in SM is tree level

• Clean SM prediction, lattice 
gives fB

• Modified for τ, less for e, μ,  
by charged higgs in 2HDM

• 2HDM modifies box diagram 
too: cannot use SM extraction 
of sin(2β) from B0→ ψ KS

• But NEW Belle result
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M2
miss distributions for all the !

! decay modes combined.
The signal yield is 62+23

!22(stat) ± 6(syst), where the first
and second errors correspond to statistical and system-
atic uncertainties, respectively. The significance of the
signal is estimated by

!

!2 ln(L0/Lmax), where Lmax

and L0 are the maximum likelihood and the likelihood
obtained assuming zero signal yield, respectively. The
likelihoods are obtained after convolving with a Gaus-
sian distribution that corresponds to the systematic er-
ror. We obtain a significance of 3.0" including system-
atic uncertainties. The branching fraction is calculated
by B = Nsig/(2#NB+B!), where Nsig is the signal yield,
# is the e!ciency, and NB+B! is the number of B+B!

events. Equal production of neutral and charged B me-
son pairs in "(4S) decay is assumed. We obtain

B(B! " !!$̄! ) = [0.72+0.27
!0.25(stat)± 0.11(syst)]# 10!4.

(2)
The result is summarized in Table I.
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FIG. 2: Distributions of EECL (top) and M2
miss (bottom)

combined for all the !! decays. The M2
miss distribution is

shown for a signal region of EECL < 0.2 GeV. The solid
circles with error bars are data. The solid histograms show
the projections of the fits. The dashed and dotted histograms
show the signal and background components, respectively.

As a check, we fit the EECL and M2
miss distributions

while floating the yield for each of the four !! decay
modes. The resulting yields, as well as the e!ciencies and
the branching fractions, are listed in Table I. We include
the e!$̄e$! , µ!$̄µ$! , and %!%0$! cross-feeds in the %!$!
candidate events in the e!$̄e$! , µ!$̄µ$! , and %!%0$! sig-

nal yields. The branching fractions are in good agreement
between di#erent !! decays. We also check the result af-
ter removing the K0

L veto, and obtain Nsig = 65+27
!25(stat)

and B(B! " !!$̄! ) = [0.65+0.27
!0.25(stat)] # 10!4. These

checks are consistent with the nominal result. In addi-
tion, we perform one-dimensional fits to EECL and M2

miss
and divide the data sample into several subsets. All
results are in good agreement with the nominal result
within the statistical errors.

TABLE I: Results of the fit for B!

! !!"̄! yields (Nsig),
detection e!ciencies (#), and branching fractions (B). The
e!ciencies include the branching fractions of the !! decay
modes. The errors for Nsig and B are statistical only.

Sub-mode Nsig # (10!4) B (10!4)
!!

! e!"̄e"! 16+11
!9 3.0 0.68+0.49

!0.41

!!

! µ!"̄µ"! 26+15
!14 3.1 1.06+0.63

!0.58

!!

! $!"! 8+10
!8 1.8 0.57+0.70

!0.59

!!

! $!$0"! 14+19
!16 3.4 0.52+0.72

!0.62

Combined 62+23
!22 11.2 0.72+0.27

!0.25

Systematic errors for the measured branching fraction
are associated with the uncertainties in the signal yield,
the e!ciencies, and the number of B+B! pairs. The sys-
tematic error from MC statistics of the PDF histograms
is evaluated by varying the content of each bin by its
statistical uncertainty. To estimate the systematic er-
ror due to the possible signal EECL shape di#erence be-
tween MC and data, the ratio of data to MC for the
EECL histograms of the B! " D"0&!$̄" sample is fit-
ted with a first-order polynomial and the signal EECL

PDF is modified within the fitted errors. The uncertain-
ties for the branching fractions of B decays that peak
near zero EECL are estimated by changing the branch-
ing fractions in MC by their experimental errors [17] if
available, or by ±50% otherwise. To estimate the uncer-
tainty associated with the Btag e!ciency for the signal,
B(B! " D"0&!$̄") obtained from the B! " D"0&!$̄"
sample is compared to the world average value [17]. The
results are consistent and the uncertainty of the measure-
ment is assigned as the systematic error. The uncertainty
for the fraction of the correctly reconstructed Btag in the
background is obtained by changing the fractions by er-
rors obtained from the EECL sideband sample. The sys-
tematic errors in the signal-side e!ciencies arise from the
uncertainty in tracking e!ciency, particle identification
e!ciency, branching fractions of !! decays, reconstruc-
tion e!ciency of %0, and MC statistics. The systematic
uncertainty related to the K0

L veto e!ciency is estimated
from the statistical uncertainties of the D0 " 'K0

S con-
trol sample and the fraction of events withK0

L candidates
in the B! " D"0&!$̄" sample. The total systematic er-
ror is calculated by summing the above uncertainties in
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B−→ Dτ−ν   and   B−→ D*τ−ν
• Like B−→ τ−ν, tree level

• Like B−→ τ−ν, enhanced 
relative to SM

• Sensitive to more form 
factors, e.g., 

• 2HDM: tree level

• Define R

!"#$%&%'&(&! )*+, !" #%&(&! )*+,&!"
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2

B̄ ! D!̄! "![! #!!! ] discriminates betweenW+ and H+

exchange in an excellent way. In this Letter we present the

results for the differential decay rate as a function of the D
and #! energies and the angle between the D and #! three–

momenta for this decay chain. Our result greatly facilitates

the determination of the effective coupling gS governingH+

exchange, including a potential complex phase, if e.g. a max-

imum likelihood fit of the data to the theoretical decay dis-

tribution given below is employed. A conventional analysis

combining Monte Carlo simulations of B̄ ! D!̄! "! and

"! ! #!!! decays would be very cumbersome, because the

B ! D"!! differential distributions strongly depend on the

a–priori unknown value of gS.

B ! D FORM FACTORS

The effective hamiltonian describing B ! (D)"!! transi-

tions mediated byW+ orH+ reads (with q = u (c))

Heff =
GF"

2
Vqb

!
[q$µ(1 # $5)b] ["$µ(1 # $5)!! ]

#
mbm!

m2
B

q [gS + gP $5] b [" (1 # $5)!! ]
"

+ h.c.

(1)

The effective coupling constant gP only enters the B ! "!!

decay, while B ! D"!! is only sensitive to gS . The B+

meson massmB is introduced in Eq. (1), so thatB(B ! "!! )
vanishes for gP = 1. The above operators as well as mb are

defined in the MS scheme. In the MSSM, which is our main
focus, one has gS = gP .

