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Outline

• Motivation

• Role of B physics in the SM

• New physics in mixing

• Disentangling SM and BSM in B decays

• not much discussion of concrete NP models - sorry
of course there is no shortage of models providing 
the potential signals I will discuss



Flavour at the TeV scale

• Much of LHC is motivated by exploring the weak 
scale and, from a theoretical perspective, by its 
sensitivity to radiative corrections

• This derives in part from

• hence physics that stabilizes weak scale should 
contain new flavoured particles. This is what 
happens in SUSY (stop), warped extra dimensions 
(KK modes), little Higgs (heavy T), technicolour, etc.
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Figure 1.1: One-loop quantum corrections to the Higgs squared mass parameter m2
H , due to (a) a Dirac

fermion f , and (b) a scalar S.

The Standard Model requires a non-vanishing vacuum expectation value (VEV) for H at the minimum

of the potential. This will occur if λ > 0 and m2
H < 0, resulting in 〈H〉 =

√
−m2

H/2λ. Since we

know experimentally that 〈H〉 is approximately 174 GeV, from measurements of the properties of the
weak interactions, it must be that m2

H is very roughly of order −(100 GeV)2. The problem is that m2
H

receives enormous quantum corrections from the virtual effects of every particle that couples, directly
or indirectly, to the Higgs field.

For example, in Figure 1.1a we have a correction to m2
H from a loop containing a Dirac fermion

f with mass mf . If the Higgs field couples to f with a term in the Lagrangian −λfHff , then the
Feynman diagram in Figure 1.1a yields a correction

∆m2
H = − |λf |2

8π2
Λ2

UV + . . . . (1.2)

Here ΛUV is an ultraviolet momentum cutoff used to regulate the loop integral; it should be interpreted
as at least the energy scale at which new physics enters to alter the high-energy behavior of the theory.
The ellipses represent terms proportional to m2

f , which grow at most logarithmically with ΛUV (and
actually differ for the real and imaginary parts of H). Each of the leptons and quarks of the Standard
Model can play the role of f ; for quarks, eq. (1.2) should be multiplied by 3 to account for color. The
largest correction comes when f is the top quark with λf ≈ 1. The problem is that if ΛUV is of order
MP, say, then this quantum correction to m2

H is some 30 orders of magnitude larger than the required
value of m2

H ∼ −(100 GeV)2. This is only directly a problem for corrections to the Higgs scalar boson
squared mass, because quantum corrections to fermion and gauge boson masses do not have the direct
quadratic sensitivity to ΛUV found in eq. (1.2). However, the quarks and leptons and the electroweak
gauge bosons Z0, W± of the Standard Model all obtain masses from 〈H〉, so that the entire mass
spectrum of the Standard Model is directly or indirectly sensitive to the cutoff ΛUV.

One could imagine that the solution is to simply pick a ΛUV that is not too large. But then one
still must concoct some new physics at the scale ΛUV that not only alters the propagators in the loop,
but actually cuts off the loop integral. This is not easy to do in a theory whose Lagrangian does not
contain more than two derivatives, and higher-derivative theories generally suffer from a failure of either
unitarity or causality [2]. In string theories, loop integrals are nevertheless cut off at high Euclidean
momentum p by factors e−p2/Λ2

UV . However, then ΛUV is a string scale that is usually† thought to be
not very far below MP. Furthermore, there are contributions similar to eq. (1.2) from the virtual effects
of any arbitrarily heavy particles that might exist, and these involve the masses of the heavy particles,
not just the cutoff.

For example, suppose there exists a heavy complex scalar particle S with mass mS that couples to
the Higgs with a Lagrangian term −λS |H|2|S|2. Then the Feynman diagram in Figure 1.1b gives a
correction

∆m2
H =

λS

16π2

[
Λ2

UV − 2m2
S ln(ΛUV/mS) + . . .

]
. (1.3)

†Some recent attacks on the hierarchy problem, not reviewed here, are based on the proposition that the ultimate
cutoff scale is actually close to the electroweak scale, rather than the apparent Planck scale.
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NP flavour puzzle

• Naturalness suggests

v ~ 246 GeV  =>  ! < TeV

• flavour violation in SM “unnaturally” small: weak 
coupling, highly non-generic structure (CKM, GIM)     
                                       (gives strong NP constraint)

Leff = Λ2
UVH2 + Lgauge,Yukawa +

1

ΛUV
(H†L)2 +

1

Λ2
UV

[

(s̄γµd)2 + · · ·

]

generic ---> MSSM WED generic

EWP bound weak 3 TeV 101-2 TeV

flavour bound 103-4 TeV 20 TeV 104 TeV

∆MK , εK ∼

1

16π2
(VtdVts)

2

Bona et al (UTfit) 06Csaki,Falkowski,Weiler 08

Agashe,Delgado,May,Sundrum 03
Ellis, Nanopoulos 82
Gabbiani et al 96



CKM matrixWeak interactions

W+ violates flavor (mixes generations), Z0 does not.

W+

VussL uL

Z0

fi fj
δij

“charged current”
no tree-level flavor-changing

neutral currents (FCNC)

Gauge invariance⇒ V is unitary matrix: CKM matrix

V =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb



 ≈




1 − 1

2λ2 λ Aλ3(ρ − iη)
−λ 1 − 1

2λ2 Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1





Symmetries of Lagrangian ⇒ only four independent parameters λ,

A, ρ, η. Only one of them (η) complex. Breaks CP -invariance.
What B-mesons tell us about the Standard Model and “New Physics” – p.4
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λ ≡
|Vus|

√

|Vud|2 + |Vus|2
= 0.2255 ± 0.0029

PDG08, no 
unitarity used

nucl. beta decay, n lifetime

|Vcb| = Aλ|Vus| = (41.2 ± 1.1) × 10−3 excl. & incl. b->c decay

+O(λ4)

2 parameters to be determined
one complex - CP violating

ρ̄ + iη̄ ≡ −
VudV

∗

ub

VcdV
∗

cb

= ρ + iη + O(λ2)



Unitarity triangleUnitarity triangle

Unitarity of V ⇒
V ∗

ubVud + V ∗
cbVcd + V ∗

tbVtd = 0

Aλ3(ρ + iη) − Aλ3 + Aλ3(1 − ρ − iη) = 0

Graphically,

γ

α

β

|Vub| |Vtd|

( , )ρ η

λVcb λVcb

1 (1, 0)(0, 0)

Vub = |Vub|e−iγ

Vtd = |Vtd|e−iβ

What B-mesons tell us about the Standard Model and “New Physics” – p.6
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UT ~ 1999 

P0(ε) = 0.31 ± 0.05 summarizes the contributions of box diagrams with two charm quark

exchanges and the mixed charm-top exchanges. The main uncertainties in the constraint

(4.54) reside in B̂K and to some extent in A4 which multiplies the leading term. Equation

(4.54) specifies a hyperbola in the ("̄, η̄) plane. This hyperbola intersects the circle found in

step 2 in two points which correspond to the two solutions for δ mentioned earlier. This is

illustrated in fig. 7. The position of the hyperbola (4.54) in the ("̄, η̄) plane depends on mt,

|Vcb| = Aλ2 and B̂K . With decreasing mt, |Vcb| and B̂K the ε-hyperbola moves away from

the origin of the ("̄, η̄) plane.

0

0
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ub
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cb

#

Figure 7: Schematic determination of the Unitarity Triangle.

Step 4: From the observed B0
d − B̄0

d mixing parametrized by ∆Md the side BA = Rt of

the unitarity triangle can be determined:

Rt =
1

λ

|Vtd|
|Vcb|

= 1.0 ·
[ |Vtd|
8.8 · 10−3

] [

0.040

|Vcb|

]

(4.56)

with

|Vtd| = 8.8 · 10−3

[

200MeV
√

BBd
FBd

]

[

170 GeV

mt(mt)

]0.76 [

∆Md

0.50/ps

]0.5
√

0.55

ηB
. (4.57)

Since mt, ∆Md and ηB are already rather precisely known, the main uncertainty in the

determination of |Vtd| from B0
d − B̄0

d mixing comes from FBd

√

BBd
. Note that Rt suffers from

additional uncertainty in |Vcb|, which is absent in the determination of |Vtd| this way. The

constraint in the ("̄, η̄) plane coming from this step is illustrated in fig. 7.

Step 5:
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Figure 8: Unitarity Triangle 1999.

• Method 1: The experimentally measured numbers are used with Gaussian errors and

for the theoretical input parameters we take a flat distribution in the ranges given in

table 2.

• Method 2: Both the experimentally measured numbers and the theoretical input pa-

rameters are scanned independently within the ranges given in table 2.

The results are shown in table 3. The allowed region for (!̄, η̄) is presented in fig. 8. It is

the shaded area on the right hand side of the solid circle which represents the upper bound

for (∆M)d/(∆M)s. The hyperbolas give the constraint from ε and the two circles centered

at (0, 0) the constraint from |Vub/Vcb|. The white areas between the lower ε-hyperbola and

the shaded region are excluded by B0
d − B̄0

d mixing. We observe that the region !̄ < 0 is

practically excluded. The results in fig. 8 correspond to a simple independent scanning of

all parameters within one standard deviation. We find that whereas the angle β is rather

constrained, the uncertainties in α and γ are substantially larger:

66◦ ≤ α ≤ 113◦ , 17◦ ≤ β ≤ 29◦ , 44◦ ≤ γ ≤ 97◦ . (4.60)

The result for sin 2β is consistent with the recent measurement of CP asymmetry in B → ψKS

by CDF [54], although the large experimental error precludes any definite conclusion.

Other studies of the unitarity triangle can be found in [14, 15, 55, 56].
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why B physics?

• CKM hierarchy in mixing is removed (w.r.t. Kaons)

power suppression of long-distance effects now 
effective, short-distance dominates

• clean prediction of mixing-induced CP violation
                                     , survives QCD corrections

• theoretical tools available to compute, estimate or  
contain non-perturbative corrections (mixing,decays)

• many observables, look for deviations from SM

q b

b q

W W

u, c, t

u, c, t
q b

b q

W W

u, c, t

u, c, t

b

b

s

s b

hi

hj

(c)

b s

s b

hi

hj hk

hl

(d)

b s

s b

hi
hj

hk

.

