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shows that most of the allowed parameter space prefers
hs > hd. This raises the following question: What kind of
new physics can generate a large breaking of the approx-
imate SU(2)q symmetry without being excluded by CP
violation in the K or D systems? Remarkably, even this
case can be accounted for by the general MFV (GMFV)
framework [21]. Consider models where operators of O4-
type (as defined in [24]) are the dominant ones, which
may be possible due to the fact that their contributions
are RGE enhanced. An example of such an operator
is (similar operators of O5-type are typically suppressed
compared to the O4-type ones)
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Here Au,d ≡ Yu,dY

†
u,d and n,m, l, p are integer powers

and c is an order one complex number.1 We focus on
the nonlinear MFV regime, where resummation over the
third generation eigenvalues is required (both for the up
and down Yukawas), because of the presence of large log-
arithms or large anomalous dimensions. Consequently,
the contributions of higher powers of the Yukawa cou-
plings are equally important. The above set of operators
can carry a new CPV phase and may contribute domi-
nantly to b → s transition and not to b → d transition,
because of the chiral suppression induced by Yd. We find
that the data requires

ΛMFV;4
>∼ 13.2 yb

�
ms

mb

0.5

hs
TeV = 2.9 yb

�
0.5

hs
TeV .

(11)
Thus, remarkably, hs � hd can arise in MFV models
with flavor diagonal CP violating phases, where large
chirality flipping sources exist at the TeV scale. Such
models have not been studied in great detail, but possi-
ble interesting examples are supersymmetric extensions
of the SM at large tanβ [25] or warped extra dimension
models with MFV structure in the bulk [26]. We finally
note that the operator ONL

4 predicts contributions to the
Bd system suppressed by md/ms ∼ 5%, which may be
accessible in the near future and provide a direct test for
the above scenario.

(iv) The fact that the data can be accounted for within
the MFV framework makes it clear that it can be accom-
modated in models with even more general flavor struc-
ture. Several conditions need to be met, though. For in-
stance, the operators O2,3,4 require large chirality violat-
ing sources in addition to the CP violating phases, which
are generically strongly constrained by neutron electric
dipole moment and b → sγ. Contributions to the O1 op-

1 For simplicity we adopt here a linear formulation where the re-
summation over the third generation is not manifest; see [21, 22]
for a more rigorous treatment.

erator from SU(2)W invariant new physics, on the other
hand, are constrained by CP violation in D− D̄ mixing.
They may also induce top flavor violation observable at
the LHC both in ∆t = 1 and ∆t = 2 processes [27, 28].
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FIG. 16: The observed and expected like-sign dimuon charge
asymmetries in bins of dimuon invariant mass. The expected
asymmetry is shown for (a) Ab

sl = 0.0 and (b) Ab
sl = !0.00957.
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FIG. 17: (Color online) Comparison of Ab
sl in data with the

standard model prediction for ad
sl and as

sl. Also shown are
the existing measurements of ad

sl [23] and as
sl [24]. The error

bands represent the ±1 standard deviation uncertainties on
each individual measurement.

FIG. 18: (Color online) The 68% and 95% C.L. regions of
probability for !"s and !s values obtained from this mea-
surement, considering the experimental constraints on ad

sl [23].
The solid and dashed curves show respectively the 68% and
95% C.L. contours from the B0

s " J/"! measurement [25].
Also shown is the standard model (SM) prediction for !s and
!"s.
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FIG. 19: (Color online) Probability contours in the (!s,!"s)
plane for the combination of this measurement with the result
of Ref. [25], using the experimental constraints on ad

sl [23].
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Appendix A: Theory

This Appendix is included for completeness and to de-
fine the notations. Assuming CPT symmetry, the mixing
and decay of the B0

q , B̄
0
q pair (q = s, d) is described [28]

by

i
d
dt

!

B0
q (t)

B̄0
q (t)

"

=

!#

Mq M12
q

(M12
q )! Mq

$

!
i
2

#

!q !12
q

(!12
q )! !q

$"

·
!

B0
q (t)

B̄0
q (t)

"

, (A1)

where Mq, M12
q , !q, and !12

q are the elements of the
mass matrix of the B0

q B̄
0
q system. The matrix element

M12
q is due to box diagrams [2]. New particles foreseen in

extensions of the standard model can contribute to these
box diagrams, and physics beyond the standard model
can therefore modify the phase and amplitude of M12

q .
The eigenvalues of the mass matrix in Eq. (A1) are

Mq +
1

2
"Mq !

i

2
(!q !

1

2
"!q), (A2)

Mq !
1

2
"Mq !

i

2
(!q +

1

2
"!q), (A3)

where, by definition, "Mq > 0. Notice the sign conven-
tions for "Mq and "!q. With this convention, "!q is
positive in the standard model. A violation of the CP
symmetry is caused by a non-zero value of the phase

!q " arg

!

!
M12

q

!12
q

"

. (A4)

The observable quantities are Mq, !q, "Mq, "!q and
!q, with

"Mq = 2
#

#M12
q

#

# , "!q = 2
#

#!12
q

#

# cos!q. (A5)

The charge asymmetry aqsl for “wrong-charge”
semileptonic B0

q -meson decay induced by oscillations is
defined as

aqsl =
!(B̄0

q (t) # µ+X)! !(B0
q (t) # µ!X)

!(B̄0
q (t) # µ+X) + !(B0

q (t) # µ!X)
. (A6)

This quantity is independent of the lifetime t, and can
be expressed as

aqsl =

#

#!12
q

#

#

#

#M12
q

#

#

sin!q =
"!q

"Mq
tan!q. (A7)

The like-sign dimuon charge asymmetry Ab
sl for

semileptonic decays of b hadrons produced in proton-
antiproton (pp̄) collisions is defined as

Ab
sl "

N++
b !N!!

b

N++
b +N!!

b

, (A8)

where N++
b and N!!

b are the numbers of events contain-
ing two b hadrons that decay semileptonically, producing
two positive or two negative muons, respectively, with
only the direct semileptonic decays b # µX considered
in the definition of N++

b and N!!
b . The asymmetry Ab

sl

can be expressed [10] as

Ab
sl =

fdZdadsl + fsZsassl
fdZd + fsZs

, (A9)

where

Zq "
1

1! y2q
!

1

1 + x2
q
, (A10)

yq "
"!q

2!q
, (A11)

xq "
"Mq

!q
. (A12)

with q = d, s. The quantities fd and fs are the pro-
duction fractions for b̄ # B0

d and b̄ # B0
s respectively.

These fractions have been measured for pp̄ collisions at
the Tevatron [2]:

fd = 0.323± 0.037,

fs = 0.118± 0.015. (A13)

All other parameters in (A9) are also taken from Ref. [2]:

xd = 0.774± 0.008,

yd = 0,

xs = 26.2± 0.5,

ys = 0.046± 0.027. (A14)

Substituting these values in Eq. (A9), we obtain

Ab
sl = (0.506± 0.043)adsl + (0.494± 0.043)assl. (A15)

Using the values of adsl, a
s
sl from Ref. [1],

adsl(SM) = (!4.8+1.0
!1.2)$ 10!4

assl(SM) = (2.1± 0.6)$ 10!5, (A16)

the predicted value of Ab
sl in the standard model is

Ab
sl(SM) = (!2.3+0.5

!0.6)$ 10!4. (A17)

The current experimental values of the two semileptonic
asymmetries are adsl = !0.0047 ± 0.0046 [23] and assl =
!0.0017± 0.0091 [24].
It can be concluded from Eq. (A17) that the standard

model predicts a small negative value of Ab
sl with rather

small uncertainty. Any significant deviation of Ab
sl from

the SM prediction on a scale larger than that of the un-
certainty on Ab

sl , would be an unambiguous signal of new
physics.
The asymmetry Ab

sl is also equivalent to the charge
asymmetry of semileptonic decays of b hadrons to “wrong
charge” muons that are induced by oscillations [10], i.e.,

absl "
!(B̄ # µ+X)! !(B # µ!X)

!(B̄ # µ+X) + !(B # µ!X)
= Ab

sl. (A18)

Theory prediction for ΔΓ (φs) 

Comment on new physics contributions to Γs
12

Christian W. Bauer and Nicholas Daniel Dunn
Ernest Orlando Lawrence Berkeley National Laboratory, University of California, Berkeley, CA 94720

A recent measurement by the D0 collaboration finds a like-sign di-muon charge asymmetry in the

B system that is roughly 3σ larger than the value predicated by the Standard Model. This suggests

new physics contributing to B − B mixing. For the current central value of the CP asymmetry,

the required size of Γs
12 is larger than Standard Model estimates of this quantity. In this paper,

we will explore the constraints on new physics contributions to Γs
12. We show that there are two

dimension six operators of Standard Model fields in the electroweak Hamiltonian whose coefficients

are not constrained enough to rule out possible contributions from new physics. We argue that a

more precise measurement of τ(Bs)/τ(Bd), which is possible with currently available data, could

either support or strongly constrain the existence of new physics in Γs
12.

Both the D0 and the CDF collaborations have mea-
sured the like-sign di-muon charge asymmetry in the B
system

Ab
sl ≡

N++
b −N−−

b

N++
b +N−−

b

. (1)

Using 1.6 fb−1 of data CDF obtained [1] Ab
sl = (8.0 ±

9.0 ± 6.8) × 10−3, while the D0 collaboration recently
reported [2] a result of Ab

sl = (−9.57±2.51±1.46)×10−3

with 6.1 fb−1 of data. Combining these results, one finds

Ab
sl ≡

N++
b −N−−

b

N++
b +N−−

b

= −(8.5± 2.8)× 10−3 . (2)

This value is about 3σ away from the Standard Model
(SM) prediction of Ab

sl = −0.2× 10−3.
Since these measurements are blind as to which flavor

of B meson produced the two muons, Ab
sl receives contri-

butions from the semileptonic CP asymmetries of both
Bs and Bd mesons, which we will call assl and adsl, re-
spectively. The relation between Ab

sl and the aqsl is given
by [2]

Ab
sl = (0.506± 0.043)adsl + (0.494± 0.043)assl . (3)

D0 [3] has also measured the semileptonic CP asymmetry
assl directly, albeit with large uncertainties

assl = (−1.7± 9.1)× 10−3 . (4)

One can convert the di-muon charge asymmetry into a
measurement of the semileptonic asymmetry of the Bs

system using input from the Bd system. If one assumes
no new physics contribution to Bd mixing, one finds
(combining with the explicit measurements)

(assl)SM ad
sl
= −(12.2± 4.9)× 10−3 , (5)

while using the measurement [4] adsl = (−4.7±4.6)×10−3,
one finds

(assl)ad
sl meas

= −(9.2± 4.9)× 10−3 . (6)

While it is probably too early to tell if this discrepancy
is due to physics beyond the Standard Model or fluctua-
tions in the data, it is certainly interesting to understand
what the implications of this measurement are for new
physics (NP).
There are two amplitudes each that characterize mix-

ing in the Bq systems (q = s, d): the off-diagonal element
of the mass matrix Mq

12 and the off-diagonal element of
the decay matrix Γq

12. Only the relative phase φq be-
tween these two amplitudes is observable, such that one
can choose the three real parameters |Mq

12|, |Γ
q
12| and φq

to describe the physics. In terms of these parameters,
the semileptonic asymmetry is given by

aqsl =
|Γq

12|
|Mq

12|
sinφq . (7)

What are the values of the three parameters |Mq
12|,

|Γq
12| and φq in the Standard Model? This question is

not easy to answer, since both |Mq
12| and |Γq

12| depend
on non-perturbative physics which is notoriously difficult
to determine. However, much effort has been devoted
to this problem, including lattice calculations to deter-
mine required bag parameters. We use the calculations
from [5], supplemented with updated values for the de-
cay constants and the bag parameters, obtained from [6].
Adding the uncertainties quoted in these to references in
quadrature, we find

|Ms
12|SM = (9.8± 1.1)ps−1

|Γs
12|SM = (0.049± 0.012)ps−1

φs = (0.04± 0.01) . (8)

It should be noted that the calculation of Γq
12 relies on an

operator product expansion, even though the energy re-
leased is onlymb−2mc ∼ 2GeV. Thus one might be wor-
ried of the convergence of the expansion performed [7].
These parameters can also be related to other physical

observables. In particular, they determine the mass and
width difference between Bs and Bs mesons, as well as
the time-dependent CP asymmetry Sψφ. The relations
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Do the Bs data give a 
consistent picture?
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Disclaimer: home-made plots, intended
to further understanding (~ 1 sigma regions). 

For statistically  significant analysis look elsewhere 
(Experiments, UTfit, CKMfitter, Ligeti et al, ...) .



The recent CDF [8] and DØ [5] results give best fit values

around (∆Γs, Sψφ) ∼ (±0.15 ps−1, 0.5). This shows that
the new abSL measurement in Eq. (1) is consistent with

the data on ∆Γs and Sψφ. This consistency is a nontriv-

ial test of the assumption that NP contributes only to

neutral meson mixing.

New physics in the mixing amplitudes of the Bd,s

mesons can in general be described by four real parame-

ters, two for each neutral meson system,

Md,s
12 =

�
Md,s

12

�SM �
1 + hd,s e

2iσd,s
�
. (6)

We denote by Mq
12 (Γq

12) the dispersive (absorptive) part

of the B0
q − B̄0

q mixing amplitude and SM superscripts

denote the SM values (for quantities not explicitly defined

here, see Ref. [15]). This modifies the SM predictions for

some observables used to constrain hq and σq as

∆mq = ∆mSM
q

��1 + hqe
2iσq

�� ,
∆Γs = ∆ΓSM

s cos
�
arg

�
1 + hse

2iσs
��

,

Aq
SL = Im

�
Γq
12/

�
Mq,SM

12 (1 + hqe
2iσq )

��
,

SψK = sin
�
2β + arg

�
1 + hde

2iσd
��

,

Sψφ = sin
�
2βs − arg

�
1 + hse

2iσs
��

. (7)

Here βs = arg[−(VtsV ∗
tb)/(VcsV ∗

cb)] = (1.04± 0.05)◦ is an

angle of a squashed unitarity triangle.

As already discussed, the new DØ measurement di-

rectly correlates the possible NP contributions in the Bd

and Bs systems [see Eq. (2)]. In order to quantitatively

assess our NP hypothesis we perform a global fit using

the CKMfitter package [16] to determine simultaneously

the NP parameters hd,s and σd,s, as well as the ρ̄ and η̄
parameters of the CKM matrix.

The results presented here use the post-Beauty2009

CKMfitter input values [16], except for the lattice input

parameters where we use [17], and the most recent ex-

perimental data. For Sψφ vs. ∆Γs, we use the 2.8 fb
−1

2d likelihood of DØ [5] and the 5.2 fb
−1

1d likelihood of

the recent CDF measurement [8] (the 2d likelihood is not

available). As already mentioned, neither the CDF nor

the DØ result gives a significant tension in the fit, so we

expect that a real Tevatron combination will not alter

our results by much. For the results presented here, we

marginalize over |Γq
12| in the range 0− 0.25 ps−1

, finding

that the data prefer values for ∆Γs about 2.5 times larger

than the prediction [2]. If we use the theory prediction,

our conclusions about NP do not change substantially,

but the goodness of fit is reduced significantly.

Figure 1 shows the results of the global fit projected

onto the hd − hs plane with 1σ (solid), 2σ (dashed), and

3σ (dotted) contours. We find that the data show evi-

dence for disagreement with the SM or, differently stated,

the no NP hypothesis hs = hd = 0 is disfavored at the

3.3σ level. Figure 2 shows the hs − σs and hd − σd fits.

The two best fit regions are for hs ∼ 0.5 and hs ∼ 1.8

FIG. 1: The allowed range of hs and hd from the combined
fit. The solid, dashed, and dotted contours show 1σ, 2σ, and
3σ, respectively.

with sizable NP phases, σs ∼ 120
◦
and σs ∼ 100

◦
respec-

tively. Here the point hs = 0 is disfavored at only 2.6σ,
since hs and hd are correlated. In the hd − σd case the

data is consistent with no new physics contributions in

Bd − B̄d mixing (hd = 0) below the 2σ level.

To interpret the pattern of the current experimental

data in terms of NP models, one should investigate if NP

models that respect the SM approximate SU(2)q sym-

metry are favored (in the SM this is due to the smallness

of the masses in the first two generations and the small-

ness of the mixing with the third generation quarks), or

if a hierarchy, such as hs � hd, is required. In Fig. 1 we

show the hd = hs line, which makes it evident that while

hd = hs is not disfavored, most of the favored parameter

space has hs > hd. Actually, a non-negligible fraction of

the allowed parameter space corresponds to hs � hd, as

indicated by the hs = 5hd line on Fig. 1.

A particularly interesting NP scenario is to assume

SU(2)q universality (q = s, d), defined as

hb ≡ hd = hs , σb ≡ σd = σs . (8)

The relevant hb − σb plane is shown in Fig. 3. The best

fit region, near hb ∼ 0.25 and σb ∼ 120
◦
, is obtained as

a compromise between the Babar and Belle bounds in

the Bd system and the tensions in the Tevatron Bs data

with the SM predicitons. This compromise mostly arises

from the different magnitudes of hd,s: while the best fit

hd value is a few times smaller than the best fit hs value,

the best fit values of the phases σd,s are remarkably close

to each other, as can be seen in Fig. 2. Note that while

the SM limit, hb = 0, is obtained at less than 3σ CL, the

2

5

Main players, see Gudrun’s introduction



0.0 0.5 1.0 1.5 2.0 2.5
0.0

0.5

1.0

1.5

2.0

2.5

3.0

hs

Σ
s

ΔMs

The recent CDF [8] and DØ [5] results give best fit values

around (∆Γs, Sψφ) ∼ (±0.15 ps−1, 0.5). This shows that
the new abSL measurement in Eq. (1) is consistent with

the data on ∆Γs and Sψφ. This consistency is a nontriv-

ial test of the assumption that NP contributes only to

neutral meson mixing.