The analysis of B ! D"!! requires the knowledge of the

form factors FV and FS which parametrize the vector and

scalar current matrix elements:

$D(pD)|c̄$µb|B̄(pB)%= FV (q2)

#
pµ

B + pµ
D # m2

B
1 # r2

q2
qµ

$

+ FS(q2)m2
B

1 # r2

q2
qµ ,

$D(pD)|c̄b|B̄(pB)% =
m2

B (1 # r2)

mb # mc
FS(q2) , (2)

where pB and pD denote the meson four–momenta, q =
pB # pD, and r = mD/mB . It is convenient to intro-

duce the normalized form factors V1 & FV 2
"

r/(1 + r) and
S1 & FS(1 + r)/(2

"
r), as well as the kinematic variable

w & (1 + r2 # q2/m2
B)/2r. (3)

In the limit of infinitely heavy quark masses mQ = mb, mc

(which are properly infrared–subtracted pole masses), both

V1(w) and S1(w) reduce to the universal Isgur–Wise function
%(w), normalized to %(1) = 1 . At the kinematic endpoint
w = 1, corrections to this limit read

V1(1) = &v #
1 # r

1 + r

%
'rad + '1/mQ

&
, S1(1) = &v , (4)

up to O((2
s, 1/m2

Q). Here &v denotes radiative corrections in

the limit of equal heavy meson masses, and 'rad ('1/mQ
) are

w

|V
c
b
|V

1
(w

)

1.0 1.1 1.2 1.3 1.4 1.5 1.6

0.02
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0.04

0.05

FIG. 1: Vector form factor V1(w). Dots: exp. data [17] with stat.
errors only. Dashed: fit to parametrization in [22]. Plain: fit to linear

parametrization in [26]. Dark gray band: form factor with HQET

constraint atw = 1; systematic errors dominate at large recoil. Light
gray band: form factor from HFAG [18].

the first order radiative (1/mQ) corrections to the function %
!

defined in [20]. The '1/mQ
term depends on the subleading

function %3(w = 1) = !̄&(w = 1) and on the HQET param-
eter !̄. We take !̄ = 0.5 ± 0.1GeV, &(1) = 0.6 ± 0.2 [23],
&v and 'rad toO((s) from Ref. [24], and add a 5% error to the

form factors at w = 1 to account for higher order corrections.
We obtain V1(1) = 1.05 ± 0.08 and S1(1) = 1.02 ± 0.05.
The semileptonic decay into light leptons B ! D)!" de-

pends solely on the vector form factor V1(w). The mea-

sured quantity |Vcb|V1(w) was fitted by the BELLE collab-
oration [17] to a two–parameter ansatz V1(w, V1(1), *2

1) [22]
derived from dispersion relations and heavy quark spin sym-

metry [21]. The fitted curve, however, suffers from large sta-

tistical and systematic uncertainties: |Vcb|V1(1) = (4.11 ±
0.44 ± 0.52)%, *2

1 = 1.12 ± 0.22 ± 0.14 [17]. We thus
take V1(1) from HQET instead, use |Vcb| = (4.17 ± 0.07)%
from inclusive semileptonic B decays [25], and only fix the

form factor at large recoil w = 1.45 from the data, includ-

ing the dominant systematic errors in a conservative way:

|Vcb|V1(1.45) = (2.63 ± 0.51)%. The form factor over the

whole kinematic range is then obtained using a two–parameter

description FV (w, aV
0 , aV

1 ), which uses a conformal mapping
w ! z(w) resulting in an essentially linear dependence of
FV on z [26]. This linearity in z(w) is confirmed by the fact
that fitting the B ! D)!" data with both FV parametriza-

tions without further theoretical constraints essentially gives

the same result (see Fig. 1). The sets of parameters corre-

sponding to the minimal and maximal form factors satisfying

the HQET constraint at w = 1 are displayed in Tab. I for both
parametrizations V1(w, V1(1), *2

1) and FV (w, aV
0 , aV

1 ). They
delimit the dark gray area in Fig. 1. We stress that the large er-

ror band in Fig. 1 at large w is not due to theory uncertainties

but rather to the large systematic error on |Vcb|V1(1.45) from
[17].

We choose to use only the most recent set of experimen-

tal data for our numerical analysis. The HFAG [18] treats

systematic errors in a different way and, including the older

CLEO and ALEPH data, finds smaller uncertainties at large
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S1 & FS(1 + r)/(2
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r), as well as the kinematic variable
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In the limit of infinitely heavy quark masses mQ = mb, mc

(which are properly infrared–subtracted pole masses), both

V1(w) and S1(w) reduce to the universal Isgur–Wise function
%(w), normalized to %(1) = 1 . At the kinematic endpoint
w = 1, corrections to this limit read

V1(1) = &v #
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FIG. 1: Vector form factor V1(w). Dots: exp. data [17] with stat.
errors only. Dashed: fit to parametrization in [22]. Plain: fit to linear

parametrization in [26]. Dark gray band: form factor with HQET

constraint atw = 1; systematic errors dominate at large recoil. Light
gray band: form factor from HFAG [18].

the first order radiative (1/mQ) corrections to the function %
!

defined in [20]. The '1/mQ
term depends on the subleading

function %3(w = 1) = !̄&(w = 1) and on the HQET param-
eter !̄. We take !̄ = 0.5 ± 0.1GeV, &(1) = 0.6 ± 0.2 [23],
&v and 'rad toO((s) from Ref. [24], and add a 5% error to the

form factors at w = 1 to account for higher order corrections.
We obtain V1(1) = 1.05 ± 0.08 and S1(1) = 1.02 ± 0.05.
The semileptonic decay into light leptons B ! D)!" de-

pends solely on the vector form factor V1(w). The mea-

sured quantity |Vcb|V1(w) was fitted by the BELLE collab-
oration [17] to a two–parameter ansatz V1(w, V1(1), *2