(e)

t

t

∝ (VtbV
∗

td)
2
∼ λ

6
∝ (VubV

∗

ud)
2
∼ λ

6

q b

b q

W W

u, c, t

u, c, t
q b

b q

W W

u, c, t

u, c, t

b

b

s

s b

hi

hj

(c)

b s

s b

hi

hj hk

hl

(d)

b s

s b

hi
hj

hk

.

(e)

u

u

argA(B̄d → Bd) = −2β

d

d̄

b

b̄



B factories

• 2 dedicated asymmetric e+e- colliders
  -SLAC/Babar
  -KEK/Belle
operating from end of 1990s, providing O(109) B 
decays so far

• running (almost) exclusively at Upsilon(4S) 
resonance, which cannot decay to Bs mesons

• measure time-dependent CP violation

• excellent statistics: many rare B decay modes 
measured



            mixing

• flavour violation:                                               A(M̄0 → M
0) ∝ M12 −

i

2
Γ12 $= 010 S. Jäger: Supersymmetry beyond minimal flavour violation

3.1.3 Lower scales

In a purely leptonic decay such as τ → µγ, the matrix
element of the weak hamiltonian can be simply calculated
in perturbation theory. (In fact, in this case the use of the
weak Hamiltonian is not very essential due to the absence
of large radiative corrections.) For the large amount of
data that involve hadrons, one has only

A(i → f) =
∑

k

Ck(µ)〈f |Qk(µ)|i〉 ≡
∑

k

Ck(µ)Bk(i, f),

(49)
where µ is optimally chosen of order of the mass of i. The
hadronic matrix elements 〈f |Qk(µ)|i〉 are usually nonper-
turbative and only calculable in some cases. The latter in-
clude matrix elements for meson-antimeson mixing, which
can be obtained using numerical lattice QCD methods.
Other methods include QCD sum rules based on the op-
erator product expansions (for inclusive and some exclu-
sive B, as well as hadronic τ decays) and collinear expan-
sions (for some exclusive B decays), chiral perturbation
theory in K decays, and the use of approximate flavour
symmetries of QCD to reduce the number of independent
hadronic matrix elements; all of these have systematics
controlling which is a theoretical challenge.

3.2 K0 − K̄0, B0 − B̄0, Bs − B̄s, and D0 − D̄0 mixing

Meson mixings are ∆F = 2 processes. At one loop, the
effective ∆F = 2 hamiltonian to meson-antimeson oscil-
lations is solely due to box diagrams. Complete operator
bases have been given in [1,47]. For ∆B = ∆S = 2 tran-
sitions (Bs − B̄s mixing), one choice consists of the five
operators

Q1 = (s̄a
Lγµba

L)(s̄b
Lγµbb

L), (50)

Q2 = (s̄a
Rba

L)(s̄b
Rbb

L), (51)

Q3 = (s̄a
Rbb

L)(s̄b
Rba

L), (52)

Q4 = (s̄a
Rba

L)(s̄b
Lbb

R), (53)

Q5 = (s̄a
Rbb

L)(s̄b
Lba

R) (54)

(a, b colour indices), plus operators Q̃1,2,3 obtained by flip-
ping the chiralities of all fermions in Q̃1,2,3. The operator
basis for Bd− B̄d, D0− D̄0, and K0−K̄0 mixing are iden-
tical up to obvious substitutions of quark flavours (in the
case of K0−K̄0 and D0−D̄0 mixing, there are also sizable
“long-distance” contributions which cannot be written in
terms of local four-quark operators at the weak scale).

Only Q1 is generated in the SM (to excellent approxi-
mation), following from W − t boxes (Fig. 2.) This results
in

CSM
1 =

G2
F M2

W

16π2
(VtbV

∗
ts)

24 S(xt), (55)

where S [48] is listed in appendix A. SM NLO QCD cor-
rections are reviewed in [46].

Supersymmetric contributions have been computed in
[1,49,50,51,52,53,54,55,56]. Since each δ changes flavour

dLi dLj

dLidLj

u, c, t

u, c, t

W W

Fig. 2. SM diagram for neutral meson-antimeson mixing. (Di-
agrams including Goldstone bosons in Rξ gauge not shown.)

by one unit, the leading contributions are of second or-
der in these parameters. The simplest way to obtain the
second-order terms is to work in the “mass-insertion ap-
proximation”, where the off-diagonal sfermion-mass-matrix
elements are treated as perturbations (Fig. 3). For in-
stance, for two LL mass insertions, diagram 3 (a) (to ze-
roth order in external momenta, and neglecting mass dif-
ferences between the squarks in the loop) is proportional
to

∫

d4k
k2(M2

d̃LL
)2sb

(k2 − m2
g̃)

2(k2 − m2
q̃)

4

=
(δd̃

sb)
2
LL

6

(m2
q̃)

2d2

(dm2
q̃)

2

∫

d4k
k2

(k2 − m2
g̃)

2(k2 − m2
q̃)

2
.(56)

The full result for the gluino-squark contributions reads [1]

C1 = −ε[24xf6(x) + 66f̃6(x)] (δd̃
sb)

2
LL, (57)

C̃1 = −ε[24xf6(x) + 66f̃6(x)] (δd̃
sb)

2
RR, (58)

C2 = −ε 204xf6(x) (δd̃
sb)

2
RL, (59)

C̃2 = −ε 204xf6(x) (δd̃
sb)

2
LR, (60)

C3 = ε 36xf6(x) (δd̃
sb)

2
RL, (61)

C̃3 = ε 36xf6(x) (δd̃
sb)

2
LR, (62)

C4 = −ε[504xf6(x) − 72f̃6(x)] (δd̃
sb)LL(δd̃

sb)RR

+ε 132f̃6(x) (δd
sb)LR(δd̃

sb)RL, (63)

C5 = −ε[24xf6(x) + 120f̃6(x)] (δd̃
sb)LL(δd̃

sb)RR

+ε 180f̃6(x) (δd̃
sb)LR(δd̃

sb)RL. (64)

Here (δd̃
ij)RL ≡ (δd̃

ji)
∗
LR, ε = α2

s/(216 m2
q̃) , x = m2

g̃/m2
q̃,

and f6(x), f̃6(x) are dimensionless loop functions (ap-
pendix A)

There are also chargino-up-squark contributions. These
can be competitive with the gluino-squark contributions
if the charginos are lighter than the gluinos, as tends to
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erator product expansions (for inclusive and some exclu-
sive B, as well as hadronic τ decays) and collinear expan-
sions (for some exclusive B decays), chiral perturbation
theory in K decays, and the use of approximate flavour
symmetries of QCD to reduce the number of independent
hadronic matrix elements; all of these have systematics
controlling which is a theoretical challenge.

3.2 K0 − K̄0, B0 − B̄0, Bs − B̄s, and D0 − D̄0 mixing

Meson mixings are ∆F = 2 processes. At one loop, the
effective ∆F = 2 hamiltonian to meson-antimeson oscil-
lations is solely due to box diagrams. Complete operator
bases have been given in [1,47]. For ∆B = ∆S = 2 tran-
sitions (Bs − B̄s mixing), one choice consists of the five
operators

Q1 = (s̄a
Lγµba

L)(s̄b
Lγµbb

L), (50)

Q2 = (s̄a
Rba

L)(s̄b
Rbb

L), (51)

Q3 = (s̄a
Rbb

L)(s̄b
Rba

L), (52)

Q4 = (s̄a
Rba

L)(s̄b
Lbb

R), (53)

Q5 = (s̄a
Rbb

L)(s̄b
Lba

R) (54)

(a, b colour indices), plus operators Q̃1,2,3 obtained by flip-
ping the chiralities of all fermions in Q̃1,2,3. The operator
basis for Bd− B̄d, D0− D̄0, and K0−K̄0 mixing are iden-
tical up to obvious substitutions of quark flavours (in the
case of K0−K̄0 and D0−D̄0 mixing, there are also sizable
“long-distance” contributions which cannot be written in
terms of local four-quark operators at the weak scale).

Only Q1 is generated in the SM (to excellent approxi-
mation), following from W − t boxes (Fig. 2.) This results
in

CSM
1 =

G2
F M2

W

16π2
(VtbV

∗
ts)

24 S(xt), (55)

where S [48] is listed in appendix A. SM NLO QCD cor-
rections are reviewed in [46].