New physics in the mixing amplitudes of the Bd,s

mesons can in general be described by four real parame-

ters, two for each neutral meson system,

Md,s
12 =

�
Md,s

12

�SM �
1 + hd,s e

2iσd,s
�
. (6)

We denote by Mq
12 (Γq

12) the dispersive (absorptive) part

of the B0
q − B̄0

q mixing amplitude and SM superscripts

denote the SM values (for quantities not explicitly defined

here, see Ref. [15]). This modifies the SM predictions for

some observables used to constrain hq and σq as

∆mq = ∆mSM
q

��1 + hqe
2iσq

�� ,
∆Γs = ∆ΓSM

s cos
�
arg

�
1 + hse

2iσs
��

,

Aq
SL = Im

�
Γq
12/

�
Mq,SM

12 (1 + hqe
2iσq )

��
,

SψK = sin
�
2β + arg

�
1 + hde

2iσd
��

,

Sψφ = sin
�
2βs − arg

�
1 + hse

2iσs
��

. (7)

Here βs = arg[−(VtsV ∗
tb)/(VcsV ∗

cb)] = (1.04± 0.05)◦ is an

angle of a squashed unitarity triangle.

As already discussed, the new DØ measurement di-

rectly correlates the possible NP contributions in the Bd

and Bs systems [see Eq. (2)]. In order to quantitatively

assess our NP hypothesis we perform a global fit using

the CKMfitter package [16] to determine simultaneously

the NP parameters hd,s and σd,s, as well as the ρ̄ and η̄
parameters of the CKM matrix.

The results presented here use the post-Beauty2009

CKMfitter input values [16], except for the lattice input

parameters where we use [17], and the most recent ex-

perimental data. For Sψφ vs. ∆Γs, we use the 2.8 fb
−1

2d likelihood of DØ [5] and the 5.2 fb
−1

1d likelihood of

the recent CDF measurement [8] (the 2d likelihood is not

available). As already mentioned, neither the CDF nor

the DØ result gives a significant tension in the fit, so we

expect that a real Tevatron combination will not alter

our results by much. For the results presented here, we

marginalize over |Γq
12| in the range 0− 0.25 ps−1

, finding

that the data prefer values for ∆Γs about 2.5 times larger

than the prediction [2]. If we use the theory prediction,

our conclusions about NP do not change substantially,

but the goodness of fit is reduced significantly.

Figure 1 shows the results of the global fit projected

onto the hd − hs plane with 1σ (solid), 2σ (dashed), and

3σ (dotted) contours. We find that the data show evi-

dence for disagreement with the SM or, differently stated,

the no NP hypothesis hs = hd = 0 is disfavored at the

3.3σ level. Figure 2 shows the hs − σs and hd − σd fits.

The two best fit regions are for hs ∼ 0.5 and hs ∼ 1.8

FIG. 1: The allowed range of hs and hd from the combined
fit. The solid, dashed, and dotted contours show 1σ, 2σ, and
3σ, respectively.

with sizable NP phases, σs ∼ 120
◦
and σs ∼ 100

◦
respec-

tively. Here the point hs = 0 is disfavored at only 2.6σ,
since hs and hd are correlated. In the hd − σd case the

data is consistent with no new physics contributions in

Bd − B̄d mixing (hd = 0) below the 2σ level.

To interpret the pattern of the current experimental

data in terms of NP models, one should investigate if NP

models that respect the SM approximate SU(2)q sym-

metry are favored (in the SM this is due to the smallness

of the masses in the first two generations and the small-

ness of the mixing with the third generation quarks), or

if a hierarchy, such as hs � hd, is required. In Fig. 1 we

show the hd = hs line, which makes it evident that while

hd = hs is not disfavored, most of the favored parameter

space has hs > hd. Actually, a non-negligible fraction of

the allowed parameter space corresponds to hs � hd, as

indicated by the hs = 5hd line on Fig. 1.

A particularly interesting NP scenario is to assume

SU(2)q universality (q = s, d), defined as

hb ≡ hd = hs , σb ≡ σd = σs . (8)

The relevant hb − σb plane is shown in Fig. 3. The best

fit region, near hb ∼ 0.25 and σb ∼ 120
◦
, is obtained as

a compromise between the Babar and Belle bounds in

the Bd system and the tensions in the Tevatron Bs data

with the SM predicitons. This compromise mostly arises

from the different magnitudes of hd,s: while the best fit

hd value is a few times smaller than the best fit hs value,

the best fit values of the phases σd,s are remarkably close

to each other, as can be seen in Fig. 2. Note that while

the SM limit, hb = 0, is obtained at less than 3σ CL, the
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The recent CDF [8] and DØ [5] results give best fit values

around (∆Γs, Sψφ) ∼ (±0.15 ps−1, 0.5). This shows that
the new abSL measurement in Eq. (1) is consistent with

the data on ∆Γs and Sψφ. This consistency is a nontriv-

ial test of the assumption that NP contributes only to

neutral meson mixing.

New physics in the mixing amplitudes of the Bd,s

mesons can in general be described by four real parame-

ters, two for each neutral meson system,

Md,s
12 =

�
Md,s

12

�SM �
1 + hd,s e

2iσd,s
�
. (6)

We denote by Mq
12 (Γq

12) the dispersive (absorptive) part

of the B0
q − B̄0

q mixing amplitude and SM superscripts

denote the SM values (for quantities not explicitly defined

here, see Ref. [15]). This modifies the SM predictions for

some observables used to constrain hq and σq as

∆mq = ∆mSM
q

��1 + hqe
2iσq

�� ,
∆Γs = ∆ΓSM

s cos
�
arg

�
1 + hse

2iσs
��

,

Aq
SL = Im

�
Γq
12/

�
Mq,SM

12 (1 + hqe
2iσq )

��
,

SψK = sin
�
2β + arg

�
1 + hde

2iσd
��

,

Sψφ = sin
�
2βs − arg

�
1 + hse

2iσs
��

. (7)

Here βs = arg[−(VtsV ∗
tb)/(VcsV ∗

cb)] = (1.04± 0.05)◦ is an

angle of a squashed unitarity triangle.

As already discussed, the new DØ measurement di-

rectly correlates the possible NP contributions in the Bd

and Bs systems [see Eq. (2)]. In order to quantitatively

assess our NP hypothesis we perform a global fit using

the CKMfitter package [16] to determine simultaneously

the NP parameters hd,s and σd,s, as well as the ρ̄ and η̄
parameters of the CKM matrix.

The results presented here use the post-Beauty2009

CKMfitter input values [16], except for the lattice input

parameters where we use [17], and the most recent ex-

perimental data. For Sψφ vs. ∆Γs, we use the 2.8 fb
−1

2d likelihood of DØ [5] and the 5.2 fb
−1

1d likelihood of

the recent CDF measurement [8] (the 2d likelihood is not

available). As already mentioned, neither the CDF nor

the DØ result gives a significant tension in the fit, so we

expect that a real Tevatron combination will not alter

our results by much. For the results presented here, we

marginalize over |Γq
12| in the range 0− 0.25 ps−1

, finding

that the data prefer values for ∆Γs about 2.5 times larger

than the prediction [2]. If we use the theory prediction,

our conclusions about NP do not change substantially,

but the goodness of fit is reduced significantly.

Figure 1 shows the results of the global fit projected

onto the hd − hs plane with 1σ (solid), 2σ (dashed), and

3σ (dotted) contours. We find that the data show evi-

dence for disagreement with the SM or, differently stated,

the no NP hypothesis hs = hd = 0 is disfavored at the

3.3σ level. Figure 2 shows the hs − σs and hd − σd fits.

The two best fit regions are for hs ∼ 0.5 and hs ∼ 1.8

FIG. 1: The allowed range of hs and hd from the combined
fit. The solid, dashed, and dotted contours show 1σ, 2σ, and
3σ, respectively.

with sizable NP phases, σs ∼ 120
◦
and σs ∼ 100

◦
respec-

tively. Here the point hs = 0 is disfavored at only 2.6σ,
since hs and hd are correlated. In the hd − σd case the

data is consistent with no new physics contributions in

Bd − B̄d mixing (hd = 0) below the 2σ level.

To interpret the pattern of the current experimental

data in terms of NP models, one should investigate if NP

models that respect the SM approximate SU(2)q sym-

metry are favored (in the SM this is due to the smallness

of the masses in the first two generations and the small-

ness of the mixing with the third generation quarks), or

if a hierarchy, such as hs � hd, is required. In Fig. 1 we

show the hd = hs line, which makes it evident that while

hd = hs is not disfavored, most of the favored parameter

space has hs > hd. Actually, a non-negligible fraction of

the allowed parameter space corresponds to hs � hd, as

indicated by the hs = 5hd line on Fig. 1.

A particularly interesting NP scenario is to assume

SU(2)q universality (q = s, d), defined as

hb ≡ hd = hs , σb ≡ σd = σs . (8)

The relevant hb − σb plane is shown in Fig. 3. The best

fit region, near hb ∼ 0.25 and σb ∼ 120
◦
, is obtained as

a compromise between the Babar and Belle bounds in

the Bd system and the tensions in the Tevatron Bs data

with the SM predicitons. This compromise mostly arises

from the different magnitudes of hd,s: while the best fit

hd value is a few times smaller than the best fit hs value,

the best fit values of the phases σd,s are remarkably close

to each other, as can be seen in Fig. 2. Note that while

the SM limit, hb = 0, is obtained at less than 3σ CL, the
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The recent CDF [8] and DØ [5] results give best fit values

around (∆Γs, Sψφ) ∼ (±0.15 ps−1, 0.5). This shows that
the new abSL measurement in Eq. (1) is consistent with

the data on ∆Γs and Sψφ. This consistency is a nontriv-

ial test of the assumption that NP contributes only to

neutral meson mixing.

New physics in the mixing amplitudes of the Bd,s

mesons can in general be described by four real parame-

ters, two for each neutral meson system,

Md,s
12 =
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�SM �
1 + hd,s e

2iσd,s
�
. (6)

We denote by Mq
12 (Γq

12) the dispersive (absorptive) part

of the B0
q − B̄0

q mixing amplitude and SM superscripts

denote the SM values (for quantities not explicitly defined

here, see Ref. [15]). This modifies the SM predictions for

some observables used to constrain hq and σq as
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Here βs = arg[−(VtsV ∗
tb)/(VcsV ∗

cb)] = (1.04± 0.05)◦ is an

angle of a squashed unitarity triangle.

As already discussed, the new DØ measurement di-

rectly correlates the possible NP contributions in the Bd

and Bs systems [see Eq. (2)]. In order to quantitatively

assess our NP hypothesis we perform a global fit using

the CKMfitter package [16] to determine simultaneously

the NP parameters hd,s and σd,s, as well as the ρ̄ and η̄
parameters of the CKM matrix.

The results presented here use the post-Beauty2009

CKMfitter input values [16], except for the lattice input

parameters where we use [17], and the most recent ex-

perimental data. For Sψφ vs. ∆Γs, we use the 2.8 fb
−1

2d likelihood of DØ [5] and the 5.2 fb
−1

1d likelihood of

the recent CDF measurement [8] (the 2d likelihood is not

available). As already mentioned, neither the CDF nor

the DØ result gives a significant tension in the fit, so we

expect that a real Tevatron combination will not alter

our results by much. For the results presented here, we

marginalize over |Γq
12| in the range 0− 0.25 ps−1

, finding

that the data prefer values for ∆Γs about 2.5 times larger

than the prediction [2]. If we use the theory prediction,

our conclusions about NP do not change substantially,

but the goodness of fit is reduced significantly.

Figure 1 shows the results of the global fit projected

onto the hd − hs plane with 1σ (solid), 2σ (dashed), and

3σ (dotted) contours. We find that the data show evi-

dence for disagreement with the SM or, differently stated,

the no NP hypothesis hs = hd = 0 is disfavored at the

3.3σ level. Figure 2 shows the hs − σs and hd − σd fits.

The two best fit regions are for hs ∼ 0.5 and hs ∼ 1.8

FIG. 1: The allowed range of hs and hd from the combined
fit. The solid, dashed, and dotted contours show 1σ, 2σ, and
3σ, respectively.

with sizable NP phases, σs ∼ 120
◦
and σs ∼ 100

◦
respec-

tively. Here the point hs = 0 is disfavored at only 2.6σ,
since hs and hd are correlated. In the hd − σd case the

data is consistent with no new physics contributions in

Bd − B̄d mixing (hd = 0) below the 2σ level.

To interpret the pattern of the current experimental

data in terms of NP models, one should investigate if NP

models that respect the SM approximate SU(2)q sym-

metry are favored (in the SM this is due to the smallness

of the masses in the first two generations and the small-

ness of the mixing with the third generation quarks), or

if a hierarchy, such as hs � hd, is required. In Fig. 1 we

show the hd = hs line, which makes it evident that while

hd = hs is not disfavored, most of the favored parameter

space has hs > hd. Actually, a non-negligible fraction of

the allowed parameter space corresponds to hs � hd, as

indicated by the hs = 5hd line on Fig. 1.

A particularly interesting NP scenario is to assume

SU(2)q universality (q = s, d), defined as

hb ≡ hd = hs , σb ≡ σd = σs . (8)

The relevant hb − σb plane is shown in Fig. 3. The best

fit region, near hb ∼ 0.25 and σb ∼ 120
◦
, is obtained as

a compromise between the Babar and Belle bounds in

the Bd system and the tensions in the Tevatron Bs data

with the SM predicitons. This compromise mostly arises

from the different magnitudes of hd,s: while the best fit

hd value is a few times smaller than the best fit hs value,

the best fit values of the phases σd,s are remarkably close

to each other, as can be seen in Fig. 2. Note that while

the SM limit, hb = 0, is obtained at less than 3σ CL, the
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The recent CDF [8] and DØ [5] results give best fit values

around (∆Γs, Sψφ) ∼ (±0.15 ps−1, 0.5). This shows that
the new abSL measurement in Eq. (1) is consistent with

the data on ∆Γs and Sψφ. This consistency is a nontriv-

ial test of the assumption that NP contributes only to

neutral meson mixing.

New physics in the mixing amplitudes of the Bd,s

mesons can in general be described by four real parame-

ters, two for each neutral meson system,

Md,s
12 =

�
Md,s

12

�SM �
1 + hd,s e

2iσd,s
�
. (6)

We denote by Mq
12 (Γq

12) the dispersive (absorptive) part

of the B0
q − B̄0

q mixing amplitude and SM superscripts

denote the SM values (for quantities not explicitly defined

here, see Ref. [15]). This modifies the SM predictions for

some observables used to constrain hq and σq as

∆mq = ∆mSM
q

��1 + hqe
2iσq

�� ,
∆Γs = ∆ΓSM

s cos
�
arg

�
1 + hse

2iσs
��

,

Aq
SL = Im

�
Γq
12/

�
Mq,SM

12 (1 + hqe
2iσq )

��
,

SψK = sin
�
2β + arg

�
1 + hde

2iσd
��

,

Sψφ = sin
�
2βs − arg

�
1 + hse

2iσs
��

. (7)

Here βs = arg[−(VtsV ∗
tb)/(VcsV ∗

cb)] = (1.04± 0.05)◦ is an

angle of a squashed unitarity triangle.

As already discussed, the new DØ measurement di-

rectly correlates the possible NP contributions in the Bd

and Bs systems [see Eq. (2)]. In order to quantitatively

assess our NP hypothesis we perform a global fit using

the CKMfitter package [16] to determine simultaneously

the NP parameters hd,s and σd,s, as well as the ρ̄ and η̄
parameters of the CKM matrix.

The results presented here use the post-Beauty2009

CKMfitter input values [16], except for the lattice input

parameters where we use [17], and the most recent ex-

perimental data. For Sψφ vs. ∆Γs, we use the 2.8 fb
−1

2d likelihood of DØ [5] and the 5.2 fb
−1

1d likelihood of

the recent CDF measurement [8] (the 2d likelihood is not

available). As already mentioned, neither the CDF nor

the DØ result gives a significant tension in the fit, so we

expect that a real Tevatron combination will not alter

our results by much. For the results presented here, we

marginalize over |Γq
12| in the range 0− 0.25 ps−1

, finding

that the data prefer values for ∆Γs about 2.5 times larger

than the prediction [2]. If we use the theory prediction,

our conclusions about NP do not change substantially,

but the goodness of fit is reduced significantly.

Figure 1 shows the results of the global fit projected

onto the hd − hs plane with 1σ (solid), 2σ (dashed), and

3σ (dotted) contours. We find that the data show evi-

dence for disagreement with the SM or, differently stated,

the no NP hypothesis hs = hd = 0 is disfavored at the

3.3σ level. Figure 2 shows the hs − σs and hd − σd fits.

The two best fit regions are for hs ∼ 0.5 and hs ∼ 1.8

FIG. 1: The allowed range of hs and hd from the combined
fit. The solid, dashed, and dotted contours show 1σ, 2σ, and
3σ, respectively.

with sizable NP phases, σs ∼ 120
◦
and σs ∼ 100

◦
respec-

tively. Here the point hs = 0 is disfavored at only 2.6σ,
since hs and hd are correlated. In the hd − σd case the

data is consistent with no new physics contributions in

Bd − B̄d mixing (hd = 0) below the 2σ level.

To interpret the pattern of the current experimental

data in terms of NP models, one should investigate if NP

models that respect the SM approximate SU(2)q sym-

metry are favored (in the SM this is due to the smallness

of the masses in the first two generations and the small-

ness of the mixing with the third generation quarks), or

if a hierarchy, such as hs � hd, is required. In Fig. 1 we

show the hd = hs line, which makes it evident that while

hd = hs is not disfavored, most of the favored parameter

space has hs > hd. Actually, a non-negligible fraction of

the allowed parameter space corresponds to hs � hd, as

indicated by the hs = 5hd line on Fig. 1.