1) [22]
derived from dispersion relations and heavy quark spin sym-

metry [21]. The fitted curve, however, suffers from large sta-

tistical and systematic uncertainties: |Vcb|V1(1) = (4.11 ±
0.44 ± 0.52)%, *2

1 = 1.12 ± 0.22 ± 0.14 [17]. We thus
take V1(1) from HQET instead, use |Vcb| = (4.17 ± 0.07)%
from inclusive semileptonic B decays [25], and only fix the

form factor at large recoil w = 1.45 from the data, includ-

ing the dominant systematic errors in a conservative way:

|Vcb|V1(1.45) = (2.63 ± 0.51)%. The form factor over the

whole kinematic range is then obtained using a two–parameter

description FV (w, aV
0 , aV

1 ), which uses a conformal mapping
w ! z(w) resulting in an essentially linear dependence of
FV on z [26]. This linearity in z(w) is confirmed by the fact
that fitting the B ! D)!" data with both FV parametriza-

tions without further theoretical constraints essentially gives

the same result (see Fig. 1). The sets of parameters corre-

sponding to the minimal and maximal form factors satisfying

the HQET constraint at w = 1 are displayed in Tab. I for both
parametrizations V1(w, V1(1), *2

1) and FV (w, aV
0 , aV

1 ). They
delimit the dark gray area in Fig. 1. We stress that the large er-

ror band in Fig. 1 at large w is not due to theory uncertainties

but rather to the large systematic error on |Vcb|V1(1.45) from
[17].

We choose to use only the most recent set of experimen-

tal data for our numerical analysis. The HFAG [18] treats

systematic errors in a different way and, including the older

CLEO and ALEPH data, finds smaller uncertainties at large
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Don’t forget: General MSSM lives in a straightjacket because of flavor

General MSSM

Ruled out unless squarks almost degenerate
Assume small

and bound

δ =
∆m2

m̄2

370 T. Besmer et al. / Nuclear Physics B 609 (2001) 359–386

Fig. 2. Same as in Fig. 1 when !d,RL,23 is the only non-zero off-diagonal squark mass entry.

lead only to dimension six dipole operators, which inherently are not very large. For our

choices of µ, Msusy and tan" , this was confirmed numerically. Therefore, no stringent

bounds are obtained for the soft parameters in the up-squark mass matrix. 1 The remaining

parameters of the down-squark mass matrix, i.e., !d,LL,23 and !d,RR,23, play an interesting

role. They not only generate contributions to the six-dimensional operators in (6), but,

together with the chirality changing term (Fd,LR)33, they also induce contributions to the

five-dimensional gluino operators in (7). For the values of µ and tan" used in our analysis,

the coefficients of the five-dimensional operators turn out to be rather small. Thus, no

stringent bounds on !d,LL,23 and !d,RR,23 are obtained.

Summarizing the first part of our analysis, we conclude that !d,LR,23 and !d,RL,23 are

the only parameters that get significantly constrained by the measurement of the branching

ratio of B ! Xs# .

4.3. Second part of analysis

We now explore the problem of whether the separate bounds on !d,LR,23 and !d,RL,23,

obtained in the first part, remain stable if the various soft parameters are varied

simultaneously. The analysis is based on the assumption that the soft terms in the squark

mass matrices have the hierarchical structure that the diagonal entries in m2
d,LL, m

2
d,RR ,

and m2
u,RR are larger than the off-diagonal matrix elements (includingm2

d,LR and m2
u,LR).

1 In [19] the authors derived a rather stringent bound on a quantity proportional to !u,LR,33 in the case of a

small chargino mass of 100 GeV. However, they include the small CKM factor K"
tsKtb # 1/30 in the definition

of their quantity.

Besmer et al, NPB609:359,2001

Must introduce (ad-hoc) CMSSM, or NUHM1,  
or better justified gauge mediation variants 

(NUMH1=”non-universal higgs masses”-1 version of MSSM)
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Implications for NP searches
• With few exceptions, no deviations from SM

• Exceptions (some are going away already):
• B−→ τ−ν, B−→ Dτ−ν, B−→ D*τ−ν
• Isospin asymmetry AI

• Flavor specific CP asymmetry asl

• Bounds on NP require specific choices: 
• infinitely many variations of SUSY
• variations on extra-dimensions
• techni-color (strongly coupled higgs sector with dilaton)
• ....

• Standard practice to give updated bounds
• Interesting to review bounds form the past (perspective) 
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Figure 1: Results for Mh (upper left), Rb (upper center), Rτ (upper right), Rγ (center

left), mτ̃1 (center), RXs (center right), Rµ+µ− (lower left), ∆aµ (lower center), and

ΩDMh2
(lower right) in the tβ = 60 scenario. The Higgs-boson and lighter stau masses

are given in units of GeV. The dotted black lines indicate the parameter regions with

Rγ > 1, while the dashed black lines correspond to the 95%CL regions favoured by

B → Xsγ. See text for details.

agreement between the different programs for most of the observables. The biggest numerical

differences arise for the Higgs-boson mass and its branching ratios. In the former (latter) case

we find relative changes of typically below 5% (10%). The observed differences can be traced

back, on the one hand, to the use of different renormalisation prescriptions (DR vs. on-shell

scheme) and, on the other hand, to the different treatment of higher-order perturbative cor-

rections. The quoted relative errors give an indication of the theoretical uncertainty plaguing

our calculations of the Higgs-boson observables, and we will comment on its impact on our

numerical analysis below. For a detailed comparisons between the publicly available programs

dealing with the mass of the Higgs boson in the MSSM, we refer to [74].

14

Figure 1: Results for Mh (upper left), Rb (upper center), Rτ (upper right), Rγ (center

left), mτ̃1 (center), RXs (center right), Rµ+µ− (lower left), ∆aµ (lower center), and

ΩDMh2
(lower right) in the tβ = 60 scenario. The Higgs-boson and lighter stau masses

are given in units of GeV. The dotted black lines indicate the parameter regions with

Rγ > 1, while the dashed black lines correspond to the 95%CL regions favoured by

B → Xsγ. See text for details.

agreement between the different programs for most of the observables. The biggest numerical

differences arise for the Higgs-boson mass and its branching ratios. In the former (latter) case

we find relative changes of typically below 5% (10%). The observed differences can be traced

back, on the one hand, to the use of different renormalisation prescriptions (DR vs. on-shell

scheme) and, on the other hand, to the different treatment of higher-order perturbative cor-

rections. The quoted relative errors give an indication of the theoretical uncertainty plaguing

our calculations of the Higgs-boson observables, and we will comment on its impact on our

numerical analysis below. For a detailed comparisons between the publicly available programs

dealing with the mass of the Higgs boson in the MSSM, we refer to [74].