Supersymmetric contributions have been computed in
[1,49,50,51,52,53,54,55,56]. Since each δ changes flavour

dLi dLj

dLidLj

u, c, t

u, c, t

W W

Fig. 2. SM diagram for neutral meson-antimeson mixing. (Di-
agrams including Goldstone bosons in Rξ gauge not shown.)

by one unit, the leading contributions are of second or-
der in these parameters. The simplest way to obtain the
second-order terms is to work in the “mass-insertion ap-
proximation”, where the off-diagonal sfermion-mass-matrix
elements are treated as perturbations (Fig. 3). For in-
stance, for two LL mass insertions, diagram 3 (a) (to ze-
roth order in external momenta, and neglecting mass dif-
ferences between the squarks in the loop) is proportional
to

∫

d4k
k2(M2

d̃LL
)2sb

(k2 − m2
g̃)

2(k2 − m2
q̃)

4

=
(δd̃

sb)
2
LL

6

(m2
q̃)

2d2

(dm2
q̃)

2

∫

d4k
k2

(k2 − m2
g̃)

2(k2 − m2
q̃)

2
.(56)

The full result for the gluino-squark contributions reads [1]

C1 = −ε[24xf6(x) + 66f̃6(x)] (δd̃
sb)

2
LL, (57)

C̃1 = −ε[24xf6(x) + 66f̃6(x)] (δd̃
sb)

2
RR, (58)

C2 = −ε 204xf6(x) (δd̃
sb)

2
RL, (59)

C̃2 = −ε 204xf6(x) (δd̃
sb)

2
LR, (60)

C3 = ε 36xf6(x) (δd̃
sb)

2
RL, (61)

C̃3 = ε 36xf6(x) (δd̃
sb)

2
LR, (62)

C4 = −ε[504xf6(x) − 72f̃6(x)] (δd̃
sb)LL(δd̃

sb)RR

+ε 132f̃6(x) (δd
sb)LR(δd̃

sb)RL, (63)

C5 = −ε[24xf6(x) + 120f̃6(x)] (δd̃
sb)LL(δd̃

sb)RR

+ε 180f̃6(x) (δd̃
sb)LR(δd̃

sb)RL. (64)

Here (δd̃
ij)RL ≡ (δd̃

ji)
∗
LR, ε = α2

s/(216 m2
q̃) , x = m2

g̃/m2
q̃,

and f6(x), f̃6(x) are dimensionless loop functions (ap-
pendix A)

There are also chargino-up-squark contributions. These
can be competitive with the gluino-squark contributions
if the charginos are lighter than the gluinos, as tends to
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QCD corrections

• apply OPE to hadronic states

                                          (factorization)

• hadronic matrix elements                   require 
nonperturbative methods (such as lattice QCD)

• if only one operator (as in SM for B mixing),
phase                         theoretically clean 
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3.1.3 Lower scales

In a purely leptonic decay such as τ → µγ, the matrix
element of the weak hamiltonian can be simply calculated
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weak Hamiltonian is not very essential due to the absence
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turbative and only calculable in some cases. The latter in-
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can be obtained using numerical lattice QCD methods.
Other methods include QCD sum rules based on the op-
erator product expansions (for inclusive and some exclu-
sive B, as well as hadronic τ decays) and collinear expan-
sions (for some exclusive B decays), chiral perturbation
theory in K decays, and the use of approximate flavour
symmetries of QCD to reduce the number of independent
hadronic matrix elements; all of these have systematics
controlling which is a theoretical challenge.

3.2 K0 − K̄0, B0 − B̄0, Bs − B̄s, and D0 − D̄0 mixing

Meson mixings are ∆F = 2 processes. At one loop, the
effective ∆F = 2 hamiltonian to meson-antimeson oscil-
lations is solely due to box diagrams. Complete operator
bases have been given in [1,47]. For ∆B = ∆S = 2 tran-
sitions (Bs − B̄s mixing), one choice consists of the five
operators

Q1 = (s̄a
Lγµba

L)(s̄b
Lγµbb

L), (50)

Q2 = (s̄a
Rba

L)(s̄b
Rbb

L), (51)

Q3 = (s̄a
Rbb

L)(s̄b
Rba

L), (52)

Q4 = (s̄a
Rba

L)(s̄b
Lbb

R), (53)

Q5 = (s̄a
Rbb

L)(s̄b
Lba

R) (54)

(a, b colour indices), plus operators Q̃1,2,3 obtained by flip-
ping the chiralities of all fermions in Q̃1,2,3. The operator
basis for Bd− B̄d, D0− D̄0, and K0−K̄0 mixing are iden-
tical up to obvious substitutions of quark flavours (in the
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Time-dependent CP asymmetry

 
B
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f
Af = 〈f |B〉

Āf = 〈f |B̄〉

ACP
f (t) =

Γ(B̄0(t) → f) − Γ(B0(t) → f)

Γ(B̄0(t) → f) + Γ(B0(t) → f)
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UT 2008

B → ππ, ρρ, πρ

B → J/ψKS
B

±
→ D

0(D̄0)K±

B
0
→ D

+
π
−

- consistency of CKM picture established by B factories

- sin(!d) = 0.67±0.02  (            )   vs   sin(2") =                   (fit)
   

b → cc̄s 0.815
+0.015
−0.045

(67+32
−25)

◦ (55.4+2.5
−2.2)

◦ (67.4+3.3
−5.6)

◦

- #=               (“tree” decays)  vs                   or                   (fit)

It is possible that the TRUE            lies here  (for example)

(ρ̄, η̄)b$s transitions (particularly Bs mixing) only weakly sensitive to 

(ρ̄, η̄)

apologies to UTfit, who obtain 
consistent results 



NP in Bd mixing?

hadronic uncertainties almost cancel out in correlation

a tree process - NP should be smallB → τν
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two-Higgs doublet model (II): BR(B → τν) = BR(B → τν)SM×



CP violation in Bs mixing?

• in general, three parameters

• CP is violated in mixing if 

• three observables:

•       CP asymmetry in (any) flavour-specific B-decay, e.g.
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Bs − B̄s mixing

Once sparticle spectrum is known, flavor-violating

processes can be calculated. Bs − B̄s mixing dominated by
RR mixing due to the diagrams:
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Figure 7: Current experimental bounds in the complex∆s-plane. The bound from ∆Ms is given

by the red (dark-grey) annulus around the origin. The bound from |∆Γs|/∆Ms is given by the

yellow (light-grey) region and the bound from as
fs is given by the light-blue (grey) region. The

angle φ∆
s can be extracted from |∆Γs| (solid lines) with a four–fold ambiguity— each of the four

regions is bounded by a solid ray and the x-axis — or from the angular analysis in Bs → J/Ψφ
(dashed line). This constraint also has a four–fold ambiguity if no assumptions on the strong

phases δ1 and δ2 are made. The dashed lines limit the region corresponding to the solution in

Eq. (90). The Standard Model case corresponds to ∆s = 1. The current experimental situation
shows a small deviation, which may become significant, if the experimental uncertainties in∆Γs,

as
sl and φs will go down in near future.

Combining this number with the one from the direct determination [51] in Eq. (92) we get our

final experimental number for the semileptonic CP asymmetry:

as
sl = (−5.2 ± 3.2(stat) ± 2.2(syst)) · 10−3 . (96)

Adding statistical and systematic error in quadrature gives

as
sl = (−5.2 ± 3.9) · 10−3 . (97)

In Fig. (7) we display all bounds in the complex ∆s-plane including all experimental and theo-

retical uncertainties.

The combined analysis of ∆Ms, φs, |∆Γs|/∆Ms and as
sl in Fig. 7 shows some hints for

deviations from the Standard Model. To analyse them further we ignore discrete ambiguities
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4 Constraining new physics with Bs−Bs mixing 27

available experimental analysis of |∆Γs| with the correct implementation of the phase φs is from

the DØ collaboration, their analysis in [49] was recently updated in [50] using 1fb−1 of data.

Setting the value of the mixing phase φs to zero (Standard Model scenario) they obtain [50]

∆Γs = 0.12 ± 0.08(stat)
+0.03
−0.04 (syst) ps

−1 . (89)

Allowing for a non-zero value of the mixing phase φs they get

∆Γs = 0.17 ± 0.09(stat) ± 0.03(syst) ps
−1

and φs = −0.79 ± 0.56(stat) ± 0.01(syst) (90)

or ∆Γs = −0.17 ± 0.09(stat) ± 0.03(syst) ps
−1

and φs = −0.79 ± 0.56(stat) ± 0.01(syst) + π . (91)

As expected from Eq. (83) the values for |∆Γs cos φs| found from Eqs. (89) and (91) are roughly
equal to∆Γs in Eq. (89). The quoted results in Eqs. (90) and (91) assume that the signs of cos δ1

and cos δ2 agree with the results found with naive factorisation. With this assumption the other

two solutions for φs (which have opposite signs to those in Eqs. (90) and (91)) are excluded.

Strategies to check this theoretical input are discussed in [44].

The semileptonic CP asymmetry as
sl ≡ as

fs in the Bs system has been determined directly

in [51] and was found to be

as,direct
sl = (24.5 ± 19.3(stat) ± 3.5(syst)) · 10−3 . (92)

Moreover the semileptonic CP asymmetry can be extracted from the same sign dimuon asym-

metry that was measured in [52] as

asl = (−2.8 ± 1.3(stat) ± 0.9(syst)) · 10−3 (93)

in a data sample containing both Bd and Bs mesons. While the composition of the sample is

known, no determination of the initial state on an event–by–event basis was possible. Updating

the numbers in [14, 53] one sees that the measurement in Eq. (93) determines the combination

asl = (0.582 ± 0.030) ad
sl + (0.418 ± 0.047) as

sl. (94)

In [14, 53] the experimental bound for ad
sl from B factories was used to extract a bound on as

sl

from Eq.(93) and Eq.(94). The huge experimental uncertainty in ad
sl then inflicts a large error on

the value of as
sl inferred from Eqs. (93) and (94).

Here we pursue a different strategy and use the much more precise theoretical Standard

Model value for ad
sl in Eq. (71). In the search for new physics this is permissible: if the re-

sulting constraint on ∆s departs from the Standard Model value ∆s = 1, this will then imply
new physics in either as

sl or ad
sl. Moreover, the current precision in the unitarity triangle already

substantially limits the room for new physics in ad
sl [2].