A particularly interesting NP scenario is to assume

SU(2)q universality (q = s, d), defined as

hb ≡ hd = hs , σb ≡ σd = σs . (8)

The relevant hb − σb plane is shown in Fig. 3. The best

fit region, near hb ∼ 0.25 and σb ∼ 120
◦
, is obtained as

a compromise between the Babar and Belle bounds in

the Bd system and the tensions in the Tevatron Bs data

with the SM predicitons. This compromise mostly arises

from the different magnitudes of hd,s: while the best fit

hd value is a few times smaller than the best fit hs value,

the best fit values of the phases σd,s are remarkably close

to each other, as can be seen in Fig. 2. Note that while

the SM limit, hb = 0, is obtained at less than 3σ CL, the

2

new DØ8



0.0 0.5 1.0 1.5 2.0 2.5
0.0

0.5

1.0

1.5

2.0

2.5

3.0

hs

Σ
s

SM

best fit: (hs, σs)
  1) (0.5,120º)
  2) (1.8, 100º)

9

1)
2)



Including the recent CDF
result for Sψφ ….

10

 ref. FPCP 2010



0.0 0.5 1.0 1.5 2.0 2.5
0.0

0.5

1.0

1.5

2.0

2.5

3.0

hs

Σ
s

new CDF

The recent CDF [8] and DØ [5] results give best fit values

around (∆Γs, Sψφ) ∼ (±0.15 ps−1, 0.5). This shows that
the new abSL measurement in Eq. (1) is consistent with

the data on ∆Γs and Sψφ. This consistency is a nontriv-

ial test of the assumption that NP contributes only to

neutral meson mixing.

New physics in the mixing amplitudes of the Bd,s

mesons can in general be described by four real parame-

ters, two for each neutral meson system,

Md,s
12 =

�
Md,s

12

�SM �
1 + hd,s e

2iσd,s
�
. (6)

We denote by Mq
12 (Γq

12) the dispersive (absorptive) part

of the B0
q − B̄0

q mixing amplitude and SM superscripts

denote the SM values (for quantities not explicitly defined

here, see Ref. [15]). This modifies the SM predictions for

some observables used to constrain hq and σq as

∆mq = ∆mSM
q

��1 + hqe
2iσq

�� ,
∆Γs = ∆ΓSM

s cos
�
arg

�
1 + hse

2iσs
��

,

Aq
SL = Im

�
Γq
12/

�
Mq,SM

12 (1 + hqe
2iσq )

��
,

SψK = sin
�
2β + arg

�
1 + hde

2iσd
��

,

Sψφ = sin
�
2βs − arg

�
1 + hse

2iσs
��

. (7)

Here βs = arg[−(VtsV ∗
tb)/(VcsV ∗

cb)] = (1.04± 0.05)◦ is an

angle of a squashed unitarity triangle.

As already discussed, the new DØ measurement di-

rectly correlates the possible NP contributions in the Bd

and Bs systems [see Eq. (2)]. In order to quantitatively

assess our NP hypothesis we perform a global fit using

the CKMfitter package [16] to determine simultaneously

the NP parameters hd,s and σd,s, as well as the ρ̄ and η̄
parameters of the CKM matrix.

The results presented here use the post-Beauty2009

CKMfitter input values [16], except for the lattice input

parameters where we use [17], and the most recent ex-

perimental data. For Sψφ vs. ∆Γs, we use the 2.8 fb
−1

2d likelihood of DØ [5] and the 5.2 fb
−1

1d likelihood of

the recent CDF measurement [8] (the 2d likelihood is not

available). As already mentioned, neither the CDF nor

the DØ result gives a significant tension in the fit, so we

expect that a real Tevatron combination will not alter

our results by much. For the results presented here, we

marginalize over |Γq
12| in the range 0− 0.25 ps−1

, finding

that the data prefer values for ∆Γs about 2.5 times larger

than the prediction [2]. If we use the theory prediction,

our conclusions about NP do not change substantially,

but the goodness of fit is reduced significantly.

Figure 1 shows the results of the global fit projected

onto the hd − hs plane with 1σ (solid), 2σ (dashed), and

3σ (dotted) contours. We find that the data show evi-

dence for disagreement with the SM or, differently stated,

the no NP hypothesis hs = hd = 0 is disfavored at the

3.3σ level. Figure 2 shows the hs − σs and hd − σd fits.

The two best fit regions are for hs ∼ 0.5 and hs ∼ 1.8

FIG. 1: The allowed range of hs and hd from the combined
fit. The solid, dashed, and dotted contours show 1σ, 2σ, and
3σ, respectively.

with sizable NP phases, σs ∼ 120
◦
and σs ∼ 100

◦
respec-

tively. Here the point hs = 0 is disfavored at only 2.6σ,
since hs and hd are correlated. In the hd − σd case the

data is consistent with no new physics contributions in

Bd − B̄d mixing (hd = 0) below the 2σ level.

To interpret the pattern of the current experimental

data in terms of NP models, one should investigate if NP

models that respect the SM approximate SU(2)q sym-

metry are favored (in the SM this is due to the smallness

of the masses in the first two generations and the small-

ness of the mixing with the third generation quarks), or

if a hierarchy, such as hs � hd, is required. In Fig. 1 we

show the hd = hs line, which makes it evident that while

hd = hs is not disfavored, most of the favored parameter

space has hs > hd. Actually, a non-negligible fraction of

the allowed parameter space corresponds to hs � hd, as

indicated by the hs = 5hd line on Fig. 1.

A particularly interesting NP scenario is to assume

SU(2)q universality (q = s, d), defined as

hb ≡ hd = hs , σb ≡ σd = σs . (8)

The relevant hb − σb plane is shown in Fig. 3. The best

fit region, near hb ∼ 0.25 and σb ∼ 120
◦
, is obtained as

a compromise between the Babar and Belle bounds in

the Bd system and the tensions in the Tevatron Bs data

with the SM predicitons. This compromise mostly arises

from the different magnitudes of hd,s: while the best fit

hd value is a few times smaller than the best fit hs value,

the best fit values of the phases σd,s are remarkably close

to each other, as can be seen in Fig. 2. Note that while

the SM limit, hb = 0, is obtained at less than 3σ CL, the
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The recent CDF [8] and DØ [5] results give best fit values

around (∆Γs, Sψφ) ∼ (±0.15 ps−1, 0.5). This shows that
the new abSL measurement in Eq. (1) is consistent with

the data on ∆Γs and Sψφ. This consistency is a nontriv-

ial test of the assumption that NP contributes only to

neutral meson mixing.

New physics in the mixing amplitudes of the Bd,s

mesons can in general be described by four real parame-

ters, two for each neutral meson system,

Md,s
12 =

�
Md,s

12

�SM �
1 + hd,s e

2iσd,s
�
. (6)

We denote by Mq
12 (Γq

12) the dispersive (absorptive) part

of the B0
q − B̄0

q mixing amplitude and SM superscripts

denote the SM values (for quantities not explicitly defined

here, see Ref. [15]). This modifies the SM predictions for

some observables used to constrain hq and σq as

∆mq = ∆mSM
q

��1 + hqe
2iσq

�� ,
∆Γs = ∆ΓSM

s cos
�
arg

�
1 + hse

2iσs
��

,

Aq
SL = Im

�
Γq
12/

�
Mq,SM

12 (1 + hqe
2iσq )

��
,

SψK = sin
�
2β + arg

�
1 + hde

2iσd
��

,

Sψφ = sin
�
2βs − arg

�
1 + hse

2iσs
��

. (7)

Here βs = arg[−(VtsV ∗
tb)/(VcsV ∗

cb)] = (1.04± 0.05)◦ is an

angle of a squashed unitarity triangle.

As already discussed, the new DØ measurement di-

rectly correlates the possible NP contributions in the Bd

and Bs systems [see Eq. (2)]. In order to quantitatively

assess our NP hypothesis we perform a global fit using

the CKMfitter package [16] to determine simultaneously

the NP parameters hd,s and σd,s, as well as the ρ̄ and η̄
parameters of the CKM matrix.

The results presented here use the post-Beauty2009

CKMfitter input values [16], except for the lattice input

parameters where we use [17], and the most recent ex-

perimental data. For Sψφ vs. ∆Γs, we use the 2.8 fb
−1

2d likelihood of DØ [5] and the 5.2 fb
−1

1d likelihood of

the recent CDF measurement [8] (the 2d likelihood is not

available). As already mentioned, neither the CDF nor

the DØ result gives a significant tension in the fit, so we

expect that a real Tevatron combination will not alter

our results by much. For the results presented here, we

marginalize over |Γq
12| in the range 0− 0.25 ps−1

, finding

that the data prefer values for ∆Γs about 2.5 times larger

than the prediction [2]. If we use the theory prediction,

our conclusions about NP do not change substantially,

but the goodness of fit is reduced significantly.

Figure 1 shows the results of the global fit projected

onto the hd − hs plane with 1σ (solid), 2σ (dashed), and

3σ (dotted) contours. We find that the data show evi-

dence for disagreement with the SM or, differently stated,

the no NP hypothesis hs = hd = 0 is disfavored at the

3.3σ level. Figure 2 shows the hs − σs and hd − σd fits.

The two best fit regions are for hs ∼ 0.5 and hs ∼ 1.8

FIG. 1: The allowed range of hs and hd from the combined
fit. The solid, dashed, and dotted contours show 1σ, 2σ, and
3σ, respectively.

with sizable NP phases, σs ∼ 120
◦
and σs ∼ 100

◦
respec-

tively. Here the point hs = 0 is disfavored at only 2.6σ,
since hs and hd are correlated. In the hd − σd case the

data is consistent with no new physics contributions in

Bd − B̄d mixing (hd = 0) below the 2σ level.

To interpret the pattern of the current experimental

data in terms of NP models, one should investigate if NP

models that respect the SM approximate SU(2)q sym-

metry are favored (in the SM this is due to the smallness

of the masses in the first two generations and the small-

ness of the mixing with the third generation quarks), or

if a hierarchy, such as hs � hd, is required. In Fig. 1 we

show the hd = hs line, which makes it evident that while

hd = hs is not disfavored, most of the favored parameter

space has hs > hd. Actually, a non-negligible fraction of

the allowed parameter space corresponds to hs � hd, as

indicated by the hs = 5hd line on Fig. 1.

A particularly interesting NP scenario is to assume

SU(2)q universality (q = s, d), defined as

hb ≡ hd = hs , σb ≡ σd = σs . (8)

The relevant hb − σb plane is shown in Fig. 3. The best

fit region, near hb ∼ 0.25 and σb ∼ 120
◦
, is obtained as

a compromise between the Babar and Belle bounds in

the Bd system and the tensions in the Tevatron Bs data

with the SM predicitons. This compromise mostly arises

from the different magnitudes of hd,s: while the best fit

hd value is a few times smaller than the best fit hs value,

the best fit values of the phases σd,s are remarkably close

to each other, as can be seen in Fig. 2. Note that while

the SM limit, hb = 0, is obtained at less than 3σ CL, the

2
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The recent CDF [8] and DØ [5] results give best fit values

around (∆Γs, Sψφ) ∼ (±0.15 ps−1, 0.5). This shows that
the new abSL measurement in Eq. (1) is consistent with

the data on ∆Γs and Sψφ. This consistency is a nontriv-

ial test of the assumption that NP contributes only to

neutral meson mixing.

New physics in the mixing amplitudes of the Bd,s

mesons can in general be described by four real parame-

ters, two for each neutral meson system,

Md,s
12 =

�
Md,s

12

�SM �
1 + hd,s e

2iσd,s
�
. (6)

We denote by Mq
12 (Γq

12) the dispersive (absorptive) part

of the B0
q − B̄0

q mixing amplitude and SM superscripts

denote the SM values (for quantities not explicitly defined

here, see Ref. [15]). This modifies the SM predictions for

some observables used to constrain hq and σq as

∆mq = ∆mSM
q

��1 + hqe
2iσq

�� ,
∆Γs = ∆ΓSM

s cos
�
arg

�
1 + hse

2iσs
��

,

Aq
SL = Im

�
Γq
12/

�
Mq,SM

12 (1 + hqe
2iσq )

��
,

SψK = sin
�
2β + arg

�
1 + hde

2iσd
��

,

Sψφ = sin
�
2βs − arg

�
1 + hse

2iσs
��

. (7)

Here βs = arg[−(VtsV ∗
tb)/(VcsV ∗

cb)] = (1.04± 0.05)◦ is an

angle of a squashed unitarity triangle.

As already discussed, the new DØ measurement di-

rectly correlates the possible NP contributions in the Bd

and Bs systems [see Eq. (2)]. In order to quantitatively

assess our NP hypothesis we perform a global fit using

the CKMfitter package [16] to determine simultaneously

the NP parameters hd,s and σd,s, as well as the ρ̄ and η̄
parameters of the CKM matrix.

The results presented here use the post-Beauty2009

CKMfitter input values [16], except for the lattice input

parameters where we use [17], and the most recent ex-

perimental data. For Sψφ vs. ∆Γs, we use the 2.8 fb
−1

2d likelihood of DØ [5] and the 5.2 fb
−1

1d likelihood of

the recent CDF measurement [8] (the 2d likelihood is not

available). As already mentioned, neither the CDF nor

the DØ result gives a significant tension in the fit, so we

expect that a real Tevatron combination will not alter

our results by much. For the results presented here, we

marginalize over |Γq
12| in the range 0− 0.25 ps−1

, finding

that the data prefer values for ∆Γs about 2.5 times larger

than the prediction [2]. If we use the theory prediction,

our conclusions about NP do not change substantially,

but the goodness of fit is reduced significantly.

Figure 1 shows the results of the global fit projected

onto the hd − hs plane with 1σ (solid), 2σ (dashed), and

3σ (dotted) contours. We find that the data show evi-

dence for disagreement with the SM or, differently stated,

the no NP hypothesis hs = hd = 0 is disfavored at the

3.3σ level. Figure 2 shows the hs − σs and hd − σd fits.

The two best fit regions are for hs ∼ 0.5 and hs ∼ 1.8

FIG. 1: The allowed range of hs and hd from the combined
fit. The solid, dashed, and dotted contours show 1σ, 2σ, and
3σ, respectively.

with sizable NP phases, σs ∼ 120
◦
and σs ∼ 100

◦
respec-

tively. Here the point hs = 0 is disfavored at only 2.6σ,
since hs and hd are correlated. In the hd − σd case the

data is consistent with no new physics contributions in

Bd − B̄d mixing (hd = 0) below the 2σ level.

To interpret the pattern of the current experimental

data in terms of NP models, one should investigate if NP

models that respect the SM approximate SU(2)q sym-

metry are favored (in the SM this is due to the smallness

of the masses in the first two generations and the small-

ness of the mixing with the third generation quarks), or

if a hierarchy, such as hs � hd, is required. In Fig. 1 we

show the hd = hs line, which makes it evident that while

hd = hs is not disfavored, most of the favored parameter

space has hs > hd. Actually, a non-negligible fraction of

the allowed parameter space corresponds to hs � hd, as

indicated by the hs = 5hd line on Fig. 1.

A particularly interesting NP scenario is to assume

SU(2)q universality (q = s, d), defined as

hb ≡ hd = hs , σb ≡ σd = σs . (8)

The relevant hb − σb plane is shown in Fig. 3. The best

fit region, near hb ∼ 0.25 and σb ∼ 120
◦
, is obtained as

a compromise between the Babar and Belle bounds in

the Bd system and the tensions in the Tevatron Bs data

with the SM predicitons. This compromise mostly arises

from the different magnitudes of hd,s: while the best fit

hd value is a few times smaller than the best fit hs value,

the best fit values of the phases σd,s are remarkably close

to each other, as can be seen in Fig. 2. Note that while

the SM limit, hb = 0, is obtained at less than 3σ CL, the
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FIG. 2: The allowed ranges of hs,σs (left) and hd,σd (right) from the combined fit to all four NP parameters.

goodness of the fit is significantly degraded compared

with the non-universal case.

We now move to interpreting the above results, as-

suming that the dimuon asymmetry is indeed providing

evidence for deviation from the SM. Interestingly, with-

out restricting our discussion to a specific model, we can

still make the following general statements:

(i) The present data support the hypothesis that new

sources of CP violation are present and that they con-

tribute mainly to ∆F = 2 processes via the mixing am-

plitude. As is well known, these processes are highly
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FIG. 3: The allowed hb,σb range assuming SU(2) universality.

suppressed in the SM.

(ii) The SM extensions with SU(2)q universality, where

the new contributions to Bd and Bs transition are sim-

ilar in size (relative to the SM), can accommodate the

data but are not the most preferred scenarios experi-

mentally. Universality is expected in a large class of well

motivated models with approximate SU(2)q invariance,

for instance when flavor transitions are mediated by the

third generation sector [18]. The case where the NP con-

tributions are SU(2)q universal (see Eq. (8) and Fig. 3)

is also quite generically obtained in the minimal flavor

violation (MFV) framework [19] where new diagonal CP

violating phases are present [20, 21]. In an effective the-

ory approach such a contribution may arise from the four-

quark operators O
bq
1 = b̄αLγµq

α
L b̄

β
Lγµq

β
L, O

bq
2 = b̄αRq

α
L b̄

β
Rq

β
L,

O
bq
3 = b̄αRq

β
L b̄

β
Rq

α
L, suppressed by scales ΛMFV;1,2,3, re-

spectively. We find that the data require

ΛMFV;1,2,3
>∼ {8.8, 13 yb, 6.8 yb}

�
0.2/hb TeV . (9)

If the central value of the measurement in Eq. (1) is con-

firmed, this inequality would become an equality. Note

that the suppression from the bottom Yukawa, yb, is

not taken into account in ΛMFV;1, since CP violation in

this case requires resummation of large effective bottom

Yukawa coupling [21, 22]. In general the presence of fla-

vor diagonal phases could contribute to the neutron elec-

tric dipole moment [23]. However, this effect arises from
a different class of operators and requires a separate in-

vestigation. Another interesting aspect of these flavor di-

agonal phases is that there are examples where these can

contribute to the generation of matter-antimatter asym-

metry, another issue which deserves further investigation.

