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In Pursuit of New Physics in the B System

R. Fleischera

aTheory Division, Department of Physics, CERN, CH-1211 Geneva 23, Switzerland

The B-meson system offers interesting probes for the search of physics beyond the Standard Model. After
addressing possible signals of new-physics contributions to the B → φK and B → πK decay amplitudes, we
focus on the data for B0

q–B̄0

q mixing (q ∈ {d, s}), giving a critical discussion of their interpretation in terms of
model-independent new-physics parameters. We address, in particular, the impact of the uncertainties of the
relevant input parameters, discuss benchmarks for future precision measurements at the LHC, and explore the
prospects for new CP-violating effects in the Bs-meson system, which could be detected at the LHC.

1. SETTING THE STAGE

Thanks to the B factories, remarkable progress
in the testing of the Kobayashi–Maskawa [1]
mechanism of CP violation could be made over
the recent years. The analyses of unitarity trian-
gle of the Cabibbo–Kobayashi–Maskawa (CKM)
matrix by the CKMfitter [2] and UTfit [3] collab-
orations show impressive global agreement with
the picture of the Standard Model (SM), although
it is no longer perfect, with some tension in the
corresponding plots and correlations.

The theoretical tool for the description of weak
decays and particle–antiparticle mixing is given
by low-energy effective Hamiltonians. In this
framework, the heavy degrees of freedom are “in-
tegrated out”, and are encoded in perturbatively
calculable Wilson coefficients Ck(µ). On the
other hand, the long-distance physics resides in
the hadronic matrix elements of local operators.

In this formalism, there are two possibilities
for new physics (NP) to enter: (i) modification
of Ck(µ = MW ) → CSM

k + CNP
k , where the

NP pieces CNP
k may involve new CP-violating

phases; (ii) new operators may enter the stage:
{Qk} → {QSM

k , QNP
l }, involving, in general, new

sources of flavour and CP violation.
Many specific NP analyses can be found in the

literature. In general, they suffer from the prob-
lem that the choice of the NP model is governed
by personal “biases”, and that the predictivity is
inversely proportional to the number of NP pa-

rameters. However, the central problem for the
resolution of NP effects in weak processes is re-
lated to hadronic uncertainties. Concerning non-
leptonic B decays, interesting progress could re-
cently be made, as discussed in the talks by A.
Khodjamirian and Z. Ligeti, although the data
show that the theoretical challenge remains.

Fortunately, the B-meson system offers various
powerful strategies to circumvent the calculation
of the hadronic matrix elements that can be im-
plemented at the B factories and later on at the
LHC. In these methods, amplitude relations (ex-
act or derived from QCD flavour symmetries) or
interference effects in decays of neutral Bq mesons
(q ∈ {d, s}), which may lead to mixing-induced
CP violation, are used [4]. Following these lines, a
rich roadmap for the exploration of quark-flavour
physics emerges, where popular avenues for NP to
enter are given by effects at the decay amplitude
level or in B0

q–B̄
0
q mixing.

2. NEW PHYSICS IN AMPLITUDES

At the decay-amplitude level, NP effects are
small if tree processes of the SM play the dom-
inant role. On the other hand, there are po-
tentially large effects in flavour-changing neutral-
current processes through new particles in loop
diagrams or new contributions at the tree level.
In the following discussion, we address two possi-
ble signals for this kind of NP contributions: the
B → φK and B → πK systems.
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2.1. Challenging the SM through B → φK

The B0
d → φKS mode is a b̄ → s̄ penguin pro-

cess, which is dominated by QCD penguins, but
receives also significant electroweak (EW) pen-
guin contributions. If we neglect corrections of
O(λ2) in the Wolfenstein parameter λ ≡ |Vus| =
0.22, the CKM structure of the B0

d → φKS chan-
nel implies the following relations for the direct
and mixing-induced CP asymmetries:

Adir
CP(Bd → φKS) = 0 (1)

Amix
CP (Bd → φKS)

︸ ︷︷ ︸

≡−(sin 2β)φKS

= Amix
CP (Bd → ψKS)

︸ ︷︷ ︸

≡−(sin 2β)ψKS

. (2)