Using ad
sl = −

(
0.48+0.10

−0.12

)
·10−3 of Eq. (71) and further Eqs. (93) and (94) we obtain the nice

bound

as,dimuon
sl = (−6.0 ± 3.2(stat) ± 2.2(syst)) · 10−3 . (95)

approx 2% deviation from SM prediction
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sin(2 !s) measurement 

• CDF, D0 measured mixing-induced CPV in 

•

• CDF & D0 consistent,                               or

• ~4x statistics, better tagging, may reach 5% by 2010

• LHCb expects ~ 1° sensitivity with 2 fb-1 data (1 nom. yr)

Bs → J/ψφ

−65
◦ < φs < −28

◦
−151

◦ < φs < −136
◦

L Sonnenschein(D0) talk at CKM2008

D Tonelli (CDF), talk at CKM2008

M Merk(LHCb), talk at CERN TH institute

PRL100 (2008)161802 (CDF),  arXiv:0802.2255 (D0)

see also Bona et al (UTfit), arXiv:0803.0659



B physics at LHC

• LHCb dedicated B-physics experiment
1012       pairs/year (compared to 109 at B-factories)

• ATLAS & CMS will also do B-physics, especially 
while running at low luminosity

• inclusive measurements (                , ...) not feasible 
at hadron collider, however high statistics for many 
exclusive modes - a challenge for theory

• Exploration of Bs system (huge improvement on 
mixing parameters over Tevatron)

• precise determination of !s and of true CKM #

• rare decays

bb̄

B → Xsγ



Decays



Penguins
s̄LbRγ s̄RbLγ

s̄LbLγ∗ s̄RbRγ∗

s̄LbRg

s̄RbRg∗s̄LbLg∗

s̄LbLZ s̄RbRZ

s̄LbRH

s̄RbLH

negligible in SM              
SU(2)W-breaking               

QCD penguin                          

chromomagnetic 
penguin                          

magnetic penguin                          

QED penguin                          

important in 2HDM at large tan(")

require chirality flip      

s̄RbLg

Z-penguin                          
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Weak             hamiltonian
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∆F = 1

QCD corrections I: weak Hamiltonian

Strong hierarchyMW ! MB , pB, pπ, . . . implies

W + + . . . =
∑

i Ci

(

+ + · · ·

)

〈f |i〉SM = C1〈f |Q1|i〉QCD + C2〈f |Q2|i〉QCD + · · ·

C(MW , . . . ; αs; ln(µ2/M2
W )): heavy particles, gluons far off shell.

Computed with arbitrary (partonic) external states, expanding in

p/MW (OPE).

〈f |Qi(µ)|B̄〉 contain all dynamics below factorization scale µ

Assume that factorization continues to hold for hadronic states:

A(B̄ → f) = Ci(µ)
︸ ︷︷ ︸

Wilson coefficient

〈f |Qi(µ)|B̄〉
︸ ︷︷ ︸

hadronic matrix element

Factorization in exclusive B-decays at higher orders – p.6
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C1,2

C3...6, C8g

C7γ , C7...10

C7...10

BSM: modified Ci, possibly more Qi                         

large            
small          

O(')          

HSM
eff,b→D =

GF√
2

∑

p=u,c

V ∗

pDVpb

(

C1(µ)Qp
1(µ)+C2(µ)Qp

2(µ)+
∑

i=3...10,7γ,8g

Ci(µ)Qi(µ)
)

C1(mb) ∼ 1.1 |C3...6(mb)| ∼ 0.01 . . . 0.04

C8g(mb) ∼ −0.15C2(mb) ∼ −0.2

O(')          

C9V , C10A



Exclusive decays
                                              need (th)                    # observables       

Leptonic

              ,

(Certain) semileptonic

Nonleptonic

Decay constants and form factors accessible to present first-

principles methods (lattice QCD),

nonleptonic matrix elements are not

B → ππ, πK, ρρ . . .

B → lν O(1)                         

O(10)                         

O(100)                         

decay constant                     

form factors

full matrix element              

〈ππ|Qi|B〉

〈0|jµ|B〉 ∝ fB

B → πlν, ρlν, . . . 〈π|jµ|B〉 ∝ fBπ(q2)

B → l
+
l
−



Leptonic decay
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helicity suppressed
theoretically clean in SM 
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Yukawa suppressed in SM
strong enhancement in 2HDM 
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Fig. 21: Branching ratio of Bs → µ+µ− observed (3σ) or discovered (5σ) as a function of integrated luminosity

for ATLAS/CMS.

Fig. 22: Branching ratio of Bs → µ+µ− observed (3σ) or discovered (5σ) as a function of integrated luminosity

for LHCb.

After one year of LHC the expected results from LHCb will allow to exclude or discover NP in

Bs → µ+µ−. ATLAS and CMS will reach this sensitivity after three years. After LHC achieves its

nominal luminosity, the ATLAS and CMS statistics will increase substantially. After five years all three

experiments will be in a position to provide a measurement of the branching ratio of Bs → µ+µ−.

3.4.4 Conclusions

The very rare decays Bq → µ+µ− are special in many respects. Their branching ratios are small in the

Standard Model, but can be enhanced significantly in the widely studied Minimal Supersymmetric Stan-
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SUSY large tan(") B physics

assume  MSUSY  ≫  MH,A,h ~ v=246 GeV ; effective 2HDM description

rediagonalization of Md rotates Yd out of diagonal form:

                       (minimal flavour violation; non-MFV: flavour-dependent)

M
d
ij = vdY

d
ij + vu∆ij

Leff ⊃ κ(cos βh0∗
u − sinβh0

d)[ybb̄RsL + yss̄RbL]

relevant hadronic matrix elements [20]. Details are given in [6, 13, 17]. CLR
2 in (4.3) agrees

with the corrected version of [12].

For large tanβ one has MH0 ≈ MA0 , cos2(α − β) ≈ 0 and sin2(α − β) ≈ 1 and we find

(∆Ms)
DP = −12.0/ps ×

[

tanβ

50

]4 [

P LR
2

2.50

]

[

FBs

230 MeV

]2
[

|Vts|
0.040

]2

×
[

mb(µt)

3.0GeV

] [

ms(µt)

0.06GeV

] [

m4
t (µt)

M2
W M2

A

]

ε2
Y (16π2)2

(1 + ε̃3 tan β)2(1 + ε0 tan β)2
. (4.4)

We recall that for large tanβ the H0 and A0 contributions to the first two diagrams in

fig. 2 cancel each other [1, 6] and as the contribution of h0 can be neglected in this limit,

the total contributions of these two diagrams are very small.

2. At large tan β the branching ratios BR(B0
s,d → µ+µ−) are fully dominated by the

diagrams in fig. 3 [1, 2, 3, 4]. Following [21] we find

BR(B0
s → µ+µ−) = 2.32 × 10−6

[

τBs

1.5 ps

]

[

FBs

230 MeV

]2
[

|V eff
ts |

0.040

]2
[

|c̃S|2 + |c̃P |2
]

. (4.5)

Here c̃S and c̃P are the dimensionless Wilson coefficients c̃S = MBscS and c̃P = MBscP

with cS and cP being properly normalized (see [21]) Wilson coefficients of the operators

OS = mb(bRsL)(l̄l), OP = mb(bRsL)(l̄γ5l). (4.6)

h0,H0,A0

bR

sL, dL

l−

l+

tan2 β tan β

Figure 3: Dominant diagrams contributing to B0
s,d → l+l− decays at large tanβ.

Using the vertices in (3.5) one finds from the diagrams of fig. 3 [12, 13]

cS ≈ −
mµm2

t

4M2
W

16π2εY tan3 β

(1 + ε̃3 tan β)(1 + ε0 tanβ)

[

−
sin(α − β) cos α

M2
H0

+
cos(α − β) sin α

M2
h0

]

. (4.7)

cP ≈ −
mµm2

t

4M2
W

16π2εY tan3 β

(1 + ε̃3 tan β)(1 + ε0 tanβ)

[

1

M2
A0

]

. (4.8)

9

[Choudhury&Gaur 99; Hamzaoui, Pospelov, 
Toharia 99; Babu, Kolda 99; Isidori, Retico; 
Buras et al 02; Foster et al 04-06,...]

BR(Bs → µµ) ∝ tan6 β

κ ∝

tanβ

16π2

parametrically large if vu ≫ vd 

κ



SUSY large tan (") B physics (MFV)

 

Flipping the chirality of one b (hence one s) quark,

costs a factor ms/mb  (in                 mixing: md/mb - negligible) 

But this is only one of several small parameters!

(H±, G±) exchanges and (∆Ms)χ±

is the contribution of box diagrams with chargino and

squarks. Finally, (∆Ms)DP results from double Higgs penguin diagrams of fig. 2.

Explicit expressions for different contributions in terms of the Wilson coefficients of

contributing operators and hadronic matrix elements can be found in [6, 13, 17]. With

respect to our previous analysis in [6] we have now included all resummed large tanβ

corrections to the relevant couplings as discussed in the previous section.

h0,H0,A0

bR sL

bRsL

h0,H0,A0

bL sR

bLsR

h0,H0,A0

bR sL

bLsR

Figure 2: Double penguin diagrams contributing to ∆Ms.

In the scenario considered in [6] and here supersymmetric particles are heavier than

the Higgs particles and the chargino box contribution (∆Ms)χ±

is small. At large tanβ

the double penguin contribution (∆Ms)DP is the dominant correction to (∆Ms)SM but the

charged Higgs box contribution can also be significant [6]. Both contributions have signs

opposite to (∆Ms)SM. Consequently for large tan β one finds (1 + fs) < 1 independently

of the other supersymmetric parameters. For not too large values of tanβ <
∼ 50 and of the

stop mixing parameter At
<
∼ MSUSY the contributions (∆Ms)DP and (∆Ms)H+

are smaller

than (∆Ms)SM and one gets 0 < (1 + fs) < 1. Of interest is also the case (1 + fs) < 0

corresponding to a very large negative (∆Ms)DP that can be realized for some special

values of supersymmetric parameters - large tan β >
∼ 50 and/or At ! MSUSY. We will

include this possibility in our analysis as it has quite different implications than the case

0 < (1 + fs) < 1.