(iii) While case (ii) is not excluded by the data, Fig. 1

3

from: arXiv 1006.0432

best fit: (hs, σs)
  1) (0.5,120º)
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The recent CDF [8] and DØ [5] results give best fit values

around (∆Γs, Sψφ) ∼ (±0.15 ps−1, 0.5). This shows that
the new abSL measurement in Eq. (1) is consistent with

the data on ∆Γs and Sψφ. This consistency is a nontriv-

ial test of the assumption that NP contributes only to

neutral meson mixing.

New physics in the mixing amplitudes of the Bd,s

mesons can in general be described by four real parame-

ters, two for each neutral meson system,

Md,s
12 =

�
Md,s

12

�SM �
1 + hd,s e

2iσd,s
�
. (6)

We denote by Mq
12 (Γq

12) the dispersive (absorptive) part

of the B0
q − B̄0

q mixing amplitude and SM superscripts

denote the SM values (for quantities not explicitly defined

here, see Ref. [15]). This modifies the SM predictions for

some observables used to constrain hq and σq as

∆mq = ∆mSM
q

��1 + hqe
2iσq

�� ,
∆Γs = ∆ΓSM

s cos
�
arg

�
1 + hse

2iσs
��

,

Aq
SL = Im

�
Γq
12/

�
Mq,SM

12 (1 + hqe
2iσq )

��
,

SψK = sin
�
2β + arg

�
1 + hde

2iσd
��

,

Sψφ = sin
�
2βs − arg

�
1 + hse

2iσs
��

. (7)

Here βs = arg[−(VtsV ∗
tb)/(VcsV ∗

cb)] = (1.04± 0.05)◦ is an

angle of a squashed unitarity triangle.

As already discussed, the new DØ measurement di-

rectly correlates the possible NP contributions in the Bd

and Bs systems [see Eq. (2)]. In order to quantitatively

assess our NP hypothesis we perform a global fit using

the CKMfitter package [16] to determine simultaneously

the NP parameters hd,s and σd,s, as well as the ρ̄ and η̄
parameters of the CKM matrix.

The results presented here use the post-Beauty2009

CKMfitter input values [16], except for the lattice input

parameters where we use [17], and the most recent ex-

perimental data. For Sψφ vs. ∆Γs, we use the 2.8 fb
−1

2d likelihood of DØ [5] and the 5.2 fb
−1

1d likelihood of

the recent CDF measurement [8] (the 2d likelihood is not

available). As already mentioned, neither the CDF nor

the DØ result gives a significant tension in the fit, so we

expect that a real Tevatron combination will not alter

our results by much. For the results presented here, we

marginalize over |Γq
12| in the range 0− 0.25 ps−1

, finding

that the data prefer values for ∆Γs about 2.5 times larger

than the prediction [2]. If we use the theory prediction,

our conclusions about NP do not change substantially,

but the goodness of fit is reduced significantly.

Figure 1 shows the results of the global fit projected

onto the hd − hs plane with 1σ (solid), 2σ (dashed), and

3σ (dotted) contours. We find that the data show evi-

dence for disagreement with the SM or, differently stated,

the no NP hypothesis hs = hd = 0 is disfavored at the

3.3σ level. Figure 2 shows the hs − σs and hd − σd fits.

The two best fit regions are for hs ∼ 0.5 and hs ∼ 1.8

FIG. 1: The allowed range of hs and hd from the combined
fit. The solid, dashed, and dotted contours show 1σ, 2σ, and
3σ, respectively.

with sizable NP phases, σs ∼ 120
◦
and σs ∼ 100

◦
respec-

tively. Here the point hs = 0 is disfavored at only 2.6σ,
since hs and hd are correlated. In the hd − σd case the

data is consistent with no new physics contributions in

Bd − B̄d mixing (hd = 0) below the 2σ level.

To interpret the pattern of the current experimental

data in terms of NP models, one should investigate if NP

models that respect the SM approximate SU(2)q sym-

metry are favored (in the SM this is due to the smallness

of the masses in the first two generations and the small-

ness of the mixing with the third generation quarks), or

if a hierarchy, such as hs � hd, is required. In Fig. 1 we

show the hd = hs line, which makes it evident that while

hd = hs is not disfavored, most of the favored parameter

space has hs > hd. Actually, a non-negligible fraction of

the allowed parameter space corresponds to hs � hd, as

indicated by the hs = 5hd line on Fig. 1.

A particularly interesting NP scenario is to assume

SU(2)q universality (q = s, d), defined as

hb ≡ hd = hs , σb ≡ σd = σs . (8)

The relevant hb − σb plane is shown in Fig. 3. The best

fit region, near hb ∼ 0.25 and σb ∼ 120
◦
, is obtained as

a compromise between the Babar and Belle bounds in

the Bd system and the tensions in the Tevatron Bs data

with the SM predicitons. This compromise mostly arises

from the different magnitudes of hd,s: while the best fit

hd value is a few times smaller than the best fit hs value,

the best fit values of the phases σd,s are remarkably close

to each other, as can be seen in Fig. 2. Note that while

the SM limit, hb = 0, is obtained at less than 3σ CL, the

2

Bd vs. Bs system

from: arXiv 1006.043213
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25th May 2010 Louise Oakes ~ CDF ~ FPCP2010

4Recap of previous results

Tevatron combination: probability of
observed deviation from SM = 3.4%
(2.12 !)

CDF Public Note 9787

CDF: 2.8fb-1

result
P-value for SM
point =7% ->
significance
1.8!

CDF: 1.3fb-1 result
P-value for SM point =15% -> significance 1.5!

PRL 100, 161802
(2008)

CDF Public Note 9458
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Comment on new physics contributions to Γs
12

Christian W. Bauer and Nicholas Daniel Dunn
Ernest Orlando Lawrence Berkeley National Laboratory, University of California, Berkeley, CA 94720

A recent measurement by the D0 collaboration finds a like-sign di-muon charge asymmetry in the

B system that is roughly 3σ larger than the value predicated by the Standard Model. This suggests

new physics contributing to B − B mixing. For the current central value of the CP asymmetry,

the required size of Γs
12 is larger than Standard Model estimates of this quantity. In this paper,

we will explore the constraints on new physics contributions to Γs
12. We show that there are two

dimension six operators of Standard Model fields in the electroweak Hamiltonian whose coefficients

are not constrained enough to rule out possible contributions from new physics. We argue that a

more precise measurement of τ(Bs)/τ(Bd), which is possible with currently available data, could

either support or strongly constrain the existence of new physics in Γs
12.

Both the D0 and the CDF collaborations have mea-
sured the like-sign di-muon charge asymmetry in the B
system

Ab
sl ≡

N++
b −N−−

b

N++
b +N−−

b

. (1)

Using 1.6 fb−1 of data CDF obtained [1] Ab
sl = (8.0 ±

9.0 ± 6.8) × 10−3, while the D0 collaboration recently
reported [2] a result of Ab

sl = (−9.57±2.51±1.46)×10−3

with 6.1 fb−1 of data. Combining these results, one finds

Ab
sl ≡

N++
b −N−−

b

N++
b +N−−

b

= −(8.5± 2.8)× 10−3 . (2)

This value is about 3σ away from the Standard Model
(SM) prediction of Ab

sl = −0.2× 10−3.
Since these measurements are blind as to which flavor

of B meson produced the two muons, Ab
sl receives contri-

butions from the semileptonic CP asymmetries of both
Bs and Bd mesons, which we will call assl and adsl, re-
spectively. The relation between Ab

sl and the aqsl is given
by [2]

Ab
sl = (0.506± 0.043)adsl + (0.494± 0.043)assl . (3)

D0 [3] has also measured the semileptonic CP asymmetry
assl directly, albeit with large uncertainties

assl = (−1.7± 9.1)× 10−3 . (4)

One can convert the di-muon charge asymmetry into a
measurement of the semileptonic asymmetry of the Bs

system using input from the Bd system. If one assumes
no new physics contribution to Bd mixing, one finds
(combining with the explicit measurements)

(assl)SM ad
sl
= −(12.2± 4.9)× 10−3 , (5)

while using the measurement [4] adsl = (−4.7±4.6)×10−3,
one finds

(assl)ad
sl meas

= −(9.2± 4.9)× 10−3 . (6)

While it is probably too early to tell if this discrepancy
is due to physics beyond the Standard Model or fluctua-
tions in the data, it is certainly interesting to understand
what the implications of this measurement are for new
physics (NP).
There are two amplitudes each that characterize mix-

ing in the Bq systems (q = s, d): the off-diagonal element
of the mass matrix Mq

12 and the off-diagonal element of
the decay matrix Γq

12. Only the relative phase φq be-
tween these two amplitudes is observable, such that one
can choose the three real parameters |Mq

12|, |Γ
q
12| and φq

to describe the physics. In terms of these parameters,
the semileptonic asymmetry is given by

aqsl =
|Γq

12|
|Mq

12|
sinφq . (7)

What are the values of the three parameters |Mq
12|,

|Γq
12| and φq in the Standard Model? This question is

not easy to answer, since both |Mq
12| and |Γq

12| depend
on non-perturbative physics which is notoriously difficult
to determine. However, much effort has been devoted
to this problem, including lattice calculations to deter-
mine required bag parameters. We use the calculations
from [5], supplemented with updated values for the de-
cay constants and the bag parameters, obtained from [6].
Adding the uncertainties quoted in these to references in
quadrature, we find

|Ms
12|SM = (9.8± 1.1)ps−1

|Γs
12|SM = (0.049± 0.012)ps−1

φs = (0.04± 0.01) . (8)

It should be noted that the calculation of Γq
12 relies on an

operator product expansion, even though the energy re-
leased is onlymb−2mc ∼ 2GeV. Thus one might be wor-
ried of the convergence of the expansion performed [7].
These parameters can also be related to other physical

observables. In particular, they determine the mass and
width difference between Bs and Bs mesons, as well as
the time-dependent CP asymmetry Sψφ. The relations
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∆Ms = 2|Ms
12|

∆Γs = 2|Γs
12| cosφs

Sψφ = − sinφs , (9)

where we have assumed |Γs
12| � |Ms

12| and
arg[−VtsV ∗

tb/VcsV ∗
cb] ≈ 0. In terms of these three ob-

servables one finds [8]

assl = − ∆Γs

∆Ms

Sψφ�
1− S2

ψφ

. (10)

The measured values for these three observables are [9,
10]1

∆Ms = (17.78± 0.12)ps−1

∆Γs =
�
0.154+0.054

−0.070

�
ps−1

Sψφ = 0.69+0.16
−0.23 . (11)

Using these inputs, together with the measured value of
assl given in Eq. (6), we can extract the three theoretical
parameters. We find a good fit, indicating that the mea-
surements are compatible with one another, with result

|Ms
12| = (8.889± 0.060)ps−1

|Γs
12| = (0.112± 0.040)ps−1

φs = −0.79± 0.24 . (12)

From this one can see that the data prefers |Ms
12| to be

close to the SM value, while both |Γs
12| and φs differ

from the values given in Eq. (8), by about 1.5σ and 3σ
respectively. This is in agreement with the result of [11],
which also found that a good fit to the data requires a
non-zero phase as well as a value of |Γs

12| higher than
what is predicted in [5]. This is also compatible with the
observation made in [12], which found that new physics
that only adds a relative phase φs is unable to explain
the central value of the semileptonic CP asymmetry. If
we were to assume no new physics in the Bd system, we
would find the same value for |Ms

12|, but |Γs
12| = (0.131±

0.41)ps−1 and φs = 0.88± 0.24.
Given this result, one might naturally be inclined to

add new physics to Γs
12 [13].2 In the remainder of this

paper we will study the constraints on NP contributions
to Γs

12 from data on the decays of B mesons.
Any operator of the form b̄sR, with R being any fla-

vor neutral set of fields with total mass below mBs can

1 Note that the Standard Model predicts Sψφ to be very close to
zero again, giving another hint at physics beyond the Standard
Model in the Bs system.

2 For recent attempts to explain the CP asymmetry by new physics
contributions to Ms

12, see [12, 14].

contribute to Γs
12. In order to conserve energy and mo-

mentum, R needs to contain at least two fields. We first
consider operators which only contain light fields present
in the Standard Model, but comment on the possibility
of introducing new light fields towards the end of the
paper. The lowest dimensional operators possible have
dimension six

Os
NP = b̄s ψ̄ψ , (13)

where ψ denotes any light Standard Model fermion. A
list of the possible operators is shown in Table I. The
physics of B decays is described by the electroweak
Hamiltonian, which is conventionally written in the form

H ∼ 4
GF√
2

�

i

Ci Oi . (14)

Characterizing the scale of new physics by ΛNP, we write
the coefficients of the new operators as

Cs
NP ∼ g2NPm

2
W /Λ2

NP . (15)

Allowed operators

Bs Bd

O
s
NP Constr Γ O

d
NP Constr Γ

b̄sūu K
+π−, K+π0

b̄dūu π+π−, π+π0

b̄sd̄d K
0π+, K+π0

b̄dd̄d π+π0

b̄sc̄c b̄dc̄c Xdγ

b̄ss̄s φK0
b̄ds̄s K̄

0
K

+, K0
K̄

0, φπ+

b̄sēe K
(∗)

e
+
e
−

b̄dēe (π, ρ)e+e−

b̄sµ̄µ K
(∗)

µ
+
µ
−

b̄dµ̄µ (π, ρ)µ+
µ
−

b̄sτ̄ τ b̄dτ̄ τ τ+τ−

b̄sν̄ν K
(∗)ν̄ν b̄dν̄ν (π, ρ)ν̄ν

b̄ds̄d K̄
0π+ (unobserved)

b̄dd̄s K
0π+

b̄dc̄u D
0π+

b̄dūc

TABLE I: Possible operators of the form b̄qψ̄ψ, with ψ being
an SM fermion. In the second column we show the decays
that can be used to constrain each operator. The next two
columns show the same for operators in the Bd system, which
are required to keep the Bd lifetime in agreement with the Bs

lifetime.

The contribution of an operator Os
NP to Γs

12 can be
evaluated by performing an OPE. Comparing the result
with the dominant contribution in the SM, arising from
the operator b̄sc̄c with Wilson coefficient C ∼ Vcb, we
find

��ΓNP
12

��
��ΓSM

12

�� ∼
�
Cs

NP

|Vcb|

�2 �
1− 2mψ/mb�
1− 2mc/mb

. (16)

A new b̄sc̄c operator that can interfere with the SM op-
erator is an exception, which we discuss in more detail
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FIG. 16: The observed and expected like-sign dimuon charge
asymmetries in bins of dimuon invariant mass. The expected
asymmetry is shown for (a) Ab

sl = 0.0 and (b) Ab
sl = !0.00957.
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FIG. 17: (Color online) Comparison of Ab
sl in data with the

standard model prediction for ad
sl and as

sl. Also shown are
the existing measurements of ad

sl [23] and as
sl [24]. The error

bands represent the ±1 standard deviation uncertainties on
each individual measurement.

FIG. 18: (Color online) The 68% and 95% C.L. regions of
probability for !"s and !s values obtained from this mea-
surement, considering the experimental constraints on ad

sl [23].
The solid and dashed curves show respectively the 68% and
95% C.L. contours from the B0

s " J/"! measurement [25].
Also shown is the standard model (SM) prediction for !s and
!"s.

-3 -2 -1

SM

0 1

0.4

0.2

0.0

-0.2

-0.4

68% CL
95% CL
99% CL

D   , 2.8 - 6.1 fb-1

FIG. 19: (Color online) Probability contours in the (!s,!"s)
plane for the combination of this measurement with the result
of Ref. [25], using the experimental constraints on ad

sl [23].
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FIG. 18: (Color online) The 68% and 95% C.L. regions of
probability for !"s and !s values obtained from this mea-
surement, considering the experimental constraints on ad

sl [23].
The solid and dashed curves show respectively the 68% and
95% C.L. contours from the B0

s " J/"! measurement [25].
Also shown is the standard model (SM) prediction for !s and
!"s.
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FIG. 19: (Color online) Probability contours in the (!s,!"s)
plane for the combination of this measurement with the result
of Ref. [25], using the experimental constraints on ad

sl [23].
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Appendix A: Theory

This Appendix is included for completeness and to de-
fine the notations. Assuming CPT symmetry, the mixing
and decay of the B0

q , B̄
0
q pair (q = s, d) is described [28]

by

i
d
dt

!

B0
q (t)

B̄0
q (t)

"

=

!#

Mq M12
q

(M12
q )! Mq

$

!
i
2

#

!q !12
q

(!12
q )! !q

$"

·
!

B0
q (t)

B̄0
q (t)

"

, (A1)

where Mq, M12
q , !q, and !12

q are the elements of the
mass matrix of the B0

q B̄
0
q system. The matrix element

M12
q is due to box diagrams [2]. New particles foreseen in

extensions of the standard model can contribute to these
box diagrams, and physics beyond the standard model
can therefore modify the phase and amplitude of M12

q .
The eigenvalues of the mass matrix in Eq. (A1) are

Mq +
1

2
"Mq !

i

2
(!q !

1

2
"!q), (A2)

Mq !
1

2
"Mq !

i

2
(!q +

1

2
"!q), (A3)

where, by definition, "Mq > 0. Notice the sign conven-
tions for "Mq and "!q. With this convention, "!q is
positive in the standard model. A violation of the CP
symmetry is caused by a non-zero value of the phase

!q " arg

!