The penguin decay B0
d → φKS is a sensitive probe

for NP, so that these relations may well be vio-
lated through its impact. During the last years,
the BaBar and Belle data have converged, yield-
ing now the following averages [5]:

Adir
CP(Bd → φKS) = −0.09± 0.14 (3)

(sin 2β)φKS
= 0.47 ± 0.19, (4)

so that SφK ≡ (sin 2β)φKS
− (sin 2β)ψKS

=
−0.22±0.19. The central value of this result could
generically be accommodated in extensions of the
SM, although the current experimental errors are
too large to draw definite conclusions. In order to
get the whole picture, also B± → φK± observ-
ables are required. Such an analysis shows that
the B → φK data may indicate a modified EW
penguin sector with a large CP-violating phase
[4], complementing the “B → πK puzzle”.

2.2. Challenging the SM through B → πK

There is a long history of studies of the these
decays, and since the year 2000, the B-factory
data raise the question of a discrepancy with the
SM. This “B → πK puzzle” is reflected by the
observables of those decays that are significantly
affected by EW penguins, and the following ratios
are of central interest:

Rc ≡ 2

[
BR(B± → π0K±)

BR(B± → π±K)

]

(5)

Rn ≡
1

2

[
BR(Bd → π∓K±)

BR(Bd → π0K)

]

. (6)

Here the EW penguin effects enter through the
decays with neutral pions, and are described both
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Figure 1. The situation in the Rn–Rc plane.

by a parameter q, which measures the strength of
the EW penguins with respect to the tree topolo-
gies, and by a CP-violating phase φ. In the
SM, this phase vanishes, and q can be calculated
with the help of the SU(3) flavour symmetry. In
Ref. [6], where also a comprehensive guide to the
B → πK literature can be found, a systematic
strategy for the exploration of the B → πK sys-
tem was developed. It uses the B-factory data
for B → ππ decays as the starting point, and de-
termines then the hadronic B → πK parameters
with the help of the SU(3) flavour symmetry. The
resulting situation can transparently be discussed
in the Rn–Rc plane, as shown in Fig. 1 for the cur-
rent data [7]: the shaded areas indicate the SM
prediction and the experimental range, the lines
show the theory predictions for the central values
of the hadronic parameters and various values of
q with φ ∈ [0◦, 360◦]; the dashed rectangles repre-
sent the SM predictions and experimental ranges
at the time of the original analysis of Ref. [6].
Although the central values of Rn and Rc have
slightly moved towards each other, the puzzle is
as prominent as ever. The experimental region
can now be reached without an enhancement of
q, but a large CP-violating phase φ of the order of
−90◦ is still required, although φ ∼ +90◦ can also
bring us rather close to the experimental range of
Rn and Rc.

Following Ref. [6], also the CP asymmetries of
the B± → π0K± and Bd → π0KS modes can
be predicted both in the SM and in the scenario
of NP effects in the EW penguin sector. The
mixing-induced CP asymmetry of the latter decay
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has recently received a lot of attention, as the
currentB-factory data give an experimental value
of −0.38 ± 0.26 for the quantity

∆S ≡ (sin 2β)π0KS
− (sin 2β)ψKS

. (7)

In the strategy described above, this difference is
predicted to be positive in the SM, and in the ball-
park of 0.10–0.15. Interestingly, the best values
for (q, φ) that are implied by the measurements of
Rn,c make the disagreement of ∆S with the data
even larger than in the SM. However, also val-
ues of (q, φ) can be found for which ∆S could be
smaller than in the SM or even reverse the sign.
This happens in particular for φ ∼ +90◦, i.e. if
the CP-violating NP phase flips its sign. In this
case, also the central value of (sin 2β)φKS

in (4)
could be straightforwardly accommodated in this
scenario of NP [4], and could in fact be another
manifestation of a modified EW penguin sector
with new sources for CP violation.

Another fruitful testing ground for this scenario
is given by the interplay with rare decays such as
K+ → π+νν̄, KL → π0νν̄ and Bs,d → µ+µ−,
which are sensitive probes of Z penguins. As dis-
cussed in Ref. [7], the corresponding observables
show specific patterns for NP scenarios satisfy-
ing the B-factory constraints from B → Xsℓ

+ℓ−

decays, thereby allowing us to pin down a mod-
ified EW penguin sector. In these explorations,
KL → π0νν̄ turns out to be particularly interest-
ing, as its branching ratio may be dramatically
enhanced. Further details of this strategy are dis-
cussed in the talk by F. Schwab.