14

Here

g(x) = −7x2 − 13x3

12 (1− x)3
− 2x2 − 2x3 − 3x4

6 (1− x)4
ln x . (31)

Notice that we have included above only the correction due to top squarks and higgsino-like

charginos, while the wino-like contribution has been suppressed. In the limit of large higgsino

mass parameters, that we are mainly interested in, this is a good approximation, because

the latter corrections scale as M2/µM2
W/m2

t̃
for |µ| � M2. The result (30) agrees with the

expression given in [53]. Since the function g(x) is strictly positive for x ∈ ]0,∞[ with g(1) =
5/72 ≈ 0.07, the sign in (30) implies that for µAt > 0 (µAt < 0) the branching ratio is larger

(smaller) than the SM expectation [33,54]. The dominant tβ-enhanced gluino corrections, not

shown in (30), again enhance (suppress) the chargino contribution for sgn (µM3) = −1 (+1),

but leave the qualitative dependence of ∆Cχ±

7 on µAt unchanged [49,50]. For the choices tβ =

50, mt̃ = 1.5TeV, |µ| = 1TeV, and |At| = 3TeV, one finds ∆Cχ±

7 ≈ −sgn (µAt) 0.12, which
depending on the sign of µAt corresponds to an enhancement/suppression of the ratio (28)

by O(30%). Shifts of this size in BR(B → Xsγ) are detectable given the present theoretical

calculations and experimental extractions.

After B → Xsγ, we now analyse the structure of the MSSM contributions to another

“standard candle” of quark flavour physics, namely Bs → µ+µ−
. We begin by defining the

ratio

Rµ+µ− =
BR(Bs → µ+µ−

)MSSM

BR(Bs → µ+µ−)SM
≈ 1− 13.2 CP + 43.6

�
C2

S + C2
P

�
, (32)

where CS and CP denote the dimensionless Wilson coefficients of the semileptonic scalar and

pseudo-scalar operators. In the large-tβ regime these coefficients have the most important im-

pact on Rµ+µ− . The term linear in CP arises from the interference with the SM contribution

CSM
10 ≈ −4.2 [55,56] to the Wilson coefficient of the semileptonic axial-vector operator. Impor-

tantly, for CP > 0 it interferes destructively with the term proportional to (C2
S + C2

P ). This

implies, on the one hand, that for positive values of CP the stringent bounds on Bs → µ+µ−

are more easily evaded and, on the other hand, that a pseudo-scalar contribution of the correct

size will lead to a suppression of the purely leptonic decay mode below its SM value.

Within the MSSM the contributions to CS and CP with the strongest tβ dependence arise

from neutral Higgs double penguins [57]. In the decoupling limit, one has CS ≈ −CP with

CP ≈ µAt

t3β
(1 + �btβ)2

m2
t

m2
t̃

mbmµ

4s2WM2
WM2

A

f(xt̃µ) . (33)

Henceforth we use the shorthand notation sW = sin θW etc. to indicate trigonometric func-

tions of the weak mixing angle. Notice that our definition of the semileptonic scalar and

pseudo-scalar Wilson coefficients differs from that of [58] by a factor of mb. The parameter �b
introduced in (16), parametrises loop-induced non-holomorphic terms that receive their dom-

inate contributions from higgsino and gluino exchange. The Wilson coefficients CS and CP

also receive various other contributions in the MSSM [58, 59], but these are of no concern as

long as one is interested in the general structure of the effects only. Recall that f(x) > 0, so

that the sign of CS (CP ) is opposite to (follows) that of the combination µAt. Notice finally

10

running into immediate problems at the tree level, is provided by a light stau with large mix-

ing Xτ ≈ µ tβ, which requires that both tβ and µ are large. To give an example, employing

m2
τ̃ = mτ̃1mτ̃2 = (200GeV)

2
, tβ = 50, and µ = 1TeV in (27), one finds that Rγ is changed by

+50%. Since the correction (∆M2
h
)
b̃,τ̃ in (3) is proportional to −µ4/m2

b̃,τ̃
, one expects however

an anti-correlation between the size of the stau contribution to Rγ and the loop-corrected

Higgs-boson mass. As we will discuss in the next section, some of the MSSM corrections to

low-energy observables are also changed significantly in the limit |µ| → ∞, which leads to

further correlations, strengthening the constraints on the parameter space.

2.3 Anatomy of Low-Energy Observables

The discussion in the previous two sections should have made clear that the part of the

MSSM parameter space with MA, tβ → ∞ represents a phenomenologically interesting region

for Higgs-boson physics. In the following, we will extract the dominant MSSM corrections to

B → Xsγ, Bs → µ+µ−
, and (g−2)µ in this limiting case, highlighting the existing correlations

with Mh, Rb, RW,Z , and Rγ.

We start our discussion by considering the inclusive radiative B → Xsγ decay. Taking

into account only the most important corrections due to the Wilson coefficient C7 of the

electromagnetic dipole operator leads to the following ratio [45–47]

RXs =
BR(B → Xsγ)MSSM

BR(B → Xsγ)SM
≈ 1− 2.61∆C7 + 1.66 (∆C7)

2 , (28)

where ∆C7 represents the additive correction appearing in the high-scale Wilson coefficient

C7 = CSM
7 +∆C7 ≈ −0.19 +∆C7 [48].

Within the MSSM, the Wilson coefficient ∆C7 receives important contributions from loops

involving tops and charged Higgs bosons, ∆CH
±

7 , as well as stops and charginos, ∆Cχ±

7 . In

the decoupling limit with tβ � 1, the former corrections can be approximated by

∆CH
±

7 ≈ m2
t

3M2
H±

�
LtH± +

3

4

�
, (29)

where LtH± = ln
�
m2

t
/M2

H±

�
with M2

H± ≈ M2
A
. Subleading tβ-enhanced corrections dominated

by gluinos [49, 50] have not been included here. Such effects enhance (suppress) ∆CH
±

7 for

negative (positive) values of µM3, but are irrelevant for our considerations. For MA = 1TeV

one finds ∆CH
±

7 ≈ −0.03, where the minus sign reflects the well-known fact that in B → Xsγ
the charged Higgs-boson corrections interfere constructively with the SM amplitude [51,52].

Since the charged Higgs-boson effects (29) are not tβ enhanced they render only an in-

significant correction in the MSSM parameter region of interest. The dominant one-loop

contributions to (28) are therefore provided by diagrams with up-type squarks and charginos.