!
M12

q

!12
q

"

. (A4)

The observable quantities are Mq, !q, "Mq, "!q and
!q, with

"Mq = 2
#

#M12
q

#

# , "!q = 2
#

#!12
q

#

# cos!q. (A5)

The charge asymmetry aqsl for “wrong-charge”
semileptonic B0

q -meson decay induced by oscillations is
defined as

aqsl =
!(B̄0

q (t) # µ+X)! !(B0
q (t) # µ!X)

!(B̄0
q (t) # µ+X) + !(B0

q (t) # µ!X)
. (A6)

This quantity is independent of the lifetime t, and can
be expressed as

aqsl =

#

#!12
q

#

#

#

#M12
q

#

#

sin!q =
"!q

"Mq
tan!q. (A7)

The like-sign dimuon charge asymmetry Ab
sl for

semileptonic decays of b hadrons produced in proton-
antiproton (pp̄) collisions is defined as

Ab
sl "

N++
b !N!!

b

N++
b +N!!

b

, (A8)

where N++
b and N!!

b are the numbers of events contain-
ing two b hadrons that decay semileptonically, producing
two positive or two negative muons, respectively, with
only the direct semileptonic decays b # µX considered
in the definition of N++

b and N!!
b . The asymmetry Ab

sl

can be expressed [10] as

Ab
sl =

fdZdadsl + fsZsassl
fdZd + fsZs

, (A9)

where

Zq "
1

1! y2q
!

1

1 + x2
q
, (A10)

yq "
"!q

2!q
, (A11)

xq "
"Mq

!q
. (A12)

with q = d, s. The quantities fd and fs are the pro-
duction fractions for b̄ # B0

d and b̄ # B0
s respectively.

These fractions have been measured for pp̄ collisions at
the Tevatron [2]:

fd = 0.323± 0.037,

fs = 0.118± 0.015. (A13)

All other parameters in (A9) are also taken from Ref. [2]:

xd = 0.774± 0.008,

yd = 0,

xs = 26.2± 0.5,

ys = 0.046± 0.027. (A14)

Substituting these values in Eq. (A9), we obtain

Ab
sl = (0.506± 0.043)adsl + (0.494± 0.043)assl. (A15)

Using the values of adsl, a
s
sl from Ref. [1],

adsl(SM) = (!4.8+1.0
!1.2)$ 10!4

assl(SM) = (2.1± 0.6)$ 10!5, (A16)

the predicted value of Ab
sl in the standard model is

Ab
sl(SM) = (!2.3+0.5

!0.6)$ 10!4. (A17)

The current experimental values of the two semileptonic
asymmetries are adsl = !0.0047 ± 0.0046 [23] and assl =
!0.0017± 0.0091 [24].
It can be concluded from Eq. (A17) that the standard

model predicts a small negative value of Ab
sl with rather

small uncertainty. Any significant deviation of Ab
sl from

the SM prediction on a scale larger than that of the un-
certainty on Ab

sl , would be an unambiguous signal of new
physics.
The asymmetry Ab

sl is also equivalent to the charge
asymmetry of semileptonic decays of b hadrons to “wrong
charge” muons that are induced by oscillations [10], i.e.,

absl "
!(B̄ # µ+X)! !(B # µ!X)

!(B̄ # µ+X) + !(B # µ!X)
= Ab

sl. (A18)

Theory prediction for ΔΓ (φs) 

Comment on new physics contributions to Γs
12

Christian W. Bauer and Nicholas Daniel Dunn
Ernest Orlando Lawrence Berkeley National Laboratory, University of California, Berkeley, CA 94720

A recent measurement by the D0 collaboration finds a like-sign di-muon charge asymmetry in the

B system that is roughly 3σ larger than the value predicated by the Standard Model. This suggests

new physics contributing to B − B mixing. For the current central value of the CP asymmetry,

the required size of Γs
12 is larger than Standard Model estimates of this quantity. In this paper,

we will explore the constraints on new physics contributions to Γs
12. We show that there are two

dimension six operators of Standard Model fields in the electroweak Hamiltonian whose coefficients

are not constrained enough to rule out possible contributions from new physics. We argue that a

more precise measurement of τ(Bs)/τ(Bd), which is possible with currently available data, could

either support or strongly constrain the existence of new physics in Γs
12.

Both the D0 and the CDF collaborations have mea-
sured the like-sign di-muon charge asymmetry in the B
system

Ab
sl ≡

N++
b −N−−

b

N++
b +N−−

b

. (1)

Using 1.6 fb−1 of data CDF obtained [1] Ab
sl = (8.0 ±

9.0 ± 6.8) × 10−3, while the D0 collaboration recently
reported [2] a result of Ab

sl = (−9.57±2.51±1.46)×10−3

with 6.1 fb−1 of data. Combining these results, one finds

Ab
sl ≡

N++
b −N−−

b

N++
b +N−−

b

= −(8.5± 2.8)× 10−3 . (2)

This value is about 3σ away from the Standard Model
(SM) prediction of Ab

sl = −0.2× 10−3.
Since these measurements are blind as to which flavor

of B meson produced the two muons, Ab
sl receives contri-

butions from the semileptonic CP asymmetries of both
Bs and Bd mesons, which we will call assl and adsl, re-
spectively. The relation between Ab

sl and the aqsl is given
by [2]

Ab
sl = (0.506± 0.043)adsl + (0.494± 0.043)assl . (3)

D0 [3] has also measured the semileptonic CP asymmetry
assl directly, albeit with large uncertainties

assl = (−1.7± 9.1)× 10−3 . (4)

One can convert the di-muon charge asymmetry into a
measurement of the semileptonic asymmetry of the Bs

system using input from the Bd system. If one assumes
no new physics contribution to Bd mixing, one finds
(combining with the explicit measurements)

(assl)SM ad
sl
= −(12.2± 4.9)× 10−3 , (5)

while using the measurement [4] adsl = (−4.7±4.6)×10−3,
one finds

(assl)ad
sl meas

= −(9.2± 4.9)× 10−3 . (6)

While it is probably too early to tell if this discrepancy
is due to physics beyond the Standard Model or fluctua-
tions in the data, it is certainly interesting to understand
what the implications of this measurement are for new
physics (NP).
There are two amplitudes each that characterize mix-

ing in the Bq systems (q = s, d): the off-diagonal element
of the mass matrix Mq

12 and the off-diagonal element of
the decay matrix Γq

12. Only the relative phase φq be-
tween these two amplitudes is observable, such that one
can choose the three real parameters |Mq

12|, |Γ
q
12| and φq

to describe the physics. In terms of these parameters,
the semileptonic asymmetry is given by

aqsl =
|Γq

12|
|Mq

12|
sinφq . (7)

What are the values of the three parameters |Mq
12|,

|Γq
12| and φq in the Standard Model? This question is

not easy to answer, since both |Mq
12| and |Γq

12| depend
on non-perturbative physics which is notoriously difficult
to determine. However, much effort has been devoted
to this problem, including lattice calculations to deter-
mine required bag parameters. We use the calculations
from [5], supplemented with updated values for the de-
cay constants and the bag parameters, obtained from [6].
Adding the uncertainties quoted in these to references in
quadrature, we find

|Ms
12|SM = (9.8± 1.1)ps−1

|Γs
12|SM = (0.049± 0.012)ps−1

φs = (0.04± 0.01) . (8)

It should be noted that the calculation of Γq
12 relies on an

operator product expansion, even though the energy re-
leased is onlymb−2mc ∼ 2GeV. Thus one might be wor-
ried of the convergence of the expansion performed [7].
These parameters can also be related to other physical

observables. In particular, they determine the mass and
width difference between Bs and Bs mesons, as well as
the time-dependent CP asymmetry Sψφ. The relations
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Figure 1.2: Standard Model box diagrams inducing B0
d ! B0

d mixing.

and D0!D0 mixing. In the following, the notation B0 represents either of the two neutral
B meson species with the standard convention that B0 (B0) contains a b antiquark (a
b quark).

B0 ! B0 mixing refers to transitions between the two flavor eigenstates |B0" and |B0".
In the Standard Model B0 !B0 mixing is caused by the fourth order flavor-changing weak
interaction described by the box diagrams in Fig. 1.2. Such transitions are called |!B|=2
transitions, because they change the bottom quantum number by two units. In the Standard
Model |!B|=2 amplitudes are small, so measurements of B0 ! B0 mixing could easily be
sensitive to new physics.

B0 ! B0 mixing induces oscillations between B0 and B0. An initially produced B0 or
B0 evolves in time into a superposition of B0 and B0. Let |B0(t)" denote the state vector
of a B meson which is tagged as a B0 at time t = 0, i.e., |B0(t = 0)" = |B0". Likewise
|B0(t)" represents a B meson initially tagged as a B0. The time evolution of these states is
governed by a Schrödinger equation:

i
d

d t

! |B(t)"
|B(t)"

"
=

!
M ! i

"

2

" ! |B(t)"
|B(t)"

"
. (1.52)

The mass matrix M and the decay matrix " are t-independent, Hermitian 2 # 2 matrices.
CPT invariance implies that

M11 = M22 , "11 = "22 . (1.53)

|!B| = 2 transitions induce non-zero o#-diagonal elements in (1.52), so that the mass
eigenstates of the neutral B meson are di#erent from the flavor eigenstates |B0" and |B0".
The mass eigenstates are defined as the eigenvectors of M ! i"/2. We express them in
terms of the flavor eigenstates as

Lighter eigenstate: |BL" = p|B0" + q|B0" ,

Heavier eigenstate: |BH" = p|B0" ! q|B0" , (1.54)

with |p|2 + |q|2 = 1. Note that, in general, |BL" and |BH" are not orthogonal to each other.

The time evolution of the mass eigenstates is governed by the two eigenvalues MH !
i"H/2 and ML ! i"L/2:

|BH,L(t)" = e!(iMH,L+!H,L/2)t |BH,L" , (1.55)
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In a given theory, such as the Standard Model, one can calculate the o!-diagonal ele-
ments M12 and "12 entering (1.52) from |#B|=2 diagrams. In order to exploit the formulae
(1.57)–(1.59) for the time evolution we still need to express #m, #" and q/p in terms of
M12 and "12. By solving for the eigenvalues and eigenvectors of M ! i"/2 one finds

(#m)2 ! 1

4
(#")2 = 4 |M12|2 ! |"12|2 , (1.61a)

#m #" = !4Re (M12"
!
12) , (1.61b)

q

p
= !#m + i#"/2

2M12 ! i"12
= ! 2M!

12 ! i"!
12

#m + i#"/2
. (1.61c)

The relative phase between M12 and "12 appears in many observables related to B mixing.
We introduce

! = arg
!
!M12

"12

"
. (1.62)

Now one can solve (1.61) for #m and #" in terms of |M12|, |"12| and !.

The general solution is not illuminating, but a simple, approximate solution may be
derived when

|"12| " |M12| , and #" " #m . (1.63)

These inequalities hold (empirically) for both B0 systems. We first note that |"12| # "
always, because "12 stems from the decays into final states common to B0 and B0. For the
B0

s meson the lower bound on #mBs establishes experimentally that "Bs " #mBs . Hence
"s

12 " #mBs , and Eqs. (1.61a) and (1.61b) imply #mBs $ 2|M s
12| and |#"Bs | # 2|"s

12|,
so that (1.63) holds. For the B0

d meson the experiments give #mBd
$ 0.75"Bd

. The
Standard Model predicts |"d

12|/"Bd
= O(1%), but "d

12 stems solely from CKM-suppressed
decay channels (common to B0

d and B0
d) and could therefore be a!ected by new physics.

New decay channels would, however, also increase "Bd
and potentially conflict with the

precisely measured semileptonic branching ratio. A conservative estimate is |"d
12|/"Bd

<
10%. Hence for both the B0

s and B0
d system an expansion in "12/M12 and #"/#m is a

good approximation, and we easily find

#m = 2 |M12|
#

1 + O
$%%%%

"12

M12

%%%%
2
&'

, (1.64a)

#" = 2 |"12| cos !

#

1 + O
$%%%%

"12

M12

%%%%
2
&'

. (1.64b)

We also need an approximate expression for q/p in (1.61). It is convenient to define a small
parameter

a = Im
"12

M12
=

%%%%
"12

M12

%%%% sin! , (1.65)

because occasionally we need to keep terms of order a. Then q/p becomes

q

p
= !e"i!M

(
1 ! a

2

)
+ O

$%%%%
"12

M12

%%%%
2
&

, (1.66)
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Figure 1.8: OPE diagram for the Bs width di!erence.

1.5.3.3 Bs width di!erence, "#

Another important application, especially for the Tevatron, is for the Bs width di!erence.
The o!-diagonal element of the width matrix (cf., Sec. 1.3.2) is given by

"12 =
1

2mBs

!

X

(2!)4 "4(pBs ! pX) "Bs|H |!B|=1 |X# "X|H |!B|=1 |Bs#

=
1

2mBs

Im "Bs| i
"

d4xT
#
H |!B|=1(x)H |!B|=1(0)

$
|Bs# . (1.146)

The first line defines "12, and the second line can be verified by inserting a complete set of
intermediate states. The corresponding diagram is shown in Fig. 1.8. "12 arises from final
states X which are common to both Bs and Bs decay. Therefore, the spectator quark is
involved, and Eq. (1.146) is dominated by the b $ cc̄s part of the weak Hamiltonian, O1

and O2 in Eq. (1.112), with the others, O3 through O6, making very small contributions.

Thus, the naive estimate of the Bs width di!erence is #"Bs/"Bs = 2 |"12| cos #/"Bs %
16!2($3

QCD/m3
B) % 0.1. In the Bd system the common decay modes of B0 and B0 are sup-

pressed relative to the leading ones by the Cabibbo angle, and therefore the naive estimate
is #"Bd

/"Bd
<% 1%. See the discussion following (1.63) and Chapter 8 for more details.

1.5.4 Lattice QCD

If one considers the long term goal of “measuring” the Wilson coe%cients of the electroweak
Hamiltonian, as outlined elsewhere, then it is clear that it will be important to gain the-
oretical control over hadronic matrix elements. Since QCD is a completely well-defined
quantum field theory, the calculation of hadronic matrix elements should be, in principle,
possible. The main di%culty is that hadronic wavefunctions are sensitive mostly to the long
distances where QCD becomes nonperturbative.

The di%culties of the bound-state problem in QCD led Wilson [60] to formulate gauge
field theory on a discrete spacetime, or lattice. The basic idea starts with the functional
integral for correlation functions in QCD

"O1 · · ·On# =
1

Z

" %

x,µ

dAµ(x)
%

x

d$(x)d$̄(x)O1 · · ·On e!SQCD (1.147)

where Z is defined so that "1# = 1. For QCD Aµ is the gluon field, $ and $̄ are the quark
and antiquark fields, and SQCD is the QCD action. The Oi are operators for creating and
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the pole term that we have considered in our partic- 
ular model of the form factors (19) will become large 
(as pointed out above, the pole is outside the physi- 
cal region if taking into account the light quark 
masses). Therefore, we do not see any compelling 
reason for a suppression of  the channel II beyond the 
1/N, factor, and we do think that the two channels 
when combined lead to the difficulty with duality in 
the standard factorization which has been expressed 
above. 

3.3. Duality in the exchange contribution? 

In the case of  the exchange diagram of fig. 3 appar- 
ently we do not find duality. In the exclusive calcu- 
lation we have only P-waves, while in the parton 
model the behaviour is S-wave (eq. (22)) .  There is 
a simple way of understanding this discrepancy. In 
the exclusive calculation, the P-waves come simply 
from the CP eigenvalue considered for the bound state 
pair. In the parton model, the CP eigenvalue will be 
a free c~ pair which can only couple to the axial cur- 
rent due to the conservation of  the vector current (in 
the vacuum insertion approximation).  Moreover, by 
conservation of angular momentum it must then be 
in a 0 -  + state, i.e. with CP= - ,  and hence the sign 
of this contribution. Therefore, considering only ex- 
clusive ground state mesons we cannot find duality. 
However, one must notice that if  duality was to hold, 
it could only be through excited states, like the final 
states Ds ( 0 - )  15"* (0 + ) or D * ( 1 - )/5** ( 1 + ) that can 
occur in an S-wave. The calculation of these modes is 
beyond the scope of this paper. In any case, the par- 
ton model exchange contribution is small, of  the or- 
der of  5% compared to the spectator one. 

4. Numerical results 

The numerical results for the different exclusive 
modes are listed in table 1. The parameters that we 
have used are the following: 

fD,=230MeV,  f o : = 2 8 0 M e V ,  f B = 2 1 0 M e V ,  

f~,=f~,=380 MeV, f~,, =280 MeV.  (35) 

Table 1 
Contribution to the different ground state decay modes to AF/F 
(in %). The decays of the CP eigenstates B~ or B2 contribute re- 
spectively with a + or a - sign to AF. 

Decay mode Contribution to AF/F(%) 

B~--, D~19 s 3.13 
B, ~ D ~*/~* 7.04 
BraDs1)* + l~sD*~ 4.40 
B2--* Ds]~* + DsD* 0.02 
B2--,D*D* 0.19 

Bl--* r/err 0.13 
Bt--' r/d/' 0.01 
Bl--*Vt/ 0.06 
Bt--'~nT' 0.00 
Bl--+r/c~ 0.05 
BI --+ q/{~ 0.31 
B2--* ¥~ 0.01 
Bl--,q/'t/ 0.02 
BI --* ~¢' ~/' 0.00 
Bl~u'q~ 0.21 
B2--*~'~l 0.01 
B1--,2't/ 0.01 
B:'*2"~' 0.00 
BI~Zq~ 0.02 
B2---,X~ 0.00 

We have used the results from the lattice calculations 
[15] fB=210 MeV, f o = 2 1 0 +  15 MeV, fo/fo.=0.8,  

fo,/fD = 1.08 + 0.04 which give the values forf~, , fo r. 
These latter values are consistent with the data on 
Ba~DDs, D/5~*, D*/5~* [ 16,8 ]. The decay constantsf~, 
a n d f ¢  are obtained from their e+e - width and the 
heavy flavor symmetry relation f~c =f¢, was assumed. 
Concerningf~ we have usedfx= I f  v,, which is consis- 
tent with the hadronic width of the 1 + + state and with 
simple scaling rules from potential models. 