3. NEW PHYSICS IN B MIXING

While B0
d–B̄

0
d mixing is well established and

∆Md = (0.507± 0.004) ps−1 known with impres-
sive experimental accuracy, only lower bounds
on ∆Ms were available, for many years, from
the LEP (CERN) experiments and SLD (SLAC).
This spring, ∆Ms could eventually be pinned
down at the Tevatron: D0 reported a two-sided
bound 17 ps−1 < ∆Ms < 21 ps−1 (90% C.L.),
corresponding to a 2.5σ signal at ∆Ms = 19 ps−1

[8], and CDF announced the following result [9]:

∆Ms =
[
17.31+0.33

−0.18(stat) ± 0.07(syst)
]
ps−1. (8)

These new measurements have already triggered
considerable theoretical activity; in the follow-
ing discussion, we shall focus on the analysis of
Ref. [10], where also a comprehensive guide to the
recent literature on ∆Ms can be found.

3.1. A Closer Look at B0

q–B̄0

q Mixing

If we use an effective Hamiltonian to write

〈B0
q |H

∆B=2
eff |B̄0

q 〉 = 2MBqM
q
12, (9)

the mass difference ∆Mq and the CP-violating
mixing phase φq take the forms

∆Mq = 2|M q
12| and φq = arg(M q

12). (10)

In the SM, B0
q–B̄

0
q mixing arises from box dia-

grams with top-quark exchanges, yielding

M q,SM
12 =

G2
FM

2
W

12π2
MBq(V

∗
tqVtb)

2

×S0(xt)η̂
BB̂Bqf

2
Bq . (11)

The phases of the CKM factors imply

φSM
d = 2β, φSM

s = −2λ2η. (12)

In order to determine |V ∗
tqVtb|, which are required

for the SM predictions of ∆Mq, we use the unitar-
ity of the CKM matrix to express them in terms
of |Vcb|, the side Rb ∝ |Vub/Vcb| of the unitarity
triangle, and its angle γ. These quantities can be
determined from tree-level processes, which are
very robust with respect to NP effects. While
|Vcb| = (42.0 ± 0.7) × 10−3, the situation of

|Vub|incl = (4.4 ± 0.3) × 10−3 (13)

|Vub|excl = (3.8 ± 0.6) × 10−3 (14)
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has to be clarified since inclusive and exclusive
b → uℓν̄ℓ processes show a discrepancy at the 1σ
level. For a benchmark scenario of the year 2010,
we assume that the inclusive value will be con-
firmed, with an error of ±0.2×10−3. Concerning
γ, we use a value of (65 ± 20)◦, and assume that
it will move to (70±5)◦ in 2010 thanks to LHCb.

In (11), the short-distance physics is described
by the Inami–Lim function S0(xt ≡ m2

t/M
2
W )

and the perturbative QCD factor η̂B, which are
known quantities. On the other hand, the long-
distance physics is encoded in B̂Bqf

2
Bq

, which
can be determined through lattice QCD studies.
Here the front runners are unquenched calcula-
tions with 2 or 3 dynamical quarks and Wilson
or staggered light quarks, respectively. Despite
tremendous progress, the results still suffer from
several uncertainties. For the following analysis,
we use two sets of parameters from the JLQCD
and HPQCD collaborations:

fBdB̂
1/2
Bd

GeV

∣
∣
∣
∣
∣
JLQCD

= 0.215 ± 0.019+0
−0.023 (15)

fBsB̂
1/2
Bs

GeV

∣
∣
∣
∣
∣
JLQCD

= 0.245 ± 0.021+0.003
−0.002 (16)

ξJLQCD = 1.14 ± 0.06+0.13
−0 , (17)

which were obtained for two flavours of dynamical
light Wilson quarks, and

fBdB̂
1/2
Bd

GeV

∣
∣
∣
∣
∣
(HP+JL)QCD

= 0.244± 0.026 (18)

fBsB̂
1/2
Bs

GeV

∣
∣
∣
∣
∣
(HP+JL)QCD

= 0.295± 0.036 (19)

ξ(HP+JL)QCD = 1.210+0.047
−0.035, (20)

where fBq comes from HPQCD (3 dynamical

flavours) and B̂Bq from JLQCD as no value for
this parameter is available from the former collab-

oration; as usual, ξ ≡ fBsB̂
1/2
Bs
/(fBdB̂

1/2
Bd

). For
our 2010 scenario, we assume the set of the nu-
merical values in (18)–(20).