The double penguin diagrams of fig. 2 give O(tan4 β) correction to ∆Ms. The leading

contribution comes from the last diagram that contributes to the Wilson coefficient CLR
2

of the operator QLR
2 = (bRsL)(bLsR). Using the vertices of eq. (3.5) we find [13]

(∆Ms)
DP =

G2
FM2

W

24π2
MBsF

2
Bs
|V eff

ts |2P LR
2 CLR

2 (4.2)

where

CLR
2 ≈ −

GF mbmd(s)m4
t√

2π2M2
W

tan4 β ε2
Y (16π2)2

(1 + ε̃3 tanβ)2(1 + ε0 tanβ)2

[

sin2(α − β)

M2
H0

+
cos2(α − β)

M2
h0

+
1

M2
A0

]

(4.3)

and P LR
2 ≈ 2.5 includes the short distance NLO QCD corrections [17, 18, 19] and the
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corrections to the relevant couplings as discussed in the previous section.
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In the scenario considered in [6] and here supersymmetric particles are heavier than

the Higgs particles and the chargino box contribution (∆Ms)χ±

is small. At large tanβ

the double penguin contribution (∆Ms)DP is the dominant correction to (∆Ms)SM but the

charged Higgs box contribution can also be significant [6]. Both contributions have signs

opposite to (∆Ms)SM. Consequently for large tan β one finds (1 + fs) < 1 independently

of the other supersymmetric parameters. For not too large values of tanβ <
∼ 50 and of the

stop mixing parameter At
<
∼ MSUSY the contributions (∆Ms)DP and (∆Ms)H+

are smaller

than (∆Ms)SM and one gets 0 < (1 + fs) < 1. Of interest is also the case (1 + fs) < 0

corresponding to a very large negative (∆Ms)DP that can be realized for some special

values of supersymmetric parameters - large tan β >
∼ 50 and/or At ! MSUSY. We will

include this possibility in our analysis as it has quite different implications than the case

0 < (1 + fs) < 1.

The double penguin diagrams of fig. 2 give O(tan4 β) correction to ∆Ms. The leading

contribution comes from the last diagram that contributes to the Wilson coefficient CLR
2

of the operator QLR
2 = (bRsL)(bLsR). Using the vertices of eq. (3.5) we find [13]

(∆Ms)
DP =

G2
FM2

W

24π2
MBsF

2
Bs
|V eff

ts |2P LR
2 CLR

2 (4.2)

where

CLR
2 ≈ −

GF mbmd(s)m4
t√

2π2M2
W

tan4 β ε2
Y (16π2)2

(1 + ε̃3 tanβ)2(1 + ε0 tanβ)2

[
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M2
H0

+
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+
1
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]

(4.3)

and P LR
2 ≈ 2.5 includes the short distance NLO QCD corrections [17, 18, 19] and the
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b

[ sin2(α − β)

M2

H

+
cos2(α − β)

M2

h

−

1

M2

A

]

= 0

A
0

Bd − B̄d

1/(16π2) ∼ ms/mb ∼ 1/ tanβ ∼ 10−2

∝ |κ2|ybys
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+
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+
1

M2

A

]
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∆MBs
BR(Bs → µ+µ−)

Figure 4: Correlation between ∆Ms and B0
s,d → µ+µ− in the MSSM with flavour violation

ruled by the CKM matrix. Lower (upper) branches of points correspond to 0 < 1 + fs < 1

(1 + fs < 0). Current experimental bounds: BR(B0
s → µ+µ−) < 2 · 10−6 (CDF) [24] and

BR(B0
d → µ+µ−) < 2.1 · 10−7 (BaBar) [25] are shown by the horizontal solid lines.

tion. For sparticles heavier than 500 GeV the contribution of chargino-stop boxes to the

formula (4.13) is negligible, (∆Ms)χ±

/(∆Ms)SM <
∼ 0.03. On the other hand, the contribu-

tion of the H± boxes can be substantial, |(∆Ms)H±|/(∆Ms)SM can reach 0.65 due to the

corrections εHL(R) described in section 3. This is contrary to the claim made in ref. [12]

that the εHL(R) corrections are not important. We have checked that for charginos and

stops as light as 150 GeV, (∆Ms)χ±

/(∆Ms)SM <
∼ 0.2 whereas |(∆Ms)H± |/(∆Ms)SM can

reach 0.3. Also, as follows from the scan based on the complete calculation, the typical

values of |(∆Ms)DP| are smaller for lighter sparticles.

For values of MA and tanβ shown in fig. 4 all points corresponding to the rather unlikely

scenario with 1 + fs < 0 are eliminated by the combination of the lower limit (4.14) and

the CDF upper bound BR(B0
s → µ+µ−) < 2×10−6 [24] but this is not the case for heavier

A0 and/or smaller tanβ values. Therefore for such points we can only use (4.10) to find

BR(B0
d → µ+µ−) < 3.6 (3.1) · 10−8

[

1.15

FBs/FBd

]2 [

BR(B0
s → µ+µ−)exp

10−6

]

(4.15)

with the numerical factor corresponding to the analyses in [6] and [23], respectively. With

12

tan(") 

∆Ms

ms/mb

[Buras et al 02]

[Parry 06; Freitas,Gasser,Haisch 07]

CDF 07 

upper limit      

(∆Ms)exp = (17.77 ± 0.12)ps−1

∆M
SM
s

≈ 16 . . . 27 ps−1

suppression 

predicted     S
M

  
    

∆Ms/∆MSM
s

(recent claims of CP violation,
~ zero in SM)

ms/mb

∆Md

Strong correlation between
           and

A more systematic investigation shows that this does not happen               
[Gorbahn, SJ, Nierste, Trine, in prep.]



                                                                  

In the SM, expect

several modes seem to have

                                     

SM QCD corrections or 

new physics?

a generic issue in flavour 

(as in collider) physics

[]
sin(2βeff) != sin(2β)

sin(2βeff) ≈ sin(2β)

b$s penguin transitions



B̄

Af = 〈f |B〉

Āf = 〈f |B̄〉

B f CP eigenstate                          f

time-dependent CP asymmetry        

mixing       
decay       

BR(B0(t) → f) − BR(B̄0(t) → f)

BR(B0(t) → f) + BR(B̄0(t) → f)
= −Sf sin(∆mBt) + Cf cos(∆mBt)

oben

unten

rechts
s

b
g

s

b
γ

s

b
Z

s

b
H

b

b

s

s b

hi

hj

(c)

b s

s b

hi

hj hk

hl

(d)

b s

s b

hi
hj

hk

.

(e)

bL bR sL

sL bR bL

h0∗
d h0∗

d

(f)

bR bL sR

sR bL bR

h0∗
d h0∗

d

(g)

QCD corrections I: weak Hamiltonian

Strong hierarchyMW ! MB , pB, pπ, . . . implies

W + + . . . =
∑

i Ci

(

+ + · · ·

)

〈f |i〉SM = C1〈f |Q1|i〉QCD + C2〈f |Q2|i〉QCD + · · ·

C(MW , . . . ; αs; ln(µ2/M2
W )): heavy particles, gluons far off shell.

Computed with arbitrary (partonic) external states, expanding in

p/MW (OPE).

〈f |Qi(µ)|B̄〉 contain all dynamics below factorization scale µ

Assume that factorization continues to hold for hadronic states:

A(B̄ → f) = Ci(µ)
︸ ︷︷ ︸

Wilson coefficient

〈f |Qi(µ)|B̄〉
︸ ︷︷ ︸

hadronic matrix element

Factorization in exclusive B-decays at higher orders – p.6

Sf ≈ sin(2β) + 2 cos(2β) sin γ Re
Tf + Pu

f

P c
f

+S
N.P.
f

?

e
−2iβ

b

s u

u

ηCP(f)·

sin(2βeff )
︷ ︸︸ ︷

−

what is the size of the  subleading amplitudes?                          



 Charmless hadronic amplitudes

Any decay amplitude can be written in the form

Sensitive to Vub, # and new flavour parameters beyond the SM

Theorist’s job: Eliminate or compute amplitudes |P|, |T|, which 

include strong (rescattering) phases  arg(P/T), arg(PNP/T)

weak phases (CP odd)

A(B̄ → M1M2) = |VubVuD|e−iγ
TM1M2

+ VcbVcDPM1M2
+ e

iδNPP
NP

M1M2

TM1M2
=

GF√
2

(

∑

i=1,2

Ci〈M1M2|Qu
i |B̄〉 +

∑

i=3...8,7γ,8g

Ci〈M1M2|Qi|B̄〉
)

PM1M2
=

GF√
2

(

∑

i=1,2

Ci〈M1M2|Qc
i |B̄〉 +

∑

i=3...8,7γ,8g

Ci〈M1M2|Qi|B̄〉
)

eiδNPPNP

M1M2
=

∑
Ck〈M1M2|Qk|B̄〉

“tree”                

“penguin”                



Topological amplitudes
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Figure 1: Emission, annihilation and emission-annihilation topologies of Wick contractions in the

matrix elements of operators Qi.
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color-allowed/
-suppressed tree
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gies of Wick contractions in the matrix elements of operators Qi.

9

B

b
q3

q2

M1

Qi

M2

DEAi(q3, q2, q1; B, M1, M2) CEAi(q3, q2, q1; B, M1, M2)

B

b

q3
M1

Qi

q1

q1

q2

M2

q3

q2

q1

DAi(q3, q2, q1; B, M1, M2)

B Qi q2

M2

Qi

M1

M1

M2

B

q1

q3

CAi(q3, q2, q1; B, M1, M2)

b

b

b

B

q3 M1

q2

q1

CE i(q3, q2, q1; B, M1, M2)

M2

Qi
B

b q2

q3

M2

M1

q1

Qi

DE i(q3, q2, q1; B, M1, M2)

Figure 1: Emission, annihilation and emission-annihilation topologies of Wick contractions in the

matrix elements of operators Qi.

8

Qi = Qu
1,2

up-penguin
(charming penguin)

a1,2

Qi = Qu
1,2 b1,2

ex.: −A(B̄0 → π
0
π

0) = V
∗

udVub [Aππ (a2(ππ) − α
u
4 (ππ)) + Bππb1(ππ)]

+V
∗

cdVcb terms + EWP terms

[from Buras&Silvestrini hep-ph/9812392]

α
u

4

tree annihilation

[T, C][E1,2]

[E, A][A2,1]

[Put][P1 − P
GIM
1 ]

Qi = Q
u(c)
1,2 , Q3...

Q
i = Q

3...



Theory approaches

• 1/N expansion (only counting rules)

• !QCD/mB expansion (QCDF/SCET; pQCD): 
computation of important pieces possible

• QCD light-cone sum rules: partly complementary set 
of calculable amplitudes; constrain “inputs” to !/mB

• SU(3) [U-spin] relates &D=1 and &S=1
 T((K))  T((();    P(**) ) P(*K*), etc.
(ms/!QCD corrections; annihilation amplitudes)

a1/T/E1 a2/C/E2 α
u

4 b1/E/A2 b2/A/A1

1/N 1 1/N 1/N 1/N 1 [?]