For the modes of the class I we have used the heavy 
flavor symmetry relations (9) with ~(v.v' ) ~0.7 on 
average for the D~/)~ D~/5~* +/5~9" and D~*/5~* modes. 
For the modes of the class II we have used a pole form 
factor, dominated by the nearest singularity. For ex- 
ample for the vector form fac to r f  ~ (q2) we take 

f ~ ( 0 )  
f ~ ( q 2 ) =  1--q2/mB*~ ' (36) 

with f ~ (0) = 0.3, consistent with the values given by 
Wirbel et al. [ 17]. For the other form factors V(q2), 
Ai(q 2) we take the same value at q2=0 and we adopt 
in the pole the mass of  the corresponding bY bound 
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state having the fight quan tum numbers.  Moreover ,  
in table 1 we have ignored the exchange contr ibu-  
tions that, as argued above, are very small (more  than 
one order  in magni tude  smaller  in amplitude than  the 
spectator  cont r ibut ions) .  

The sum of  the exclusive modes  gives 

( ~ " ~ / / ' ~ )  exclusive ----" O. 15,  (37)  

largely domina ted  by the decays o f  class I, and  to be 
compared  with the par ton  model  calculat ion [4]  

( A F / F )  p,~on model ~ 0 .21 .  ( 3 8 ) 

Our  calculat ion can be control led by the est ima- 
t ion of  s imilar  modes  that  occur with the same topol-  
ogy in Ba decays. Let us give a few examples:  our  re- 
sult for F(B~--,Dj19s)//'tot= 3.130/o can be compared  
with 2 ! BR(/~a--,D£3s) - - 2!  (8+- 5) ! 10-3;/~(B~--, 
D~l)*+l),D*)/Ftot=4.40% can be compared  with 
4 ! BR(B°- - ,D* / ) , )=4>< (1.6+- 1.1 )!  10-2; the sum 
F( BI,2--, D~15, + D~I)*~ + B,D~ + D*~ B*~ ) / / ' t o t=  14.8% 
can be compared  to 2 ! BR(B---,D~D+DAD* +D'D+ 
D*~D*~) = 2 X  (6.5 + 1.9)%;F(Bx~q)/Ftot=6X 10 -4  
can be compared  with 2 X B R ( / i ° - - , ~ u K ° ) = 2 X  
(6.5 +3.1 ) ! 10 -4  and F(B~--,g/~)/Ftot=3,1 ! 10 -3 
can be compared  with 2 X B R ( B ° - - , g / K * ° ) = 2!  
(1.3 + 0 . 4 ) X  10 -4. Not ice  that  it is not  possible to 
describe at the same t ime the rates B°--,g/K ° and 
/i~--, g/K *° although there is rough agreement  within 
a factor two #3 

For  completeness,  let us give the rat io Flonsltudinat/ 
F t , ~ , ~  in the case o f  the decays into two vector  me- 
sons/~:- ,D~/~* or  B,--, g/~. We f ind 

FI.(Bs--,D*~B*~)/FT(B,--.D*~I)~) = 1.22,  

FL(B~--,¥~)/F-r(Bs--,~/~) = 1.57. (39)  

These results a4 can be compared  to the recent results 
o f  A R G U S  and CLEO [20] for the decay Ba--,~uK*°: 

FL/Ftot>0.78 (95% CL)  ( A R G U S ) ,  

FL/Ftot=0.78+-O.lO+_0.10 ( C L E O ) ,  (40)  

~s In a recent calculation of B~ decays, Bijnens and Hoogeveen 
[ 18 ] find smaller branching ratios for the dominant D~/5,, ... 
decays because they use smaller values for the decay constants 
fz~, fD:. On the other hand, although ¥~ is well described in 
their approach (compared to yK* in Ba decay), Vrq is smaller 
than in our model. 

that  gives FL/Fr>4. Therefore,  the calculat ion 
underes t imates  this ratio. 

One must  poin t  out  however that  in the D decay 
mode  D°--,p°K *°, which has the same topology, one 
has a complete ly  different  pattern.  In  this la t ter  ease, 
the measured  decay is most ly  transverse: 
BR(D°'-*p°K*°)tran,,,ene= (1.5+_0.5)X 10 -2 while 
BR(D°--*p°K*°)ton~tudi~a< 3 ! 10 -3, and  the factori-  
zat ion model  largely overest imates  the longi tudinal  
ampl i tude,  as observed by Buccella et at. [ 21 ]. 

On the basis o f  both  the exclusive and the par ton  
model  calculations,  we conclude that  the sign o f  ~ r '  
is well-defined and  its magni tude  is ra ther  stable 
against  theoret ical  uncertainties.  Our  es t imate  o f  ex- 
clusive modes gives z~r ' /Fof  the order  of  0.15, a value 
that  could be measured  at LEP. 
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~4 See also, for a rather complete study of B-, Wmodes, Kramer 
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Use quark-hadron duality

• Observe: mB >> ΛQCD
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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)

3 Numerical predictions 15

the new operators the !s-corrections have become smaller (22% of the LO value), too, and the
unphysical µ1-dependence has shrunk. In the case of as

fs = Im (!s
12/M

s
12) the situation did not

change much due to the change of the basis. Here we have no strong recommendation on what
basis to choose. However, in the presence of new physics as

fs also involves Re (!s
12/M

s
12) and the

same improvements occur, as discussed in Sect. 4.
Using the non-perturbative parameters from set I we obtain the following number for "!s:

"!s = (0.081 ± 0.036) ps!1 !
"!s

!s
= "!s · "Bd

= 0.124 ± 0.056 (50)

The central value in the new basis is larger than the old one, while the theoretical errors have
shrunk considerably. The numerical difference stems from uncalculated corrections of order
!s/mb and !2

s. As a consistency check of our change of basis one can compare the results in
the old and the new basis neglecting all 1/mb and !s-corrections and setting B = 1 = B"

S . As
required we get in both cases the same result: "!s/!s = 0.1497.

For our final number we still go further. First we sum up logarithms of the form z ln z
by switching to schemes using z defined in Eq. (30). Second we calculate our results for two
schemes of the b-quark mass, using either mb or mpole

b of Eq. (32) and finally average over the
schemes. By this we obtain the main result of this paper:

"!s =

!
fBs

240MeV

"2 #
(0.105 ± 0.016)B + (0.024 ± 0.004)B̃"

S

"
$
(0.030 ± 0.004)BR̃2

" (0.006 ± 0.001)BR0 + 0.003BR

%&
ps!1 (51)

as
fs =

'

(9.7 ± 1.6) + 0.3
B̃"

S

B
+ 0.3

BR

B

(

Im
!

#u

#t

"

· 10!4

+

'

(0.08 ± 0.01) + 0.02
B̃"

S

B
+ (0.05 ± 0.01)

BR

B

(

Im
!

#u

#t

"2

· 10!4 (52)

"!s

"Ms
=

'

(46.2 ± 4.4) + (10.6 ± 1.0)
B̃"

S

B

"
!

(13.2 ± 1.3)
BR̃2

B
" (2.5 ± 0.2)

BR0

B
+ (1.2 ± 0.1)

BR

B

"(

· 10!4 (53)

Using the parameter set I, we obtain the following final numbers

"!s = (0.096 ± 0.039) ps!1 !
"!s

!s
= "!s · "Bd

= 0.147 ± 0.060 (54)

as
fs = (2.06 ± 0.57) · 10!5 (55)

"!s

"Ms
= (49.7 ± 9.4) · 10!4 (56)

$s = (4.2 ± 1.4) · 10!3 = 0.24# ± 0.08# (57)

The first striking feature of these numbers is the large increase for the prediction of "!s from
0.070 ps!1 to 0.096 ps!1 (about 37 %). The change of the basis is responsible for an increase of

Lenz&Nierste ’06, many others
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Exhausting ranges in ΔΓ:
can we explain it?

3 Numerical predictions 15

the new operators the !s-corrections have become smaller (22% of the LO value), too, and the
unphysical µ1-dependence has shrunk. In the case of as

fs = Im (!s
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12) the situation did not

change much due to the change of the basis. Here we have no strong recommendation on what
basis to choose. However, in the presence of new physics as

fs also involves Re (!s
12/M

s
12) and the

same improvements occur, as discussed in Sect. 4.
Using the non-perturbative parameters from set I we obtain the following number for "!s:

"!s = (0.081 ± 0.036) ps!1 !
"!s

!s
= "!s · "Bd

= 0.124 ± 0.056 (50)

The central value in the new basis is larger than the old one, while the theoretical errors have
shrunk considerably. The numerical difference stems from uncalculated corrections of order
!s/mb and !2

s. As a consistency check of our change of basis one can compare the results in
the old and the new basis neglecting all 1/mb and !s-corrections and setting B = 1 = B"

S . As
required we get in both cases the same result: "!s/!s = 0.1497.

For our final number we still go further. First we sum up logarithms of the form z ln z
by switching to schemes using z defined in Eq. (30). Second we calculate our results for two
schemes of the b-quark mass, using either mb or mpole

b of Eq. (32) and finally average over the
schemes. By this we obtain the main result of this paper:
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Using the parameter set I, we obtain the following final numbers

"!s = (0.096 ± 0.039) ps!1 !
"!s
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= "!s · "Bd

= 0.147 ± 0.060 (54)

as
fs = (2.06 ± 0.57) · 10!5 (55)
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= (49.7 ± 9.4) · 10!4 (56)

$s = (4.2 ± 1.4) · 10!3 = 0.24# ± 0.08# (57)

The first striking feature of these numbers is the large increase for the prediction of "!s from
0.070 ps!1 to 0.096 ps!1 (about 37 %). The change of the basis is responsible for an increase of

Hadronic inputs needed

We don’t dare to disclose our 
experimental numerics.
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The recent CDF [8] and DØ [5] results give best fit values

around (∆Γs, Sψφ) ∼ (±0.15 ps−1, 0.5). This shows that
the new abSL measurement in Eq. (1) is consistent with

the data on ∆Γs and Sψφ. This consistency is a nontriv-

ial test of the assumption that NP contributes only to

neutral meson mixing.

New physics in the mixing amplitudes of the Bd,s

mesons can in general be described by four real parame-

ters, two for each neutral meson system,

Md,s
12 =

�
Md,s

12

�SM �
1 + hd,s e

2iσd,s
�
. (6)

We denote by Mq
12 (Γq

12) the dispersive (absorptive) part

of the B0
q − B̄0

q mixing amplitude and SM superscripts

denote the SM values (for quantities not explicitly defined

here, see Ref. [15]). This modifies the SM predictions for

some observables used to constrain hq and σq as

∆mq = ∆mSM
q

��1 + hqe
2iσq

�� ,
∆Γs = ∆ΓSM

s cos
�
arg

�
1 + hse

2iσs
��

,

Aq
SL = Im

�
Γq
12/

�
Mq,SM

12 (1 + hqe
2iσq )

��
,

SψK = sin
�
2β + arg

�
1 + hde

2iσd
��

,

Sψφ = sin
�
2βs − arg

�
1 + hse

2iσs
��

. (7)

Here βs = arg[−(VtsV ∗
tb)/(VcsV ∗

cb)] = (1.04± 0.05)◦ is an

angle of a squashed unitarity triangle.

As already discussed, the new DØ measurement di-

rectly correlates the possible NP contributions in the Bd

and Bs systems [see Eq. (2)]. In order to quantitatively

assess our NP hypothesis we perform a global fit using

the CKMfitter package [16] to determine simultaneously

the NP parameters hd,s and σd,s, as well as the ρ̄ and η̄
parameters of the CKM matrix.

The results presented here use the post-Beauty2009

CKMfitter input values [16], except for the lattice input

parameters where we use [17], and the most recent ex-

perimental data. For Sψφ vs. ∆Γs, we use the 2.8 fb
−1

2d likelihood of DØ [5] and the 5.2 fb
−1

1d likelihood of

the recent CDF measurement [8] (the 2d likelihood is not

available). As already mentioned, neither the CDF nor

the DØ result gives a significant tension in the fit, so we

expect that a real Tevatron combination will not alter

our results by much. For the results presented here, we

marginalize over |Γq
12| in the range 0− 0.25 ps−1

, finding

that the data prefer values for ∆Γs about 2.5 times larger

than the prediction [2]. If we use the theory prediction,

our conclusions about NP do not change substantially,

but the goodness of fit is reduced significantly.

Figure 1 shows the results of the global fit projected

onto the hd − hs plane with 1σ (solid), 2σ (dashed), and

3σ (dotted) contours. We find that the data show evi-

dence for disagreement with the SM or, differently stated,

the no NP hypothesis hs = hd = 0 is disfavored at the

3.3σ level. Figure 2 shows the hs − σs and hd − σd fits.

The two best fit regions are for hs ∼ 0.5 and hs ∼ 1.8

FIG. 1: The allowed range of hs and hd from the combined
fit. The solid, dashed, and dotted contours show 1σ, 2σ, and
3σ, respectively.

with sizable NP phases, σs ∼ 120
◦
and σs ∼ 100

◦
respec-

tively. Here the point hs = 0 is disfavored at only 2.6σ,
since hs and hd are correlated. In the hd − σd case the

data is consistent with no new physics contributions in

Bd − B̄d mixing (hd = 0) below the 2σ level.

To interpret the pattern of the current experimental

data in terms of NP models, one should investigate if NP

models that respect the SM approximate SU(2)q sym-

metry are favored (in the SM this is due to the smallness

of the masses in the first two generations and the small-

ness of the mixing with the third generation quarks), or

if a hierarchy, such as hs � hd, is required. In Fig. 1 we

show the hd = hs line, which makes it evident that while

hd = hs is not disfavored, most of the favored parameter

space has hs > hd. Actually, a non-negligible fraction of

the allowed parameter space corresponds to hs � hd, as

indicated by the hs = 5hd line on Fig. 1.

A particularly interesting NP scenario is to assume

SU(2)q universality (q = s, d), defined as

hb ≡ hd = hs , σb ≡ σd = σs . (8)

The relevant hb − σb plane is shown in Fig. 3. The best

fit region, near hb ∼ 0.25 and σb ∼ 120
◦
, is obtained as

a compromise between the Babar and Belle bounds in

the Bd system and the tensions in the Tevatron Bs data

with the SM predicitons. This compromise mostly arises

from the different magnitudes of hd,s: while the best fit

hd value is a few times smaller than the best fit hs value,

the best fit values of the phases σd,s are remarkably close

to each other, as can be seen in Fig. 2. Note that while

the SM limit, hb = 0, is obtained at less than 3σ CL, the

2

7 Some Aspects of S!" and As
SL

In the next years important tests of MFV will come from improved measurements of the

time-dependent mixing induced CP asymmetry

As
CP(!", t) =

!(B̄0
s (t) ! !") " !(B0

s (t) ! !")

!(B̄0
s (t) ! !") + !(B0

s (t) ! !")
# S!" sin("Mst), (7.1)

where the CP violation in the decay amplitude is set to zero, and of the semileptonic

asymmetry

As
SL =

!(B̄0
s ! l+X) " !(B0

s ! l!X)

!(B̄0
s ! l+X) + !(B0

s ! l!X)
= Im

!

!s
12

Ms
12

"

, (7.2)

where !s
12 represents the absorptive part of the B0

s " B̄0
s amplitude. The semileptonic

asymmetry As
SL has not been measured yet, while its theoretical prediction in the SM

has recently improved thanks to advances in lattice studies of "B = 2 four-fermion

operators [53] and to the NLO perturbative calculations of the corresponding Wilson

coe#cients [54, 55].

Both asymmetries are very small in MFV models but can be enhanced even by an

order of magnitude if new complex phases are present. This topic has been extensively

discussed in the recent literature, in particular in [46] where the correlation between

As
SL and S!" has been derived and discussed for the first time. Here we would like to

point out that in most recent papers the sign of the new physics contribution to S!" is

incorrect with an evident consequence on the correlation in question.

Adopting the popular parametrizations of the new physics contributions [3, 45, 46]

"Ms # ("Ms)
SM|1 + hse

2i#s | # ("Ms)
SMCBs , (7.3)

with

1 + hse
2i#s # CBse

2i$Bs , (7.4)

we find

S!" = "#!" sin(2$s + 2%Bs) , Vts = "|Vts|e
!i%s (7.5)

in the parametrization of [3, 45] and

S!" = "#!"

#

hs

sin 2&s

CBs

+
sin 2$s(1 + hs cos 2&s)

CBs

$

(7.6)

in the parametrization of [46] and setting cos 2$s = 1, since $s $ "1". Here #!" is the

CP parity of the !" final state, for which we take #!" = +1. We find then

S!" = sin(2|$s|" 2%Bs) % " sin 2%Bs, (7.7)
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The recent CDF [8] and DØ [5] results give best fit values

around (∆Γs, Sψφ) ∼ (±0.15 ps−1, 0.5). This shows that
the new abSL measurement in Eq. (1) is consistent with

the data on ∆Γs and Sψφ. This consistency is a nontriv-

ial test of the assumption that NP contributes only to

neutral meson mixing.

New physics in the mixing amplitudes of the Bd,s

mesons can in general be described by four real parame-

ters, two for each neutral meson system,

Md,s
12 =

�
Md,s

12

�SM �
1 + hd,s e

2iσd,s
�
. (6)

We denote by Mq
12 (Γq

12) the dispersive (absorptive) part

of the B0
q − B̄0

q mixing amplitude and SM superscripts

denote the SM values (for quantities not explicitly defined

here, see Ref. [15]). This modifies the SM predictions for

some observables used to constrain hq and σq as

∆mq = ∆mSM
q

��1 + hqe
2iσq

�� ,
∆Γs = ∆ΓSM

s cos
�
arg

�
1 + hse

2iσs
��

,

Aq
SL = Im

�
Γq
12/

�
Mq,SM

12 (1 + hqe
2iσq )

��
,

SψK = sin
�
2β + arg

�
1 + hde

2iσd
��

,

Sψφ = sin
�
2βs − arg

�
1 + hse

2iσs
��

. (7)

Here βs = arg[−(VtsV ∗
tb)/(VcsV ∗

cb)] = (1.04± 0.05)◦ is an

angle of a squashed unitarity triangle.