3.2. Space for NP in the Bd System

In the presence of NP, Md
12 can be written in

the following model-independent way:

Md
12 = Md,SM

12

[
1 + κde

iσd
]
. (21)

If we introduce a parameter ρd through

ρd ≡

∣
∣
∣
∣

∆Md

∆MSM
d

∣
∣
∣
∣
=

√

1 + 2κd cosσd + κ2
d, (22)

the experimental result for ∆Md and the theoret-
ical prediction ∆MSM

d allow us to determine κd
as a function of the CP-violating phase σd, i.e. to
constrain the space of the NP parameters. Us-
ing the input parameters as specified above with
∆Md = (0.507 ± 0.004) ps−1, we obtain

ρd|JLQCD = 0.97 ± 0.33−0.17
+0.26 (23)

ρd|(HP+JL)QCD = 0.75 ± 0.25 ± 0.16, (24)

where the first and second errors are due to γ (and

a small extent to Rb) and fBdB̂
1/2
Bd

, respectively.
Further constraints are implied by the experi-

mental value of the mixing phase φd = φSM
d +φNP

d ,
which allows us also to determine contours in the
σd–κd plane, as shown in Ref. [10]. Interestingly,
it turns out that κd is bounded from below for
any value of φNP

d 6= 0. For example, even a small
phase |φNP

d | = 10◦ implies a clean lower bound of
κd ≥ 0.17, i.e. NP contributions of at most 17%.
For the implementation of these constraints, the
NP phase φNP

d has to be determined. To this end,
we use the data for the mixing-induced CP vio-
lation in B0

d → J/ψKS and similar modes, which
imply φd = 2β + φNP

d = (43.4 ± 2.5)◦. Compar-
ing, on the other hand, with the “true” value of
2β following from γ and Rb, we obtain

φNP
d |incl = −(10.1 ± 4.6)◦ (25)

φNP
d |excl = −(2.5 ± 8.0)◦ (26)

for the values of |Vub| given in (13) and (14).
These values are very stable with respect to γ,
i.e. the CKM parameter dependence is comple-
mentary to (23) and (24). In Figs. 3 and 4, we
show the allowed regions in NP parameter space
arising form ∆Md (hills and closed curves) and
φd. We see that the impact of the information
on CP violation is dramatic. On the other hand,
values of κd as large as 0.5 are still allowed.
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plane for the JLQCD results and φNP
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Figure 4. Currently allowed region in the σd–κd
plane for the (HP+JL)QCD results and φNP

d |incl.

3.3. Space for NP in the Bs System

The analysis of the Bs-meson system can be
done in analogy to its Bd counterpart, with
straightforward replacements of parameters. The
relevant CKM factor can be written, with the
help of the unitarity of the CKM matrix, as
|V ∗
tsVtb| = |Vcb|

[
1 + O(λ2)

]
. We then obtain

ρs|JLQCD = 1.08+0.03
−0.01 ± 0.19 (27)

ρs|(HP+JL)QCD = 0.74+0.02
−0.01 ± 0.18, (28)

where the first and second errors have experimen-
tal and theoretical origins, respectively. Conse-
quently, the SM prediction using JLQCD is in
perfect agreement with the measured value, while
the (HP+JL)QCD result is 1.5σ larger. A simi-
lar pattern, though at the 1σ level, is interestingly
also present in (23) and (24). The resulting situ-
ation in the σs–κs plane is shown in Figs. 5 and
6. We observe that the ∆Ms measurement still
leaves a lot of space for the NP parameters.