These grow linearly with tβ and take the form

∆Cχ±

7 ≈ −µAt tβ
m2

t

m4
t̃

g(xt̃µ) . (30)
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Figure 3: Predictions for Mh (upper left), Rb (upper center), Rγ (upper right), RXs

(lower left), Rµ+µ− (lower center), and ΩDMh2
(lower right) in the tβ = 30 scenario.

The mass of the Higgs boson is given in units of GeV. The dotted black lines indicate

the parameter regions with Rγ > 1, while the dashed black lines correspond to the

95%CL regions favoured by B → Xsγ. See text for further explanations.

We add that if slepton mass universality is assumed [10], the correlation between Rγ and ∆aµ
becomes however quite robust.

Let us now switch gear again and finally examine the predictions for the DM relic abun-

dance. We see that the obtained values for ΩDMh2
range over three orders of magnitude, but

that agreement with the tight WMAP 3.5σ bound [90]

ΩDMh
2
= [0.068, 0.155] , (50)

that includes theoretical uncertainties (see for example [91] and references therein), can be

achieved. In fact, requiring only that the LSP does not overpopulate the universe, i.e.,
ΩDMh2 < 0.155, singles out a parameter region in theAt–µ plane that overlaps with that featur-

ing Rγ > 1. The strong anti-correlation (positive correlation) between the ΩDMh2
and µ (mτ̃1)

is also clearly visible in the panels. It is easy to understand these two features by considering

the pure annihilation contribution (44) to ΩDMh2
that effectively limits the size of the mass

splitting mτ̃1−mχ0
1
. Numerically, we find that for our choice M1 = 50GeV ≈ mχ0

1
, the require-

ment of an electrically neutral LSP with ΩDMh2 < 0.155 is only fulfilled if mτ̃1 ≈ [80, 120]GeV.

Since m̃L3 = m̃l3 = 350GeV, such relatively light staus can however only be obtained for large

µ parameters. The strong correlation between the mass of the LSP and the lighter stau is
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CMSSM (at large tan β, possibly)

[Buras et al, arXiv:0210145]

charged Higgs and 
chargino 
exchanges dominant

tan β ∼ 1

tan β � 1 Higgs exchange dominant

MH = 150 GeV

[Degrassi et al, arXiv:0009337]

five new (beyond SM) parameters

The charged Higgs contribution of eq.(3) consists of two terms. In the large tan!
limit, the first one (in which the chiral flip occurs on the external bottom quark line)
is suppressed by 1/ tan2 !, while the second one (in which the chiral flip occurs in
the charged Higgs vertex) is independent of tan !. The absence of a term enhanced
by tan ! is a consequence of the fact that, in the large tan ! limit, H± decouples
from the right-handed top quark. This property is not maintained at the next order
in perturbation theory in a supersymmetric model, and thus we expect two-loop
charged-Higgs contributions to C7 and C8 enhanced by tan!.

Let us now extract the tan !-enhanced terms. At one-loop, the relation between
the bottom quark mass mb and Yukawa coupling yb receives a finite correction pro-
portional to tan! [16]:

mb =
!

2MW
yb

g
cos ! (1 + "b tan!) . (9)

The coe!cient "b, generated by gluino-sbottom and chargino-stop diagrams, is given
by [16]

"b = "
2 #s

3 $
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mg̃
H2(xb̃1 g̃, xb̃2 g̃) "

y2
t

16 $2
Ũa2

At
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H2(xt̃1 !+
a
, xt̃2 !+

a
) Ṽa2 . (10)

For simplicity, we have not explicitly written down the other weak contributions to
"b, which can be found in ref. [17]. Here At is the trilinear coe!cient, Ũ and Ṽ are
the two matrices (assumed to be real) that diagonalize the chargino mass matrix
according to

Ũ
!

M2 MW

!
2 sin !

MW

!
2 cos ! µ

"

Ṽ !1 (11)

and

H2(x, y) =
x ln x

(1 " x)(x " y)
+

y ln y

(1 " y)(y " x)
. (12)

Here and in the following we define, for generic indices # and !,

x" # #
m2

"

m2
#

. (13)

The analogous contribution to the top quark mass ("t) is irrelevant for us, since it
gives rise to terms suppressed by tan!.

The e"ective Yukawa couplings of the charged Higgs current-eigenstates H+
D and

H+
U (belonging to the doublets coupled to down- and up-type quarks, respectively)

are given by

L =
#

d

Vtd ytt̄RdL

$

H+
U + ""t(d) H+

D

%

"
#

u

Vub ybūLbR

$

H+
D + ""b(u) H+

U
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+ h.c. (14)
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Figure 21: The ratio BR(B0
s ! µ+µ!)/BR(B0

s ! µ+µ!)SM in the MSSM for the lighter

chargino mass 750 GeV, |r| " M2/|µ| = 1, mg̃ = 3M2 and Mb̃R
= 800 GeV as a function

of MH+ for tan! = 50 (panel a) and as a function of tan! for MH+ = 200 GeV (panel b).

Solid and dashed (dotted and dot-dashed) lines correspond to Mt̃1 = 500 GeV, Mt̃2 = 850

GeV (600 and 750 GeV). Solid and dotted lines, correspond to µ < 0 whereas the dashed

and dot-dashed lines to µ > 0. The stop mixing angle "t = +(#)10o for µ < 0 (µ > 0).

the approach of sec. 2.

The values of the ratio BR(B0
s ! µ+µ!)/BR(B0

s ! µ+µ!)SM shown in figures 20

and 21 are also representative for the ratio BR(B0
d ! µ+µ!)/BR(B0

d ! µ+µ!)SM if one

neglects the small variation of |(V e!
td )MSSM/(V e!

td )SM|2 with the supersymmetric parameters

which we have discussed in sec. 6.4.

Finally, in figure 22 we show the scatter plot of the ratio of the B0
s ! µ+µ! rates

computed by using the formulae (6.35) and (6.36) of sec. 6.2 and computed using our

complete approach of sec. 2 for the charged Higgs boson mass equal 300 and 400 GeV.

Large, up to 50%, deviations of the approximate method with respect to the full calcu-

lation are typical for most of the points. We observe that the B̄ ! Xs# constraint allow

the approximate predictions of the branching ratio to be both, smaller and bigger than

the one based on the complete calculation. Approximate predictions overestimating the

exact ones correspond to very big negative contributions to !Ms (1 + fs < 0) but, as

found in [29], are not excluded by the lower experimental limit !Ms > 15/ps provided

1 + fs
<
" #0.5. However, for MH+ = 200 GeV such points give BR(B0

s ! µ+µ!) above

the CDF bound (6.2).
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the approach of sec. 2.