#/mB 1 1 1 #/mB #/mB



QCD factorization

                             

                                      

To leading power in          long-distance interactions look like

model dependence enters (only) at subleading power 

(factorization breaks at O(!/m) for some amplitudes)

obenunten rechts

b

Qi

unten rechts

〈M1M2|Qi|B̄〉 = + . . .

Λ/mb
obenunten rechts

unten rechts

obenunten rechts

unten rechts

k
2
∼

√

Λ mb

k
2
∼ m

2

b

B

M1

M2

or                     

k
2
∼ Λ

2

spectator quark

soft overlap (form factor)

(hard) spectator 

scattering

 Beneke, Buchalla, Neubert, Sachrajda

“nonfactorizable” gluons 
are perturbative



SCET representation  

• Hierarchy                      suggests EFT description

• Spectator interactions induce 3rd scale 

•
hard scale ⇒ coefficients HII (several topologies)

• intermediate scale ⇒ “jet function”  J (universal)

• TII = HII * J (starts at O('s), so NLO is 's
2)

• J known to NLO 

• recent NLO computations of HII 

. . . translated to SCET

T I, HII, J are again Wilson coefficients in SCETI and SCETII.

Differences to the form-factor case:

Extra collinear fields for the second meson (upgoing lines)

original matrix element already scale dependent

many more (and more complicated) diagrams

But some useful similarities:

second meson factorizes off at hard scale

Consequently, SCETI RGE similar; matching to SCETII identical

Factorization in exclusive B-decays at higher orders – p.18

[Bauer et al; Chay et al; Beneke et al;  Williamson & Zupan; Beneke, SJ; many more]

far off shell
manifest 
decoupling

mb ! ΛQCD
√

ΛQCDmb

[“SCET” = soft-collinear 

effective theory]



QCD factorization: hadronic B-decays

〈M1M2|Oi|B〉 =

fBM1

+ (0)fM2

∫

du T I
i(u)φM2

(u) +fBfM1
fM2

∫

du dv dω T II
i (u, v, ω)φB+

(ω)φM1
(v)φM2

(u)

fBM1

+ (0)fM2

∫

du T I
i(u)φM2

(u)+fBfM1
fM2

∫

du dv dω T II
i (u, v, ω) φB+

(ω)φM1
(v)φM2

(u)

Soft-collinear factorization: T II(u, v, ω) =

∫

dv′HII(u, v′)J(v′, ω)

T I = 1 + T I(1)αs(mb) + . . .

HII = 1 + HII(1)αs(mb) + . . .

J = J (1)αs(
√

Λmb) + J (2)αs(
√

Λmb)
2

+ . . .










perturbative

T I, T II: all process dependence. Only source of (small) strong phases

Factorization: plots, figures, equations – p.16

 “naive 
factorization”

 BBNS 99-01  Bell 07 (partial)

BBNS 99-01

Hill, Becher, Lee, Neubert 2004; Beneke, Yang 2005; Kirilin 2005

Beneke, SJ 2005, 2006; Kivel 2006; Pilipp 2007; Jain, Rothstein, Stewart 2007

BBNS 99-01

T
II

i ∼ Hi ! J

soft overlap (form factor) hard spectator scattering

perturbative, includes strong phases
non-perturbative QCD

〈M1M2|Qi|B̄〉 =

T
I

i ∼ 1 + ti αs + O(α2

s)

∼
(

1 + hi αs + O(α2
s)

) (

j(0)αs + j(1)α2
s + O(α3

s)
)



Implementations of factorization

• enhanced power corrections - when they do not factorize, 
model

BBNS BPRS (“SCET”)

hard scale (mb) perturbative; identical kernels [up to basis]

hardcollinear 
scale (+mb!)

perturbative
fit to data (possible for 

LO hard kernels)

charm penguin
no special treatment

(generally) small  
perturbative phase 

introduce extra 
complex parameter

(fit to data)

most important 
theory inputs

QCD form factor,
B & light meson LCDA

2 soft form factors, 
light meson LCDA

power 
corrections

calculate or model 
potentially large ones

typically omitted

Beneke, Buchalla,Neubert, Sachrajda Bauer, Pirjol, Rothstein, Stewart

Jain et al 2007 pursue a hybrid approach



• bulk of uncertainties due to universal hadronic 
parameters (B decay constant, wave function) and 
to poorly known form factors

• colour-allowed tree close to naive factorization, so is 
colour-allowed electroweak penguin (not shown)

• colour-suppressed tree: large departure from naive 
factorization

0 0.2 0.4 0.6 0.8 1 1.2

!0.15

!0.1

!0.05

0

0.05

0.1

0.15

LO

NLO

LO

NLO

G

G

Α1Α2

Figure 5: The tree amplitudes α1(ππ) and α2(ππ) represented in the complex plane.
The dark (black) diamonds show the LO, NLO, and partial NNLO approximations.
The latter includes the new 1-loop correction to spectator scattering and is shown with
error bars. The dark square represents the parameter set ‘G’, which provides a good
description of the experimental data on branching fractions as discussed in Section 5.3.
The grey (blue) triangles show the variation of the tree amplitudes, when λB takes the
values 0.2 GeV to 0.5 GeV in steps of 75 MeV, such that the triangles in the direction of
the point ‘G’ correspond to smaller values of λB. From each triangle emanates a set of
grey (red) points that correspond to varying aπ

2 from −0.1 to 0.3 in steps of 0.1 for the
given value of λB. Here points lying towards ‘G’ correspond to larger aπ

2 .

imaginary part is generated only at NLO, it is best compared to the imaginary part of
the vertex correction V . This shows that the spectator-scattering correction at order α2

s

is almost as large as the vertex correction at order αs, but comes with an opposite sign
such that the phases tend to cancel.

With the perturbative approach thus validated through the size of the 1-loop correc-
tion, it is evident from the Figure that the dominant uncertainties are due to hadronic
input parameters. The uncertainties in fB, λB and fBπ

+ (0) do not exclude that rsp is
a factor of 2 larger than its default value 0.412. In fact, it appears that the data on
B → ππ branching fractions require such an enhancement [3]. Until some of these pa-
rameters are better determined (from theory, from other data, from fits to non-leptonic
data) there remains a large uncertainty in the colour-suppressed tree amplitude α2. The
colour-allowed tree amplitude, however, is predicted to be close to 1 with an uncertainty
of 10% even with present parameter inaccuracies.
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Subleading SM amplitudes

tend to worsen the agreement

similar conclusion in BPRS 

approach

[Beneke 2005] (NLO QCDF)

[Williamson, Zupan 2006]



S(°Ks and isospin

• pattern of CP asymmetries (and BRs) in B$(K has 
been much studied

• can use isospin relations to find the shift of S(K from 
the remaining B°$(K data (BR & CP asymmetries) 
requires knowledge of the (unique) isospin-3/2 
amplitude. Then

Gronau et al; Buras, Fleischer, Recksiegel, Schwab; Baek et al; Yoshikawa; Gronau, 
Rosner;  Agashe et al; Grossman et al; Feldmann et al;...
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FIG. 1: The isospin relations (5) in the complex plane. The
magnitudes of the amplitudes, |Aij | ≡ |A(B → Kiπj)| and
|Āij | ≡ |Ā(B → Kiπj)|, can be obtained from the corre-
sponding branching ratios and direct CP asymmetries listed
in Table I, while A3/2 and Ā3/2 are fixed through (8) and (9).

Mode BR [10−6] ACP

B̄0 → π+K− 19.4 ± 0.6 −0.097 ± 0.012

B̄0 → π0K̄0 9.9 ± 0.6 −0.14 ± 0.11

B+ → π+π0 5.59 ± 0.41

TABLE I: Experimental data [1] for the numerical analysis.

(results are robust with respect to the strong phase ω).
Since qeiω factorizes at leading order (LO) in the 1/mb

expansion, Rq can be well predicted using factorization
techniques and future input from lattice QCD. For Rb,
one of the UT sides, we use Rb = 0.412±0.038 [13], while
λ ≡ |Vus| = 0.22.

SU(3) flavour symmetry allows us furthermore to fix
|T̂ + Ĉ| through the b → d decay B+ → π+π0 [14]:

|T̂ + Ĉ| = RT+C |Vus/Vud|
√

2|A(B+ → π+π0)|, (9)

where the tiny EWP contributions to B+ → π+π0 were
neglected, but could be included using isospin [11, 15].
We stress that (9) does not rely on further dynam-
ical assumptions. For the SU(3)-breaking parameter
RT+C ∼ fK/fπ we use the value 1.22 ± 0.2, where the
error is quite conservative, as discussed below.

The relations (7), (8) and (9) allow us to determine
A3/2 and Ā3/2, thereby fixing the two isospin triangles in
Fig. 1. Since the triangles can be flipped around the A3/2

and Ā3/2 sides, we encounter a fourfold ambiguity (not
shown). Using (6), Sπ0KS

is determined as well. The
corresponding prediction is shown in Fig. 2, where we
keep Aπ0KS

as a free parameter. For the technical im-
plementation of this construction, we use the expressions
for the relevant observables given in [2], and use a strong
phase δc as a key parameter, which is defined through

rce
iδc =

(

T̂ + Ĉ
)

/P̂ , (10)

where P̂ is a QCD penguin amplitude [10]. We find that
no solutions exist for certain ranges of δc, separating the
full [0◦, 360◦] range into two regions. They contain δc =
0◦ or 180◦ and correspond to the left and right panels
of Fig. 2, respectively. As one circles the trajectory in
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FIG. 2: The SM constraints in the Aπ0KS
–Sπ0KS

plane, as
explained in the text. Left panel: contains δc ≈ 0◦ (consistent
with QCD), with δc = −60◦ (small circle), −30◦ (large circle),
0◦ (star), 30◦ (large square), 60◦ (small square). Right panel:
contains δc ≈ 180◦ (not consistent with QCD), with δc =
120◦ (small circle), 150◦ (large circle), 180◦ (star), 210◦ (large
square), 240◦ (small square). The shaded horizontal bands
represent the value of (sin 2β)J/ψKS

in (4).