In the literature, the ratio ∆Ms/∆Md is often
considered. Here the SU(3)-breaking parameter
ξ enters, which has a reduced theoretical uncer-
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0 100 200 300

0.5

1

1.5
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2.5

Figure 5. Currently allowed region in the σs–κs
plane following from the ∆Ms measurement for
the JLQCD results.
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Figure 6. Currently allowed region in the σs–κs
plane following from the ∆Ms measurement for
the (HP+JL)QCD results.

tainty as compared to fBq B̂
1/2
Bq

. Usually, the ratio

|Vtd/Vts| is determined along these lines. If we ap-
ply the unitarity of the CKM matrix, we may, al-
ternatively, determine ρs/ρd through ∆Ms/∆Md.
Because of the currently large range for γ, ρs/ρd
is not stringently constrained, although the cen-
tral values are nicely consistent with 1 for the
JLQCD and (HP+JL)QCD parameters. Even in
our 2010 scenario, yielding

ρs
ρd

∣
∣
∣
∣
2010

= 1.07 ± 0.09(γ,Rb)
+0.06
−0.08(ξ), (29)

a stringent test of whether ρs/ρd = 1 would still
not be possible.

The golden decay to search for NP effects in
B0
s–B̄

0
s mixing is B0

s → J/ψφ, the Bs counterpart
of B0

d → J/ψKS, allowing us to extract

sinφs = sin(−2λ2Rb sin γ + φNP
s )

SM
≈ −0.03 (30)

through mixing-induced CP violation in the time-
dependent angular distribution of its decay prod-
ucts. This decay is very accessible at the LHC.
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Figure 7. Impact of a CP violation measurement
on the σs–κs plane in our 2010 scenario.

As was noted in Ref. [10], even a small NP phase
φNP
s ∼ −10◦ would yield a CP asymmetry at the

−20% level, so that the possible signal of NP in
Bd mixing could be greatly magnified. Assum-
ing a measurement of sinφs = −0.20 ± 0.02 at
the LHC for our 2010 scenario, we arrive at the
situation shown in Fig. 7. Here the dotted line
refers to cosφs < 0, which can also be excluded
through further measurements. We see that it
will be very challenging to establish NP with-
out new CP-violating effects. On the other hand,
Fig. 7 still corresponds to 0.2 ∼< κs ∼< 0.5; a deter-
mination of κs with 10% accuracy would require

the reduction of the error of fBsB̂
1/2
Bs

to 10%, i.e.
an improvement of the current (HP+JL)QCD lat-
tice results by a factor of 2.

3.4. Impact of ∆Ms on NP Scenarios

Since φs is still essentially unconstrained, large
CP-violating NP effects in B0

s–B̄
0
s mixing may

show up at the LHC. Such effects arise in fact
in various extensions of the SM. Let us consider
a model with an extra Z ′ boson as an example,
assuming that Z–Z ′ mixing is negligible and that
the Z ′ has flavour non-diagonal couplings only to
left-handed quarks, which means that its effect is
described by only one complex parameter:

ρLe
iφL ≡

g′MZ

gMZ′

BLsb ∼ 10−3. (31)

Translating the κs–σs constraints into the ρL–φL
space, κs < 2.5 implies ρL < 2.6 × 10−3, yielding
1.5 TeV(g′/g)|BLsb/Vts| < MZ′ , while φL ↔ σs
leaves φL still essentially unconstrained. Also in
SUSY scenarios, a lot of space for CP-violating
NP effects in B0

s–B̄
0
s mixing is left, as discussed

further by V. Lubicz and L. Silvestrini.

4. CONCLUSIONS AND OUTLOOK

The B-decay data agree globally with the
Kobayashi–Maskawa picture, but we have also
hints for discrepancies. These have to be studied
further, and could be first signals of NP requiring
new sources of CP violation. The recent mea-
surement of ∆Ms at the Tevatron triggered quite
some excitement. It still leaves a lot of space for
NP, where a smoking-gun signal would be given
by new CP violation in B0

s → J/ψφ and similar
modes, which are very accessible at the LHC.

At this new collider, also exciting perspectives
for B-physics studies will emerge, in particular
through the full exploitation of the Bs physics
potential, various determinations of γ, and ex-
plorations of rare decays such as Bs,d → µ+µ−.

Further precision B-decay measurements could
be performed in the next decade at an e+e−

super-B factory. Since also a nice synergy be-
tween flavour physics and the direct NP searches
at ATLAS and CMS is expected, I have no doubts
that exciting years are ahead of us!
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