The values of the ratio BR(B0
s ! µ+µ!)/BR(B0

s ! µ+µ!)SM shown in figures 20

and 21 are also representative for the ratio BR(B0
d ! µ+µ!)/BR(B0

d ! µ+µ!)SM if one

neglects the small variation of |(V e!
td )MSSM/(V e!

td )SM|2 with the supersymmetric parameters

which we have discussed in sec. 6.4.

Finally, in figure 22 we show the scatter plot of the ratio of the B0
s ! µ+µ! rates

computed by using the formulae (6.35) and (6.36) of sec. 6.2 and computed using our

complete approach of sec. 2 for the charged Higgs boson mass equal 300 and 400 GeV.

Large, up to 50%, deviations of the approximate method with respect to the full calcu-

lation are typical for most of the points. We observe that the B̄ ! Xs# constraint allow

the approximate predictions of the branching ratio to be both, smaller and bigger than

the one based on the complete calculation. Approximate predictions overestimating the

exact ones correspond to very big negative contributions to !Ms (1 + fs < 0) but, as

found in [29], are not excluded by the lower experimental limit !Ms > 15/ps provided

1 + fs
<
" #0.5. However, for MH+ = 200 GeV such points give BR(B0

s ! µ+µ!) above

the CDF bound (6.2).
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the two matrices (assumed to be real) that diagonalize the chargino mass matrix
according to

Ũ
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lation are typical for most of the points. We observe that the B̄ ! Xs# constraint allow

the approximate predictions of the branching ratio to be both, smaller and bigger than

the one based on the complete calculation. Approximate predictions overestimating the

exact ones correspond to very big negative contributions to !Ms (1 + fs < 0) but, as

found in [29], are not excluded by the lower experimental limit !Ms > 15/ps provided

1 + fs
<
" #0.5. However, for MH+ = 200 GeV such points give BR(B0

s ! µ+µ!) above

the CDF bound (6.2).
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Figure 21: The ratio BR(B0
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Time to be a philosopher

...

At this point I am supposed to show you many more plots of the restricted
parameter space in versions of low energy SUSY, extra-dimensions, little higgs.....
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• What remains as acceptable NP:
• Decoupling: Make all new particles ever heavier
• Flavor Blind: Make all flavor couplings small (MFV)

• Fabulous for hiding non-existent particles and interactions!

• I propose we should be doing something else:
• We do have deviations form SM
• Should focus on models that address anomalies
• Tricky: which anomalies do you focus on?
• >3σ
• At least two experiments
• (No guaranteed persistence, witness B → τν)

• Example: top-quark FB asymmetry at Tevatron
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Observable Experiment (post-LHCb) Experiment (pre-LHCb) SM prediction [88]

BR(Bs → µ+µ−) (3.2 +1.4
−1.2

+0.5
−0.3)× 10−9 [44] < 5.8× 10−8 [89] (3.53± 0.38)× 10−9

�dBR/dq2(B → K∗µ+µ−)�q2∈[1,6]GeV2 (0.42± 0.04± 0.04)× 10−7 [90] (0.32± 0.11± 0.03)× 10−7 [91] (0.47± 0.27)× 10−7

�dBR/dq2(B → K∗µ+µ−)�q2∈[14.18,16]GeV2 (0.59± 0.07± 0.04)× 10−7 [90] (0.83± 0.20± 0.07)× 10−7 [91] (0.71± 0.18)× 10−7

�AFB(B → K∗µ+µ−)�q2∈[1,6]GeV2 −0.18± 0.06± 0.02 [90] 0.43± 0.36± 0.06 [91] −0.06± 0.05

�AFB(B → K∗µ+µ−)�q2∈[14.18,16]GeV2 0.49± 0.06± 0.05 [90] 0.42± 0.16± 0.09 [91] 0.44± 0.10

q20(AFB(B → K∗µ+µ−)) 4.9+1.1
−1.3 GeV2 [90] – 4.26± 0.34 GeV2

�FL(B → K∗µ+µ−)�q2∈[1,6]GeV2 0.66± 0.06± 0.04 [90] 0.50± 0.30± 0.03 [91] 0.72± 0.13

BR(B → Xsγ) (3.43± 0.21± 0.07)× 10−4 [59] (3.43± 0.21± 0.07)× 10−4 [59] (3.08± 0.24)× 10−4

∆0(B → K∗γ) (5.2± 2.6)× 10−2 [59] (5.2± 2.6)× 10−2 [59] (8.0± 3.9)× 10−2

BR(B → Xdγ) (1.41± 0.57)× 10−5 [92, 93] (1.41± 0.57)× 10−5 [92, 93] (1.49± 0.30)× 10−5

BR(B → Xsµ+µ−)q2∈[1,6]GeV2 (1.60± 0.68)× 10−6 [63, 64] (1.60± 0.68)× 10−6 [63, 64] (1.78± 0.16)× 10−6

BR(B → Xsµ+µ−)q2>14.4GeV2 (4.18± 1.35)× 10−7 [63, 64] (4.18± 1.35)× 10−7 [63, 64] (2.19± 0.44)× 10−7

TABLE I: Post- and pre-LHCb results for rare decays with the updated SM predictions.

FIG. 22: Global MFV fit to the various NP coefficients δCi in the MFV effective theory without (upper panel) and with
experimental data of LHCb (lower panel).

the region favoured by BR(B̄ → Xsγ) is only slightly

shifted, and the constraints from the upper bound of

BR(Bs → µ+µ−
) weakened while the lower bound now

excludes the central region.