As already discussed, the new DØ measurement di-

rectly correlates the possible NP contributions in the Bd

and Bs systems [see Eq. (2)]. In order to quantitatively

assess our NP hypothesis we perform a global fit using

the CKMfitter package [16] to determine simultaneously

the NP parameters hd,s and σd,s, as well as the ρ̄ and η̄
parameters of the CKM matrix.

The results presented here use the post-Beauty2009

CKMfitter input values [16], except for the lattice input

parameters where we use [17], and the most recent ex-

perimental data. For Sψφ vs. ∆Γs, we use the 2.8 fb
−1

2d likelihood of DØ [5] and the 5.2 fb
−1

1d likelihood of

the recent CDF measurement [8] (the 2d likelihood is not

available). As already mentioned, neither the CDF nor

the DØ result gives a significant tension in the fit, so we

expect that a real Tevatron combination will not alter

our results by much. For the results presented here, we

marginalize over |Γq
12| in the range 0− 0.25 ps−1

, finding

that the data prefer values for ∆Γs about 2.5 times larger

than the prediction [2]. If we use the theory prediction,

our conclusions about NP do not change substantially,

but the goodness of fit is reduced significantly.

Figure 1 shows the results of the global fit projected

onto the hd − hs plane with 1σ (solid), 2σ (dashed), and

3σ (dotted) contours. We find that the data show evi-

dence for disagreement with the SM or, differently stated,

the no NP hypothesis hs = hd = 0 is disfavored at the

3.3σ level. Figure 2 shows the hs − σs and hd − σd fits.

The two best fit regions are for hs ∼ 0.5 and hs ∼ 1.8

FIG. 1: The allowed range of hs and hd from the combined
fit. The solid, dashed, and dotted contours show 1σ, 2σ, and
3σ, respectively.

with sizable NP phases, σs ∼ 120
◦
and σs ∼ 100

◦
respec-

tively. Here the point hs = 0 is disfavored at only 2.6σ,
since hs and hd are correlated. In the hd − σd case the

data is consistent with no new physics contributions in

Bd − B̄d mixing (hd = 0) below the 2σ level.

To interpret the pattern of the current experimental

data in terms of NP models, one should investigate if NP

models that respect the SM approximate SU(2)q sym-

metry are favored (in the SM this is due to the smallness

of the masses in the first two generations and the small-

ness of the mixing with the third generation quarks), or

if a hierarchy, such as hs � hd, is required. In Fig. 1 we

show the hd = hs line, which makes it evident that while

hd = hs is not disfavored, most of the favored parameter

space has hs > hd. Actually, a non-negligible fraction of

the allowed parameter space corresponds to hs � hd, as

indicated by the hs = 5hd line on Fig. 1.

A particularly interesting NP scenario is to assume

SU(2)q universality (q = s, d), defined as

hb ≡ hd = hs , σb ≡ σd = σs . (8)

The relevant hb − σb plane is shown in Fig. 3. The best

fit region, near hb ∼ 0.25 and σb ∼ 120
◦
, is obtained as

a compromise between the Babar and Belle bounds in

the Bd system and the tensions in the Tevatron Bs data

with the SM predicitons. This compromise mostly arises

from the different magnitudes of hd,s: while the best fit

hd value is a few times smaller than the best fit hs value,

the best fit values of the phases σd,s are remarkably close

to each other, as can be seen in Fig. 2. Note that while

the SM limit, hb = 0, is obtained at less than 3σ CL, the

2

27



Alternative: marginalize over 

   |Γ12| = 0.0 … 0.25 1/ps

 vs 

at best-fit points need 

             |Γ12|fit  = 2.5 x |Γ12|theory 

Comment on new physics contributions to Γs
12

Christian W. Bauer and Nicholas Daniel Dunn
Ernest Orlando Lawrence Berkeley National Laboratory, University of California, Berkeley, CA 94720

A recent measurement by the D0 collaboration finds a like-sign di-muon charge asymmetry in the

B system that is roughly 3σ larger than the value predicated by the Standard Model. This suggests

new physics contributing to B − B mixing. For the current central value of the CP asymmetry,

the required size of Γs
12 is larger than Standard Model estimates of this quantity. In this paper,

we will explore the constraints on new physics contributions to Γs
12. We show that there are two

dimension six operators of Standard Model fields in the electroweak Hamiltonian whose coefficients

are not constrained enough to rule out possible contributions from new physics. We argue that a

more precise measurement of τ(Bs)/τ(Bd), which is possible with currently available data, could

either support or strongly constrain the existence of new physics in Γs
12.

Both the D0 and the CDF collaborations have mea-
sured the like-sign di-muon charge asymmetry in the B
system

Ab
sl ≡

N++
b −N−−

b

N++
b +N−−

b

. (1)

Using 1.6 fb−1 of data CDF obtained [1] Ab
sl = (8.0 ±

9.0 ± 6.8) × 10−3, while the D0 collaboration recently
reported [2] a result of Ab

sl = (−9.57±2.51±1.46)×10−3

with 6.1 fb−1 of data. Combining these results, one finds

Ab
sl ≡

N++
b −N−−

b

N++
b +N−−

b

= −(8.5± 2.8)× 10−3 . (2)

This value is about 3σ away from the Standard Model
(SM) prediction of Ab

sl = −0.2× 10−3.
Since these measurements are blind as to which flavor

of B meson produced the two muons, Ab
sl receives contri-

butions from the semileptonic CP asymmetries of both
Bs and Bd mesons, which we will call assl and adsl, re-
spectively. The relation between Ab

sl and the aqsl is given
by [2]

Ab
sl = (0.506± 0.043)adsl + (0.494± 0.043)assl . (3)

D0 [3] has also measured the semileptonic CP asymmetry
assl directly, albeit with large uncertainties

assl = (−1.7± 9.1)× 10−3 . (4)

One can convert the di-muon charge asymmetry into a
measurement of the semileptonic asymmetry of the Bs

system using input from the Bd system. If one assumes
no new physics contribution to Bd mixing, one finds
(combining with the explicit measurements)

(assl)SM ad
sl
= −(12.2± 4.9)× 10−3 , (5)

while using the measurement [4] adsl = (−4.7±4.6)×10−3,
one finds

(assl)ad
sl meas

= −(9.2± 4.9)× 10−3 . (6)

While it is probably too early to tell if this discrepancy
is due to physics beyond the Standard Model or fluctua-
tions in the data, it is certainly interesting to understand
what the implications of this measurement are for new
physics (NP).
There are two amplitudes each that characterize mix-

ing in the Bq systems (q = s, d): the off-diagonal element
of the mass matrix Mq

12 and the off-diagonal element of
the decay matrix Γq

12. Only the relative phase φq be-
tween these two amplitudes is observable, such that one
can choose the three real parameters |Mq

12|, |Γ
q
12| and φq

to describe the physics. In terms of these parameters,
the semileptonic asymmetry is given by

aqsl =
|Γq

12|
|Mq

12|
sinφq . (7)

What are the values of the three parameters |Mq
12|,

|Γq
12| and φq in the Standard Model? This question is

not easy to answer, since both |Mq
12| and |Γq

12| depend
on non-perturbative physics which is notoriously difficult
to determine. However, much effort has been devoted
to this problem, including lattice calculations to deter-
mine required bag parameters. We use the calculations
from [5], supplemented with updated values for the de-
cay constants and the bag parameters, obtained from [6].
Adding the uncertainties quoted in these to references in
quadrature, we find

|Ms
12|SM = (9.8± 1.1)ps−1

|Γs
12|SM = (0.049± 0.012)ps−1

φs = (0.04± 0.01) . (8)

It should be noted that the calculation of Γq
12 relies on an

operator product expansion, even though the energy re-
leased is onlymb−2mc ∼ 2GeV. Thus one might be wor-
ried of the convergence of the expansion performed [7].
These parameters can also be related to other physical

observables. In particular, they determine the mass and
width difference between Bs and Bs mesons, as well as
the time-dependent CP asymmetry Sψφ. The relations
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If we don’t do this, discrepancy remains, but fit worse.



FIG. 2: The allowed ranges of hs,σs (left) and hd,σd (right) from the combined fit to all four NP parameters.

goodness of the fit is significantly degraded compared

with the non-universal case.

We now move to interpreting the above results, as-

suming that the dimuon asymmetry is indeed providing

evidence for deviation from the SM. Interestingly, with-

out restricting our discussion to a specific model, we can

still make the following general statements:

(i) The present data support the hypothesis that new

sources of CP violation are present and that they con-

tribute mainly to ∆F = 2 processes via the mixing am-

plitude. As is well known, these processes are highly

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

Π�4

Π�2

3Π�4

Π

hb

Σ
b

0.6827
0.9545
0.9973

CL

FIG. 3: The allowed hb,σb range assuming SU(2) universality.

suppressed in the SM.

(ii) The SM extensions with SU(2)q universality, where

the new contributions to Bd and Bs transition are sim-

ilar in size (relative to the SM), can accommodate the

data but are not the most preferred scenarios experi-

mentally. Universality is expected in a large class of well

motivated models with approximate SU(2)q invariance,

for instance when flavor transitions are mediated by the

third generation sector [18]. The case where the NP con-

tributions are SU(2)q universal (see Eq. (8) and Fig. 3)

is also quite generically obtained in the minimal flavor

violation (MFV) framework [19] where new diagonal CP

violating phases are present [20, 21]. In an effective the-

ory approach such a contribution may arise from the four-

quark operators O
bq
1 = b̄αLγµq

α
L b̄

β
Lγµq

β
L, O

bq
2 = b̄αRq

α
L b̄

β
Rq

β
L,

O
bq
3 = b̄αRq

β
L b̄

β
Rq

α
L, suppressed by scales ΛMFV;1,2,3, re-

spectively. We find that the data require

ΛMFV;1,2,3
>∼ {8.8, 13 yb, 6.8 yb}

�
0.2/hb TeV . (9)

If the central value of the measurement in Eq. (1) is con-

firmed, this inequality would become an equality. Note

that the suppression from the bottom Yukawa, yb, is

not taken into account in ΛMFV;1, since CP violation in

this case requires resummation of large effective bottom

Yukawa coupling [21, 22]. In general the presence of fla-

vor diagonal phases could contribute to the neutron elec-

tric dipole moment [23]. However, this effect arises from
a different class of operators and requires a separate in-

vestigation. Another interesting aspect of these flavor di-

agonal phases is that there are examples where these can

contribute to the generation of matter-antimatter asym-

metry, another issue which deserves further investigation.

(iii) While case (ii) is not excluded by the data, Fig. 1

3

from: arXiv 1006.0432

best fit: (hs, σs)
  1) (0.5,120º)
  2) (1.8, 100º)
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2

are

∆Ms = 2|Ms
12|

∆Γs = 2|Γs
12| cosφs

Sψφ = − sinφs , (9)

where we have assumed |Γs
12| � |Ms

12| and
arg[−VtsV ∗

tb/VcsV ∗
cb] ≈ 0. In terms of these three ob-

servables one finds [8]

assl = − ∆Γs

∆Ms

Sψφ�
1− S2

ψφ

. (10)

The measured values for these three observables are [9,
10]1

∆Ms = (17.78± 0.12)ps−1

∆Γs =
�
0.154+0.054

−0.070

�
ps−1

Sψφ = 0.69+0.16
−0.23 . (11)

Using these inputs, together with the measured value of
assl given in Eq. (6), we can extract the three theoretical
parameters. We find a good fit, indicating that the mea-
surements are compatible with one another, with result

|Ms
12| = (8.889± 0.060)ps−1

|Γs
12| = (0.112± 0.040)ps−1

φs = −0.79± 0.24 . (12)

From this one can see that the data prefers |Ms
12| to be

close to the SM value, while both |Γs
12| and φs differ

from the values given in Eq. (8), by about 1.5σ and 3σ
respectively. This is in agreement with the result of [11],
which also found that a good fit to the data requires a
non-zero phase as well as a value of |Γs

12| higher than
what is predicted in [5]. This is also compatible with the
observation made in [12], which found that new physics
that only adds a relative phase φs is unable to explain
the central value of the semileptonic CP asymmetry. If
we were to assume no new physics in the Bd system, we
would find the same value for |Ms

12|, but |Γs
12| = (0.131±

0.41)ps−1 and φs = 0.88± 0.24.
Given this result, one might naturally be inclined to

add new physics to Γs
12 [13].2 In the remainder of this

paper we will study the constraints on NP contributions
to Γs

12 from data on the decays of B mesons.
Any operator of the form b̄sR, with R being any fla-

vor neutral set of fields with total mass below mBs can

1 Note that the Standard Model predicts Sψφ to be very close to
zero again, giving another hint at physics beyond the Standard
Model in the Bs system.

2 For recent attempts to explain the CP asymmetry by new physics
contributions to Ms

12, see [12, 14].

contribute to Γs
12. In order to conserve energy and mo-

mentum, R needs to contain at least two fields. We first
consider operators which only contain light fields present
in the Standard Model, but comment on the possibility
of introducing new light fields towards the end of the
paper. The lowest dimensional operators possible have
dimension six

Os
NP = b̄s ψ̄ψ , (13)

where ψ denotes any light Standard Model fermion. A
list of the possible operators is shown in Table I. The
physics of B decays is described by the electroweak
Hamiltonian, which is conventionally written in the form

H ∼ 4
GF√
2

�

i

Ci Oi . (14)

Characterizing the scale of new physics by ΛNP, we write
the coefficients of the new operators as

Cs
NP ∼ g2NPm

2
W /Λ2

NP . (15)

Allowed operators

Bs Bd

O
s
NP Constr Γ O

d
NP Constr Γ

b̄sūu K
+π−, K+π0

b̄dūu π+π−, π+π0

b̄sd̄d K
0π+, K+π0

b̄dd̄d π+π0

b̄sc̄c b̄dc̄c Xdγ

b̄ss̄s φK0
b̄ds̄s K̄

0
K

+, K0
K̄

0, φπ+

b̄sēe K
(∗)

e
+
e
−

b̄dēe (π, ρ)e+e−

b̄sµ̄µ K
(∗)

µ
+
µ
−

b̄dµ̄µ (π, ρ)µ+
µ
−

b̄sτ̄ τ b̄dτ̄ τ τ+τ−

b̄sν̄ν K
(∗)ν̄ν b̄dν̄ν (π, ρ)ν̄ν

b̄ds̄d K̄
0π+ (unobserved)

b̄dd̄s K
0π+

b̄dc̄u D
0π+

b̄dūc

TABLE I: Possible operators of the form b̄qψ̄ψ, with ψ being
an SM fermion. In the second column we show the decays
that can be used to constrain each operator. The next two
columns show the same for operators in the Bd system, which
are required to keep the Bd lifetime in agreement with the Bs

lifetime.

The contribution of an operator Os
NP to Γs

12 can be
evaluated by performing an OPE. Comparing the result
with the dominant contribution in the SM, arising from
the operator b̄sc̄c with Wilson coefficient C ∼ Vcb, we
find

��ΓNP
12

��
��ΓSM

12

�� ∼
�
Cs

NP

|Vcb|

�2 �
1− 2mψ/mb�
1− 2mc/mb

. (16)

A new b̄sc̄c operator that can interfere with the SM op-
erator is an exception, which we discuss in more detail
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12|
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12| cosφs

Sψφ = − sinφs , (9)

where we have assumed |Γs
12| � |Ms

12| and
arg[−VtsV ∗

tb/VcsV ∗
cb] ≈ 0. In terms of these three ob-

servables one finds [8]

assl = − ∆Γs

∆Ms

Sψφ�
1− S2

ψφ

. (10)

The measured values for these three observables are [9,
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∆Γs =
�
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�
ps−1

Sψφ = 0.69+0.16
−0.23 . (11)

Using these inputs, together with the measured value of
assl given in Eq. (6), we can extract the three theoretical
parameters. We find a good fit, indicating that the mea-
surements are compatible with one another, with result

|Ms
12| = (8.889± 0.060)ps−1

|Γs
12| = (0.112± 0.040)ps−1

φs = −0.79± 0.24 . (12)

From this one can see that the data prefers |Ms
12| to be

close to the SM value, while both |Γs
12| and φs differ

from the values given in Eq. (8), by about 1.5σ and 3σ
respectively. This is in agreement with the result of [11],
which also found that a good fit to the data requires a
non-zero phase as well as a value of |Γs

12| higher than
what is predicted in [5]. This is also compatible with the
observation made in [12], which found that new physics
that only adds a relative phase φs is unable to explain
the central value of the semileptonic CP asymmetry. If
we were to assume no new physics in the Bd system, we
would find the same value for |Ms

12|, but |Γs
12| = (0.131±

0.41)ps−1 and φs = 0.88± 0.24.
Given this result, one might naturally be inclined to

add new physics to Γs
12 [13].2 In the remainder of this

paper we will study the constraints on NP contributions
to Γs

12 from data on the decays of B mesons.
Any operator of the form b̄sR, with R being any fla-

vor neutral set of fields with total mass below mBs can

1 Note that the Standard Model predicts Sψφ to be very close to
zero again, giving another hint at physics beyond the Standard
Model in the Bs system.