ΠΠ:
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FIG. 3: The constraints on rce
iδc that follow from the current

data, as discussed in the text. Left panel: B → πK and B →
ππ constraints (the symbols to label δc correspond to those in
Fig. 2). Right panel: B → ππ constraints for the BaBar and
Belle data for Aπ+π− and the HFAG average. The solid and
dotted lines refer to 1 σ and 90% C.L. ranges, respectively.

either panel by changing δc, each value of this strong
phase in the respective interval is attained twice. In order
to illustrate this feature, we show – for central values
of the input data/parameters – points corresponding to
various choices of δc. The bands show the 1 σ variations
obtained by adding in quadrature the errors due to all
input data/parameters. Moreover, we assume γ = 65◦ ±
10◦ [16, 17]. This angle will be determined with excellent
accuracy thanks to CP violation measurements in pure
tree B decays at the LHCb experiment (CERN).

In order to resolve the fourfold ambiguity in Fig. 2, we
need further information. We can fix rc, if we extract
|T̂ + Ĉ| from BR(B+ → π+π0) (see (9)) and |P̂ | from
the CP-averaged branching ratio BR(B+ → π+K0) ∝
|P̂ |2 + . . . , where the tiny doubly Cabibbo-suppressed
corrections represented by the dots are strongly con-
strained by the data [18]. In the left panel of Fig. 3,
we show this “charged” constraint in the rceiδc plane.
We also show the allowed region following from a fit to
the B → ππ data (using SU(3) flavour symmetry to
translate the constraints into rc, δc, while neglecting cer-
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Benchmarks for the New-Physics Search through CP Violation in B0
→ π0KS
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Using isospin relations, we predict the Standard-Model correlation between Sπ0KS
≡ (sin 2β)π0KS

and Aπ0KS
, the mixing-induced and direct CP asymmetries of B0 → π0KS. The calculation uses

flavour SU(3) only to fix the isospin-3/2 amplitude through the B± → π±π0 branching ratio,
and thus has a small irreducible theoretical error. It can reach percent level precision thanks to
expected future lattice-QCD progress for the calculation of the relevant SU(3)-breaking form-factor
ratio, and serves as a benchmark for new-physics searches. We obtain an interesting picture in the
Aπ0KS

–Sπ0KS
plane, where the current experimental data show a discrepancy with the Standard

Model, and comment on the direct CP asymmetries of B0 → π−K+ and B+ → π0K+. A modified
electroweak penguin with a large new CP-violating phase can explain the discrepancy and allows us
to accommodate also the corresponding data for other b → s penguin-dominated decays.

Keywords: CP violation, non-leptonic B decays

Intriguing experimental results for observables of non-
leptonic b → s decays [1] have been receiving considerable
attention for several years, where the “B → πK puzzle”
is an important example (see, e.g., [2, 3, 4, 5, 6, 7]).
The challenge is to disentangle possible signals of new
physics (NP) from uncertainties that are related to strong
interactions. In this context, a particularly interesting
probe is offered by the time-dependent CP asymmetry in
B0 → π0KS,

Γ(B̄0(t) → π0KS) − Γ(B0(t) → π0KS)

Γ(B̄0(t) → π0KS) + Γ(B0(t) → π0KS)

= Aπ0KS
cos(∆Md t) + Sπ0KS

sin(∆Md t) , (1)

where Sπ0KS
arises from inteference between mixing and

decay, and Aπ0KS
is the “direct” CP asymmetry. In the

Standard Model (SM), we have – up to doubly Cabibbo-
suppressed terms – the following expressions [8]:

Aπ0KS
≈ 0, Sπ0KS

≡ (sin 2β)π0KS
≈ sin 2β, (2)

where β is one of the angles in the standard unitarity tri-
angle (UT) of the Cabibbo–Kobayashi–Maskawa (CKM)
matrix. The current world average is [1]

(sin 2β)π0KS
= 0.38 ± 0.19, (3)

which should be compared with the “reference” value fol-
lowing from B0 → J/ψKS and similar modes

(sin 2β)J/ψKS
= 0.681± 0.025. (4)

The search for NP signals in the CP asymmetries of
B0 → π0KS requires a reliable SM prediction of Sπ0KS

and/or Aπ0KS
. In this letter, we show that Sπ0KS

can be

calculated in the SM as a function of Aπ0KS
, with pro-

jected irreducible theoretical errors at the percent level.
The starting point is the following isospin relation [9]:

√
2 A(B0 → π0K0) + A(B0 → π−K+)

= −
[

(T̂ + Ĉ)eiγ + P̂ew

]

≡ 3A3/2;
(5)

a similar one holds for the CP-conjugate amplitudes,
where A3/2 → Ā3/2 and the UT angle γ flips its sign.

Here T̂ , Ĉ and P̂ew are, respectively, the colour-allowed
tree, colour-suppressed tree and electroweak penguin
(EWP) contributions, with the SM weak-phase depen-
dence factored out [10]. The subscript of A3/2 reminds
us that the πK final state has isospin I = 3/2, so that the
QCD penguin contributions cancel in (5). The mixing-
induced CP asymmetry Sπ0KS

can be written as

Sπ0KS
=

2|Ā00A00|
|Ā00|2 + |A00|2

sin(2β − 2φπ0KS
), (6)

with A00 ≡ A(B0 → π0K0) and Ā00 ≡ A(B̄0 → π0K̄0)
[11]. If A3/2 and Ā3/2 are known, 2φπ0KS

= arg(Ā00A∗

00)
can be fixed through (5), as shown in Fig. 1. In order to
determine A3/2, we first rewrite the lower line of (5) as

3A3/2 = −
(

T̂ + Ĉ
)(

eiγ − qeiω). (7)

In the SM, the ratio qeiω ≡ −P̂ew/(T̂ + Ĉ) is given by

q eiω =
−3

2λ2Rb

C9(µ) + C10(µ)

C1(µ) + C2(µ)
Rq = 0.66 ×

0.41

Rb
Rq. (8)

If we assume exact SU(3) flavour symmetry and neglect
penguin contractions, we have Rq = 1 [11, 12], while
we shall use Rq = 1 ± 0.3 for the numerical analysis
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FIG. 1: The isospin relations (5) in the complex plane. The
magnitudes of the amplitudes, |Aij | ≡ |A(B → Kiπj)| and
|Āij | ≡ |Ā(B → Kiπj)|, can be obtained from the corre-
sponding branching ratios and direct CP asymmetries listed
in Table I, while A3/2 and Ā3/2 are fixed through (8) and (9).

TABLE I: World averages of experimental data after
ICHEP08 used in the numerical analyses (see also [1]).

Mode BR [10−6] ACP SCP

B̄0 → π+K− 19.4 ± 0.6 −0.098 ± 0.012 −

B̄0 → π0K̄0 9.8 ± 0.6 −0.01 ± 0.10 0.58 ± 0.17

B+ → π+π0 5.59 ± 0.41 ≡ 0 −

B0 → π+π− 5.16 ± 0.22 0.38 ± 0.06 −0.65 ± 0.07

B0 → π0π0 1.55 ± 0.19 0.43 ± 0.25 −

and future input from lattice QCD. For Rb, one of the UT
sides, we use Rb = 0.41±0.04 [13], while λ ≡ |Vus| = 0.22.

SU(3) flavour symmetry allows us furthermore to fix
|T̂ + Ĉ| through the b → d decay B+ → π+π0 [14]:

|T̂ + Ĉ| = RT+C |Vus/Vud|
√

2|A(B+ → π+π0)|, (9)

where the tiny EWP contributions to B+ → π+π0 were
neglected, but could be included using isospin [11, 15].
We stress that (9) does not rely on further dynam-
ical assumptions. For the SU(3)-breaking parameter
RT+C ∼ fK/fπ we use the value 1.22 ± 0.2, where the
error is quite conservative, as discussed below.

Relations (7)–(9) allow us to determine A3/2 and Ā3/2,
thereby fixing the two isospin triangles in Fig. 1. Since
the triangles can be flipped around the A3/2 and Ā3/2

sides, we encounter a fourfold ambiguity (not shown).
Using (6), Sπ0KS

is determined as well. The correspond-
ing prediction is shown in Fig. 2, where we keep Aπ0KS

as a free parameter. For the implementation of this con-
struction, we express the curves in Fig. 2 in parametric
form [2] as functions of a strong phase δc, defined through

rce
iδc =

(

T̂ + Ĉ
)

/P̂ , (10)

where P̂ is the B0 → π−K+ penguin amplitude [10]. We
find that no solutions exist for certain ranges of δc, sep-
arating the full [0◦, 360◦] range into two regions. They
contain δc = 0◦ or 180◦ and correspond to the left and
right panels of Fig. 2, respectively. As one circles the tra-
jectory in either panel by changing δc, each value of this
strong phase in the respective interval is attained twice.
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FIG. 2: The SM constraints in the Aπ0KS
–Sπ0KS

plane, as
explained in the text. Left panel: contains δc ≈ 0◦ (consistent
with QCD), with δc = −60◦ (small circle), −30◦ (large circle),
0◦ (star), 30◦ (large square), 60◦ (small square). Right panel:
contains δc ≈ 180◦ (not consistent with QCD), with δc =
120◦ (small circle), 150◦ (large circle), 180◦ (star), 210◦ (large
square), 240◦ (small square). The shaded horizontal bands
represent the value of (sin 2β)J/ψKS

in (4).
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FIG. 3: The constraints on rce
iδc that follow from the current

data, as discussed in the text. Left panel: B → πK and B →
ππ constraints (the symbols to label δc correspond to those in
Fig. 2). Right panel: B → ππ constraints for the BaBar and
Belle data for Aπ+π− and the HFAG average. The solid and
dotted lines refer to 1 σ and 90% C.L. ranges, respectively.