Two global MFV fits are given in Figure 22 to make

the significance of the latest LHCb data manifest. In

the first row, the experimental data before the start of

the LHCb experiment are used (pre-LHCb), while the

plots in the second row include the latest LHCb mea-

surements (post-LHCb), as given in Table I. Here C8

is mostly constrained by B̄ → Xs,dγ, while C7 is con-

strained by many other observables as well. C9 is highly

affected by b → sµ+µ−
(inclusive and exclusive). C10

is in addition further constrained by Bs → µ+µ−
. The

coefficient Cl
0 of the scalar operator is dominantly con-

strained by Bs → µ+µ−
. There are always two allowed

regions at 95% C.L. in the correlation plots within the

post-LHCb fit; one corresponds to SM-like MFV coef-

ficients and one to coefficients with flipped sign. The

allowed region with the SM is more favoured. The vari-

ous δCi-correlation plots show the flipped-sign for C7 is

only possible if C9 and C10 receive large non-standard

contributions which finally also change the sign of these

coefficients. With the help of the results of the global fit,

which restricts the NP contributions δCi, we can now de-

rive several interesting predictions for observables which

are not yet well measured. This analysis also allows to

spot the observables which still allow for relatively large

deviations from the SM (even in the MFV benchmark

scenario). The following MFV predictions at the 95%

C.L. are of particular interest:

1.0× 10
−5 < BR(B̄ → Xdγ) < 4.0× 10

−5 , (23)

BR(Bd → µ+µ−
) < 3.8× 10

−10. (24)

The present experimental results are [44, 92, 93]:

BR(B̄ → Xdγ)Exp. = (1.41± 0.57)× 10
−5 , (25)

BR(Bd → µ+µ−
)Exp. < 9.4× 10

−10. (26)
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FIG. 22: Global MFV fit to the various NP coefficients δCi in the MFV effective theory without (upper panel) and with
experimental data of LHCb (lower panel).
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shifted, and the constraints from the upper bound of

BR(Bs → µ+µ−
) weakened while the lower bound now

excludes the central region.

Two global MFV fits are given in Figure 22 to make

the significance of the latest LHCb data manifest. In

the first row, the experimental data before the start of

the LHCb experiment are used (pre-LHCb), while the

plots in the second row include the latest LHCb mea-

surements (post-LHCb), as given in Table I. Here C8

is mostly constrained by B̄ → Xs,dγ, while C7 is con-

strained by many other observables as well. C9 is highly

affected by b → sµ+µ−
(inclusive and exclusive). C10

is in addition further constrained by Bs → µ+µ−
. The

coefficient Cl
0 of the scalar operator is dominantly con-

strained by Bs → µ+µ−
. There are always two allowed

regions at 95% C.L. in the correlation plots within the

post-LHCb fit; one corresponds to SM-like MFV coef-

ficients and one to coefficients with flipped sign. The

allowed region with the SM is more favoured. The vari-

ous δCi-correlation plots show the flipped-sign for C7 is

only possible if C9 and C10 receive large non-standard

contributions which finally also change the sign of these

coefficients. With the help of the results of the global fit,

which restricts the NP contributions δCi, we can now de-

rive several interesting predictions for observables which

are not yet well measured. This analysis also allows to

spot the observables which still allow for relatively large

deviations from the SM (even in the MFV benchmark

scenario). The following MFV predictions at the 95%

C.L. are of particular interest:

1.0× 10
−5 < BR(B̄ → Xdγ) < 4.0× 10

−5 , (23)

BR(Bd → µ+µ−
) < 3.8× 10

−10. (24)

The present experimental results are [44, 92, 93]:

BR(B̄ → Xdγ)Exp. = (1.41± 0.57)× 10
−5 , (25)

BR(Bd → µ+µ−
)Exp. < 9.4× 10

−10. (26)
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FIG. 21: 68% and 95% C.L. bounds on δC7 and δC8 induced by the inclusive decay B̄ → Xsγ (left) and on δC10 and δC�
0

induced by the decay Bs → µ+µ− (right).

concept allowing for flavour-blind phases as was shown
in Ref. [79]; however these lead to nontrivial CP effects,
which get strongly constrained by flavour-diagonal ob-
servables such as electric dipole moments [79]. So within
the model-independent effective field theory approach of
MFV we keep the minimality condition regarding CP.
But in specific models like MSSM the discussion of ad-
ditional CP phases within the MFV framework makes
sense and can also allow for a natural solution of the
well-known supersymmetric CP problem, see for exam-
ple Refs. [80, 81].

The application of the MFV hypothesis to the MSSM
offers two attractive features. Most interestingly, the
MFV hypothesis can serve as a substitute for R-parity
in the MSSM [82, 83]. MFV is sufficient to forbid a
too fast proton decay because when the MFV hypoth-
esis is applied to R-parity violating terms, the spurion
expansion leads to a suppression by neutrino masses
and light-charged fermion masses, in this sense MFV
within the MSSM can be regarded as a natural theory
for R-parity violation. Secondly, the MFV framework
is renormalisation-group invariant by construction, how-
ever, it is not clear that the hierarchy between the spurion
terms is preserved when running down from the high scale
to the low electroweak scale. Without this conservation
of hierarchy, the MFV hypothesis would lose its practi-
cability. However, as explicitly shown in Refs. [84, 85], a
MFV-compatible change of the boundary conditions at
the high scale has barely any influence on the low-scale
spectrum.

It is worth mentioning that the MFV hypothesis solves
the NP flavour problem only formally. One still has to
find explicit dynamical structures to realise the MFV
hypothesis like gauge-mediated supersymmetric theories.
And of course the MFV hypothesis is not a theory of
flavour; it does not explain the hierarchical structure of
the CKM matrix and the large mass splittings of the SM
fermions.

We stress that the MFV hypothesis is far from being
verified. There is still room for sizeable new effects, and
new flavour structures beyond the Yukawa couplings are
still compatible with the present data because the flavour

sector has been tested only at the 10% level especially in
the b → s transitions.
Based on the recent LHCb data a new analysis of

rare decays within the MFV effective theory was pre-
sented [86]. Here we update that analysis using the lat-
est LHCb result for BR(Bs → µ+µ−) and the new HFAG
world average for BR(B → Xsγ).
Within the MFV effective Hamiltonian one singles out

only five relevant b → s operators (and also b → d oper-
ators with obvious replacements):

H
b→s
eff = −4GF√

2
[V ∗

usVub(C
c
1P

u
1 + Cc

2P
u
2 ) (20)

+V ∗
csVcb(C

c
1P

c
1 + Cc

2P
c
2 )]

− 4GF√
2

10�

i=3

[(V ∗
usVub + V ∗

csVcb)C
c
i

+ V ∗
tsVtbC

t
i ]Pi + V ∗

tsVtbC
�
0P

�
0 + h.c.

where the relevant operators are

P7 = e
16π2mb(s̄LσµνbR)Fµν ,

P8 = gs
16π2mb(s̄LσµνT abR)Ga

µν ,

P9 = e2

16π2 (s̄LγµbL)
�

�(�̄γ
µ�) ,

P10 = e2

16π2 (s̄LγµbL)
�

�(�̄γ
µγ5�) ,

P �
0 = e2

16π2 (s̄LbR)(�̄R�L) .