2 For recent attempts to explain the CP asymmetry by new physics
contributions to Ms

12, see [12, 14].

contribute to Γs
12. In order to conserve energy and mo-

mentum, R needs to contain at least two fields. We first
consider operators which only contain light fields present
in the Standard Model, but comment on the possibility
of introducing new light fields towards the end of the
paper. The lowest dimensional operators possible have
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NP = b̄s ψ̄ψ , (13)

where ψ denotes any light Standard Model fermion. A
list of the possible operators is shown in Table I. The
physics of B decays is described by the electroweak
Hamiltonian, which is conventionally written in the form
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Characterizing the scale of new physics by ΛNP, we write
the coefficients of the new operators as
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Allowed operators
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an SM fermion. In the second column we show the decays
that can be used to constrain each operator. The next two
columns show the same for operators in the Bd system, which
are required to keep the Bd lifetime in agreement with the Bs

lifetime.
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Using these inputs, together with the measured value of
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parameters. We find a good fit, indicating that the mea-
surements are compatible with one another, with result
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from the values given in Eq. (8), by about 1.5σ and 3σ
respectively. This is in agreement with the result of [11],
which also found that a good fit to the data requires a
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consider operators which only contain light fields present
in the Standard Model, but comment on the possibility
of introducing new light fields towards the end of the
paper. The lowest dimensional operators possible have
dimension six

Os
NP = b̄s ψ̄ψ , (13)

where ψ denotes any light Standard Model fermion. A
list of the possible operators is shown in Table I. The
physics of B decays is described by the electroweak
Hamiltonian, which is conventionally written in the form

H ∼ 4
GF√
2

�

i

Ci Oi . (14)

Characterizing the scale of new physics by ΛNP, we write
the coefficients of the new operators as

Cs
NP ∼ g2NPm

2
W /Λ2

NP . (15)

Allowed operators

Bs Bd

O
s
NP Constr Γ O

d
NP Constr Γ

b̄sūu K
+π−, K+π0

b̄dūu π+π−, π+π0

b̄sd̄d K
0π+, K+π0

b̄dd̄d π+π0

b̄sc̄c b̄dc̄c Xdγ

b̄ss̄s φK0
b̄ds̄s K̄

0
K

+, K0
K̄

0, φπ+

b̄sēe K
(∗)

e
+
e
−

b̄dēe (π, ρ)e+e−

b̄sµ̄µ K
(∗)

µ
+
µ
−

b̄dµ̄µ (π, ρ)µ+
µ
−

b̄sτ̄ τ b̄dτ̄ τ τ+τ−

b̄sν̄ν K
(∗)ν̄ν b̄dν̄ν (π, ρ)ν̄ν

b̄ds̄d K̄
0π+ (unobserved)

b̄dd̄s K
0π+

b̄dc̄u D
0π+

b̄dūc

TABLE I: Possible operators of the form b̄qψ̄ψ, with ψ being
an SM fermion. In the second column we show the decays
that can be used to constrain each operator. The next two
columns show the same for operators in the Bd system, which
are required to keep the Bd lifetime in agreement with the Bs

lifetime.

The contribution of an operator Os
NP to Γs

12 can be
evaluated by performing an OPE. Comparing the result
with the dominant contribution in the SM, arising from
the operator b̄sc̄c with Wilson coefficient C ∼ Vcb, we
find

��ΓNP
12

��
��ΓSM

12

�� ∼
�
Cs

NP

|Vcb|

�2 �
1− 2mψ/mb�
1− 2mc/mb

. (16)

A new b̄sc̄c operator that can interfere with the SM op-
erator is an exception, which we discuss in more detail
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2 Possibilities

(b̄LsL)(c̄RcR)

(b̄s)(τ̄ τ)

Constrain using life-time ratios
4

The same is true for ψ = ν, due to the limit on the

branching ratio B → K(∗)ν̄ν. The non-leptonic opera-

tors with light quarks are all ruled out by the absence of

any 2-body non-leptonic B decays to light mesons (such

as K and π) at the 10−3 level. The operator b̄sc̄c, how-

ever, cannot be excluded by this argument, since there is

an SM contribution to this operator at the same level and

the presence of non-perturbative effects makes a detailed

comparison difficult.

This operator, however, can be constrained by consid-

ering its contribution to the decay B → Xsγ. Given

that the measured value [4] of Brex(B → Xsγ) =

3.52± 0.25× 10−4 is consistent with the theoretical pre-

diction [19] of Brth(B → Xsγ) = 3.15±0.23×10−4, only

an O(10%) correction can be accommodated. This elim-

inates any operator that can mix with the operator O7,

since the percentage contribution to the decay B → Xsγ
is of order

��ΓNP
12

�� /
��ΓSM

12

��. An operator that contributes

only to the mixing with O�
7, on the other hand, con-

tributes only quadratically in that ratio to B → Xsγ, and
Cs

NP/Vcb ∼ 0.3 would still be allowed. In order for this to

lead to a sizable effect in Γs
12, however, requires this oper-

ator to interfere with the SM operator (b̄c)V−A(c̄c)V−A

in the contribution to Γs
12. An operator with helicity

structure b̄RsRc̄LcL has this property and can therefore

contribute significantly to the lifetime difference in the

Bs system.

We have shown that there are only two possible SM

operators that can give rise to an O(1) change in Γs
12.

The first is b̄sτ̄ τ , which was considered in [13] to explain

the anomaly in the semileptonic CP asymmetry. This

operator can be constrained by both B → K(∗)τ+τ− and

Bs → τ+τ−; however, due to the difficulty in detecting

τ ’s, there is currently no bound on either decay. We

therefore find that b̄sτ̄ τ can contribute significantly to to

Γs
12. The second possible operator is of the form b̄sLc̄RcR.

Note that both of these operators would give rise to an

order 10% contribution to the total lifetime of the Bs me-

son, if we require that they contribute an O(1) amount to

Γs
12. As discussed above, however, this does not contra-

dict the precise measurement of this quantity, due to the

large theoretical uncertainties when trying to predict this

quantity. On the other hand, the ratio τBs/τBd is under

much better theoretical control. This is because the un-

known nonperturbative effects largely cancel in this ratio,

such that it can be predicted with high accuracy [20]

τ(Bs)

τ(Bd)
= 1±O(1%) . (23)

An operator that gives an O(1) contribution to Γs
12 via

the operators mentioned above, would give rise to large

lifetime difference 1 − τ(Bs)/τ(Bd) = O(10%), much

larger than the theoretical uncertainty in this quantity.

Unfortunately, the experimental uncertainties in this life-

time ratio [10]

τ(Bs)

τ(Bd)
= 0.965± 0.017 (24)

are much larger than our theoretical knowledge. While

one can rule out a 10% effect, a 5% contribution is still

allowed. In fact, the current measurement seems to in-

dicate a 2σ difference between these lifetime ratios. If a

significant difference of this lifetime ratio could be estab-

lished, this would be another hint at new physics con-

tributing to Γs
12. It should be noted that the most recent

measurements of the Bs lifetime have been performed

with less than 1/10 of the currently available data at the

Tevatron; a new measurement of this quantity is there-

fore of the utmost importance.

What would one conclude if a new measurement of this

lifetime ratio would not allow for a large deviation from

unity? Since the operators discussed above reduce the

ratio Bs lifetime relative to the Bd lifetime, one would

be forced to add new operators of the form

O
d
NP = b̄Γdψ̄1Γψ2 (25)

with Wilson coefficient

C
d
NP � C

s
NP , (26)

to make up for this difference. In general, we do not

need the fields in Od
NP to be the same as in Os

NP, which

allows ψ �= ψ1 �= ψ2. Note that as long as ψ1 �= ψ2,

such operators would not contribute to Γd
12. While one

could potentially add several new operators to the Bd

sector with smaller Wilson coefficients to compensate for

Os
NP, we will assume that only one new operator is added.

Our arguments can be easily generalized to the case of

multiple operators.

The possible operators are shown on the right hand

side of Table I. As before, the operators b̄dl̄l for l = e, µ

are ruled out by limits on the decay B → πl+l−, and
the operator with ψ = ν by the limit on B → πν̄ν. The

operator b̄dτ̄ τ is in this case excluded by the experimental

limit on the decay B → τ+τ−. Operators involving only

light quarks are also ruled out, again due to the absence

of 2-body non-leptonic B decays to light mesons at the

10−3 level. The operator b̄dc̄u (which has the wrong sign

charm) is ruled out by comparing B → D+π− to B →
D−π+, while the operator b̄dc̄c is ruled out by its large

contribute to B → (ρ,ω0)γ.
This leaves only one operator we could add to the

Bd system, namely b̄dūc. A new physics operator with

Cd
NP ∼ λ2 would contribute at the same order as the

SM operator. While this would increase the rate of non-

leptonic B decays of the form B → Dπ, the presence of

non-perturbative effects makes it difficult to rule out this

operator conclusively. Note that this operator makes it

possible to keep the lifetime ratio between Bs and Bd

4
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tors with light quarks are all ruled out by the absence of
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inates any operator that can mix with the operator O7,

since the percentage contribution to the decay B → Xsγ
is of order

��ΓNP
12

�� /
��ΓSM

12

��. An operator that contributes

only to the mixing with O�
7, on the other hand, con-

tributes only quadratically in that ratio to B → Xsγ, and
Cs

NP/Vcb ∼ 0.3 would still be allowed. In order for this to
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12, however, requires this oper-

ator to interfere with the SM operator (b̄c)V−A(c̄c)V−A

in the contribution to Γs
12. An operator with helicity

structure b̄RsRc̄LcL has this property and can therefore

contribute significantly to the lifetime difference in the

Bs system.

We have shown that there are only two possible SM

operators that can give rise to an O(1) change in Γs
12.

The first is b̄sτ̄ τ , which was considered in [13] to explain

the anomaly in the semileptonic CP asymmetry. This

operator can be constrained by both B → K(∗)τ+τ− and

Bs → τ+τ−; however, due to the difficulty in detecting

τ ’s, there is currently no bound on either decay. We

therefore find that b̄sτ̄ τ can contribute significantly to to
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12. The second possible operator is of the form b̄sLc̄RcR.

Note that both of these operators would give rise to an

order 10% contribution to the total lifetime of the Bs me-

son, if we require that they contribute an O(1) amount to

Γs
12. As discussed above, however, this does not contra-

dict the precise measurement of this quantity, due to the

large theoretical uncertainties when trying to predict this

quantity. On the other hand, the ratio τBs/τBd is under

much better theoretical control. This is because the un-

known nonperturbative effects largely cancel in this ratio,

such that it can be predicted with high accuracy [20]

τ(Bs)

τ(Bd)
= 1±O(1%) . (23)

An operator that gives an O(1) contribution to Γs
12 via

the operators mentioned above, would give rise to large

lifetime difference 1 − τ(Bs)/τ(Bd) = O(10%), much

larger than the theoretical uncertainty in this quantity.

Unfortunately, the experimental uncertainties in this life-

time ratio [10]

τ(Bs)
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= 0.965± 0.017 (24)

are much larger than our theoretical knowledge. While

one can rule out a 10% effect, a 5% contribution is still

allowed. In fact, the current measurement seems to in-

dicate a 2σ difference between these lifetime ratios. If a

significant difference of this lifetime ratio could be estab-

lished, this would be another hint at new physics con-

tributing to Γs
12. It should be noted that the most recent

measurements of the Bs lifetime have been performed

with less than 1/10 of the currently available data at the

Tevatron; a new measurement of this quantity is there-

fore of the utmost importance.

What would one conclude if a new measurement of this

lifetime ratio would not allow for a large deviation from

unity? Since the operators discussed above reduce the

ratio Bs lifetime relative to the Bd lifetime, one would

be forced to add new operators of the form

O
d
NP = b̄Γdψ̄1Γψ2 (25)

with Wilson coefficient

C
d
NP � C

s
NP , (26)

to make up for this difference. In general, we do not

need the fields in Od
NP to be the same as in Os

NP, which

allows ψ �= ψ1 �= ψ2. Note that as long as ψ1 �= ψ2,

such operators would not contribute to Γd
12. While one

could potentially add several new operators to the Bd

sector with smaller Wilson coefficients to compensate for

Os
NP, we will assume that only one new operator is added.

Our arguments can be easily generalized to the case of

multiple operators.

The possible operators are shown on the right hand

side of Table I. As before, the operators b̄dl̄l for l = e, µ

are ruled out by limits on the decay B → πl+l−, and
the operator with ψ = ν by the limit on B → πν̄ν. The

operator b̄dτ̄ τ is in this case excluded by the experimental

limit on the decay B → τ+τ−. Operators involving only

light quarks are also ruled out, again due to the absence

of 2-body non-leptonic B decays to light mesons at the

10−3 level. The operator b̄dc̄u (which has the wrong sign

charm) is ruled out by comparing B → D+π− to B →
D−π+, while the operator b̄dc̄c is ruled out by its large

contribute to B → (ρ,ω0)γ.
This leaves only one operator we could add to the

Bd system, namely b̄dūc. A new physics operator with

Cd
NP ∼ λ2 would contribute at the same order as the

SM operator. While this would increase the rate of non-

leptonic B decays of the form B → Dπ, the presence of

non-perturbative effects makes it difficult to rule out this

operator conclusively. Note that this operator makes it

possible to keep the lifetime ratio between Bs and Bd

theory prediction exp result. At 2 sigma ~ 5 % possible
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We won’t attempt an overview.

2 criteria (apart from new CP phases):
 
I) need to suppress new physics
     ~ O(1) SM (dress with CKM factors if E~TeV...)

II) don’t spoil Bd consistency



The recent CDF [8] and DØ [5] results give best fit values

around (∆Γs, Sψφ) ∼ (±0.15 ps−1, 0.5). This shows that
the new abSL measurement in Eq. (1) is consistent with

the data on ∆Γs and Sψφ. This consistency is a nontriv-

ial test of the assumption that NP contributes only to

neutral meson mixing.

New physics in the mixing amplitudes of the Bd,s

mesons can in general be described by four real parame-

ters, two for each neutral meson system,

Md,s
12 =

�
Md,s

12

�SM �
1 + hd,s e

2iσd,s
�
. (6)

We denote by Mq
12 (Γq

12) the dispersive (absorptive) part

of the B0
q − B̄0

q mixing amplitude and SM superscripts

denote the SM values (for quantities not explicitly defined

here, see Ref. [15]). This modifies the SM predictions for

some observables used to constrain hq and σq as

∆mq = ∆mSM
q

��1 + hqe
2iσq

�� ,
∆Γs = ∆ΓSM

s cos
�
arg

�
1 + hse

2iσs
��

,

Aq
SL = Im

�
Γq
12/

�
Mq,SM

12 (1 + hqe
2iσq )

��
,

SψK = sin
�
2β + arg

�
1 + hde

2iσd
��

,

Sψφ = sin
�
2βs − arg

�
1 + hse

2iσs
��

. (7)

Here βs = arg[−(VtsV ∗
tb)/(VcsV ∗

cb)] = (1.04± 0.05)◦ is an

angle of a squashed unitarity triangle.

As already discussed, the new DØ measurement di-

rectly correlates the possible NP contributions in the Bd

and Bs systems [see Eq. (2)]. In order to quantitatively

assess our NP hypothesis we perform a global fit using

the CKMfitter package [16] to determine simultaneously

the NP parameters hd,s and σd,s, as well as the ρ̄ and η̄
parameters of the CKM matrix.

The results presented here use the post-Beauty2009

CKMfitter input values [16], except for the lattice input

parameters where we use [17], and the most recent ex-

perimental data. For Sψφ vs. ∆Γs, we use the 2.8 fb
−1

2d likelihood of DØ [5] and the 5.2 fb
−1

1d likelihood of

the recent CDF measurement [8] (the 2d likelihood is not

available). As already mentioned, neither the CDF nor

the DØ result gives a significant tension in the fit, so we

expect that a real Tevatron combination will not alter

our results by much. For the results presented here, we

marginalize over |Γq
12| in the range 0− 0.25 ps−1

, finding

that the data prefer values for ∆Γs about 2.5 times larger

than the prediction [2]. If we use the theory prediction,

our conclusions about NP do not change substantially,

but the goodness of fit is reduced significantly.

Figure 1 shows the results of the global fit projected

onto the hd − hs plane with 1σ (solid), 2σ (dashed), and

3σ (dotted) contours. We find that the data show evi-

dence for disagreement with the SM or, differently stated,

the no NP hypothesis hs = hd = 0 is disfavored at the

3.3σ level. Figure 2 shows the hs − σs and hd − σd fits.

The two best fit regions are for hs ∼ 0.5 and hs ∼ 1.8

FIG. 1: The allowed range of hs and hd from the combined
fit. The solid, dashed, and dotted contours show 1σ, 2σ, and
3σ, respectively.

with sizable NP phases, σs ∼ 120
◦
and σs ∼ 100

◦
respec-

tively. Here the point hs = 0 is disfavored at only 2.6σ,
since hs and hd are correlated. In the hd − σd case the

data is consistent with no new physics contributions in

Bd − B̄d mixing (hd = 0) below the 2σ level.

To interpret the pattern of the current experimental

data in terms of NP models, one should investigate if NP

models that respect the SM approximate SU(2)q sym-

metry are favored (in the SM this is due to the smallness

of the masses in the first two generations and the small-

ness of the mixing with the third generation quarks), or

if a hierarchy, such as hs � hd, is required. In Fig. 1 we

show the hd = hs line, which makes it evident that while

hd = hs is not disfavored, most of the favored parameter

space has hs > hd. Actually, a non-negligible fraction of

the allowed parameter space corresponds to hs � hd, as

indicated by the hs = 5hd line on Fig. 1.

A particularly interesting NP scenario is to assume

SU(2)q universality (q = s, d), defined as

hb ≡ hd = hs , σb ≡ σd = σs . (8)

The relevant hb − σb plane is shown in Fig. 3. The best

fit region, near hb ∼ 0.25 and σb ∼ 120
◦
, is obtained as

a compromise between the Babar and Belle bounds in

the Bd system and the tensions in the Tevatron Bs data

with the SM predicitons. This compromise mostly arises

from the different magnitudes of hd,s: while the best fit

hd value is a few times smaller than the best fit hs value,

the best fit values of the phases σd,s are remarkably close

to each other, as can be seen in Fig. 2. Note that while

the SM limit, hb = 0, is obtained at less than 3σ CL, the

2

Bd vs. Bs system
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Summary
• Recent findings in CPV in Bs mixing are 

intriguing

• The theory prediction for ΔΓ clashes with the 
recent Tevatron data

• Assuming  |Γ12| theoretically much more 
uncertain than previously thought: data shows 
consistent (Spsiphi vs asls) deviation from the SM

• If  |Γ12| theoretically under control, consistency 
suggests new, very light physics to enhance ΔΓ

• Could asls be due to non-B physics?
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