(21)

The NP contributions to the corresponding Wilson coef-
ficients can be parametrised as:

δCi = CMFV
i − CSM

i . (22)

We scan over δC7, δC8, δC9, δC10 and δC�
0 in order to

obtain constraints on the Wilson coefficients based on the
experimental results. Consecutively, for each point, the
flavour observables are computed with SuperIso [87, 88].
The obtained values are compared to the experimental
results by calculating the χ2 in the usual way and the
global fits are obtained by minimisation of the χ2.
The individual constraints from the new BR(B̄ →

Xsγ) and BR(Bs → µ+µ−) results are displayed in Fig-
ure 21. As compared to the previous constraints in [86],
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FIG. 21: 68% and 95% C.L. bounds on δC7 and δC8 induced by the inclusive decay B̄ → Xsγ (left) and on δC10 and δC�
0

induced by the decay Bs → µ+µ− (right).
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concept allowing for flavour-blind phases as was shown
in Ref. [79]; however these lead to nontrivial CP effects,
which get strongly constrained by flavour-diagonal ob-
servables such as electric dipole moments [79]. So within
the model-independent effective field theory approach of
MFV we keep the minimality condition regarding CP.
But in specific models like MSSM the discussion of ad-
ditional CP phases within the MFV framework makes
sense and can also allow for a natural solution of the
well-known supersymmetric CP problem, see for exam-
ple Refs. [80, 81].

The application of the MFV hypothesis to the MSSM
offers two attractive features. Most interestingly, the
MFV hypothesis can serve as a substitute for R-parity
in the MSSM [82, 83]. MFV is sufficient to forbid a
too fast proton decay because when the MFV hypoth-
esis is applied to R-parity violating terms, the spurion
expansion leads to a suppression by neutrino masses
and light-charged fermion masses, in this sense MFV
within the MSSM can be regarded as a natural theory
for R-parity violation. Secondly, the MFV framework
is renormalisation-group invariant by construction, how-
ever, it is not clear that the hierarchy between the spurion
terms is preserved when running down from the high scale
to the low electroweak scale. Without this conservation
of hierarchy, the MFV hypothesis would lose its practi-
cability. However, as explicitly shown in Refs. [84, 85], a
MFV-compatible change of the boundary conditions at
the high scale has barely any influence on the low-scale
spectrum.

It is worth mentioning that the MFV hypothesis solves
the NP flavour problem only formally. One still has to
find explicit dynamical structures to realise the MFV
hypothesis like gauge-mediated supersymmetric theories.
And of course the MFV hypothesis is not a theory of
flavour; it does not explain the hierarchical structure of
the CKM matrix and the large mass splittings of the SM
fermions.

We stress that the MFV hypothesis is far from being
verified. There is still room for sizeable new effects, and
new flavour structures beyond the Yukawa couplings are
still compatible with the present data because the flavour

sector has been tested only at the 10% level especially in
the b → s transitions.
Based on the recent LHCb data a new analysis of

rare decays within the MFV effective theory was pre-
sented [86]. Here we update that analysis using the lat-
est LHCb result for BR(Bs → µ+µ−) and the new HFAG
world average for BR(B → Xsγ).
Within the MFV effective Hamiltonian one singles out

only five relevant b → s operators (and also b → d oper-
ators with obvious replacements):

H
b→s
eff = −4GF√

2
[V ∗

usVub(C
c
1P

u
1 + Cc

2P
u
2 ) (20)

+V ∗
csVcb(C

c
1P

c
1 + Cc

2P
c
2 )]

− 4GF√
2

10�

i=3

[(V ∗
usVub + V ∗

csVcb)C
c
i

+ V ∗
tsVtbC

t
i ]Pi + V ∗

tsVtbC
�
0P

�
0 + h.c.

where the relevant operators are

P7 = e
16π2mb(s̄LσµνbR)Fµν ,

P8 = gs
16π2mb(s̄LσµνT abR)Ga

µν ,

P9 = e2

16π2 (s̄LγµbL)
�

�(�̄γ
µ�) ,

P10 = e2

16π2 (s̄LγµbL)
�

�(�̄γ
µγ5�) ,

P �
0 = e2

16π2 (s̄LbR)(�̄R�L) .

(21)

The NP contributions to the corresponding Wilson coef-
ficients can be parametrised as:

δCi = CMFV
i − CSM

i . (22)

We scan over δC7, δC8, δC9, δC10 and δC�
0 in order to

obtain constraints on the Wilson coefficients based on the
experimental results. Consecutively, for each point, the
flavour observables are computed with SuperIso [87, 88].
The obtained values are compared to the experimental
results by calculating the χ2 in the usual way and the
global fits are obtained by minimisation of the χ2.
The individual constraints from the new BR(B̄ →

Xsγ) and BR(Bs → µ+µ−) results are displayed in Fig-
ure 21. As compared to the previous constraints in [86],

[Hurth & Mahmoudi, 1211:6453]
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s-channel exchange models

G is color octet for LO interference with QCD

Need axial coupling; “axigluon.”    For positive 
asymmetry and heavy G need sign(gq  gt) = − 1: 
vector-axial couplings non-flavor-universal.
Light G:  suppressed light-q couplings (from dijets)

t-channel exchange models

9
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• A large FB asymmetry requires large flavor violating couplings 
• Like sign tt,  di-jets, single top, very constrained at Tevatron and LHC

All models require non-trivial flavor interactions. 
Natural implementation: Minimal Flavor Violating Fields, rich phenomenology  [BG, Kagan, Trott, Zupan]
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Conclusions

• Physics of Flavor continues to be a rich program in HE:
• s, c, b and now t
• CPC/CPV, mixing, semileptonic, rare decays, polarization-amplitudes,...

• Standard Flavor Model (CKM) is incredibly successful
• Consistent unitarity triangles in all combinations (eg, tree/loop, CPC/CPV)
• Consistent in rare decays over 6 decades of branching fractions (from 

radiative decay to purely leptonic decay of B0)
• Few anomalies 
• B Isospin Asymmetry, decays into tau, ...
• For some we have no reasonable model (eg, Isospin Asymmetry)
• Many going away (or gone)
• Old man: likely to evolve into consistency with SM (with additional data)

• Models of NP pushed (not to a corner but) to
• Decoupling/high mass
• Suppressed flavor changing couplings
• Suppressed CPV phases in couplings
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The End