In order to illustrate this feature, we show – for central
values of the input data/parameters – points correspond-
ing to various choices of δc. The bands show the 1 σ
variations obtained by adding in quadrature the errors
due to all input data/parameters. Moreover, we assume
γ = 65◦±10◦ [16, 17]. This angle will be determined with
excellent accuracy thanks to CP violation measurements
in pure tree B decays at the LHCb experiment (CERN).

In order to resolve the fourfold ambiguity in Fig. 2,
we need further information on rc, δc: i) rc can be deter-
mined if we fix |T̂+Ĉ| through BR(B+ → π+π0) (see (9))
and |P̂ | through BR(B+ → π+K0) ∝ |P̂ |2 + . . . , where
the dots represent negligible doubly Cabibbo-suppressed
terms that are already strongly constrained by data [18].
In the left panel of Fig. 3, the corresponding rc constraint
is shown at the “charged” circle. ii) Using the SU(3)
flavour symmetry and other plausible dynamical assump-
tions [2], a fit to all available B → ππ data yields the ππ
curves. Since BaBar and Belle do not fully agree on the
measurement of the direct CP asymmetry in B0 → π+π−

[1], we show in the right panel of Fig. 3 the correspond-
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FIG. 4: The correlation in the Aπ0KS
–Sπ0KS

plane for a future
benchmark scenario (narrow band) in comparison with the
current situation (wider band), as explained in the text.

ing allowed regions separately. We observe that the data
imply δc ∼ (0–30)◦, in agreement with the heavy-quark
expansion analyses in [4, 19] and [20], differing in their
treatment of non-perturbative charm-penguin contribu-
tions. Consequently, we can exclude the solutions shown
in the right panel of Fig. 2, and are left with the twofold
solution in the left panel. However, the lower band cor-
responds to rc values of the “neutral” region in the left
panel of Fig. 3 that are far off the right of the displayed
region, drastically inconsistent both with the B → ππ
data and with the heavy-quark limit.

Consequently, we are left with the thin horizontal part
of the upper band in the left panel of Fig. 2, which we
show enlarged in Fig. 4. Using the experimental value
for Aπ0KS

, we obtain the SM prediction

Sπ0KS
= 0.99+0.01

−0.08

∣

∣

exp.
+0.000
−0.001

∣

∣

RT+C

+0.00
−0.11

∣

∣

Rq

+0.00
−0.07

∣

∣

γ
, (11)

which is about two standard deviations away from the
experimental result in (3). It should be noted that (11)
depends on the input data collected in Table I.

In Fig. 4, we show the future theory error benchmark
for the SM constraint in the Aπ0KS

–Sπ0KS
plane. Both

Rq (8) and RT+C (9) factorize at LO in the 1/mb expan-
sion, and can be well predicted using input from lattice
QCD. It should be stressed that “charming penguins”
do not enter these ratios. As a working tool we use the
approach of Ref. [4, 19] (BBNS), but similar conclusions
can be reached using Ref. [20] (where also derivatives
of form factors would be needed). The key parame-
ter is Rq, which dominates the current theoretical error
(11). Its uncertainty is governed by the SU(3)-breaking
form-factor ratio ξπK ≡ FB→K(0)/FB→π(0). If we as-
sume ξπK = 1.2(1 ± 0.03), i.e. a 20% determination of
the SU(3)-breaking corrections, as an optimistic – but
achievable – goal for lattice QCD, we obtain the BBNS

result Rq = (0.908+0.052
−0.043)e

i(0+1
−1)◦ , to be compared with

the present value Rq = (1.02+0.27
−0.22)e

i(0+1
−1)◦ [21]. Simi-

larly, we find RT+C = 1.23+0.02
−0.03, where the increase of

precision is very mild as the form-factor dependence es-
sentially cancels out. Setting, moreover, the uncertainties
of the experimental inputs to zero, while keeping central
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FIG. 5: The SM correlation between Aπ0K+ − Aπ−K+ and
Aπ0KS

for central values of inputs, with hadronic parameters
fixed as for Fig. 2 (solid), or following from the sum rule for
rate differences [24] (dashed). The dependence on δc is as in
Fig. 2 and is constrained to SM values (upper curve in Fig.
2a).

values fixed, we obtain a prediction of Sπ0KS
with errors

at the percent level, as shown in Fig. 4. Consequently,
the irreducible theory error of our proposed method for
predicting Sπ0KS

in the SM is much smaller than in cal-
culations using only the 1/mb expansion, and makes it
promising for a future e+e− super-B factory (for a re-
view, see, e.g., Ref. [22]).

Before turning to the interpretation of the current ex-
perimental data in terms of NP, let us briefly comment on
the difference of direct CP asymmetries Aπ0K+ −Aπ−K+ ,
which recently received quite some attention as a possible
sign of NP [23]. Fig. 5 shows the SM correlation between
this difference and the CP asymmetry Aπ0KS

, keeping
Aπ−K+ fixed. It depends on CP-averaged B → πK
branching ratios and γ, and becomes equivalent to the
sum rule for rate differences [24] when neglecting higher
orders in subleading amplitudes. We see that current
data (cross) can be accommodated in the SM within the
error on Aπ0KS

, although hadronic amplitudes then de-
viate from the 1/mb pattern (see also Ref. [7]). It would
be desirable to reduce this uncertainty in the future.

Let us now consider a NP scenario, which allows us to
resolve the discrepancy between (3) and (11). Following
[2], we assume that NP manifests itself effectively in the
data as a modified EWP with a CP-violating NP phase φ,
i.e. q → qeiφ in (7). Here q can differ from the SM value
in (8). Since δc is rather small, the impact of this type
of NP on Aπ0KS

and Aπ0K+ is suppressed. In Fig. 6, we
show constraints on qeiφ from two χ2 fits, using only the
B → πK data or both the B → πK and B → ππ data.
The latter have a strong impact on the allowed region
of qeiφ [2, 7], yielding two almost degenerate minima,
q = 1.3±0.4, φ = (63+10

−9 )◦ and q = 0.8+0.2
−0.3, φ = (45+18

−28)
◦.

We also show the 90% C.L. regions (dashed curves) that
correspond to a future scenario, assuming the benchmark
value of Rq used in Fig. 4 and ten-times more data, with
central values fixed to the present χ2 minimum. In the
χ2 fits we allow all ratios of SU(3)-related amplitudes to
fluctuate flatly around fK/fπ within 30% in magnitude
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current situation (wider band), as explained in the text.

ing allowed regions separately. We observe that the data
imply δc ∼ (0–30)◦, in agreement with the heavy-quark
expansion analyses in [4, 19] and [20], differing in their
treatment of non-perturbative charm-penguin contribu-
tions. Consequently, we can exclude the solutions shown
in the right panel of Fig. 2, and are left with the twofold
solution in the left panel. However, the lower band cor-
responds to rc values of the “neutral” region in the left
panel of Fig. 3 that are far off the right of the displayed
region, drastically inconsistent both with the B → ππ
data and with the heavy-quark limit.

Consequently, we are left with the thin horizontal part
of the upper band in the left panel of Fig. 2, which we
show enlarged in Fig. 4. Using the experimental value
for Aπ0KS

, we obtain the SM prediction

Sπ0KS
= 0.99+0.01
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, (11)

which is about two standard deviations away from the
experimental result in (3). It should be noted that (11)
depends on the input data collected in Table I.

In Fig. 4, we show the future theory error benchmark
for the SM constraint in the Aπ0KS

–Sπ0KS
plane. Both

Rq (8) and RT+C (9) factorize at LO in the 1/mb expan-
sion, and can be well predicted using input from lattice
QCD. It should be stressed that “charming penguins”
do not enter these ratios. As a working tool we use the
approach of Ref. [4, 19] (BBNS), but similar conclusions
can be reached using Ref. [20] (where also derivatives
of form factors would be needed). The key parame-
ter is Rq, which dominates the current theoretical error
(11). Its uncertainty is governed by the SU(3)-breaking
form-factor ratio ξπK ≡ FB→K(0)/FB→π(0). If we as-
sume ξπK = 1.2(1 ± 0.03), i.e. a 20% determination of
the SU(3)-breaking corrections, as an optimistic – but
achievable – goal for lattice QCD, we obtain the BBNS

result Rq = (0.908+0.052
−0.043)e

i(0+1
−1)◦ , to be compared with

the present value Rq = (1.02+0.27
−0.22)e

i(0+1
−1)◦ [21]. Simi-

larly, we find RT+C = 1.23+0.02
−0.03, where the increase of

precision is very mild as the form-factor dependence es-
sentially cancels out. Setting, moreover, the uncertainties
of the experimental inputs to zero, while keeping central
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for central values of inputs, with hadronic parameters
fixed as for Fig. 2 (solid), or following from the sum rule for
rate differences [24] (dashed). The dependence on δc is as in
Fig. 2 and is constrained to SM values (upper curve in Fig.
2a).

values fixed, we obtain a prediction of Sπ0KS
with errors

at the percent level, as shown in Fig. 4. Consequently,
the irreducible theory error of our proposed method for
predicting Sπ0KS

in the SM is much smaller than in cal-
culations using only the 1/mb expansion, and makes it
promising for a future e+e− super-B factory (for a re-
view, see, e.g., Ref. [22]).

Before turning to the interpretation of the current ex-
perimental data in terms of NP, let us briefly comment on
the difference of direct CP asymmetries Aπ0K+ −Aπ−K+ ,
which recently received quite some attention as a possible
sign of NP [23]. Fig. 5 shows the SM correlation between
this difference and the CP asymmetry Aπ0KS

, keeping
Aπ−K+ fixed. It depends on CP-averaged B → πK
branching ratios and γ, and becomes equivalent to the
sum rule for rate differences [24] when neglecting higher
orders in subleading amplitudes. We see that current
data (cross) can be accommodated in the SM within the
error on Aπ0KS

, although hadronic amplitudes then de-
viate from the 1/mb pattern (see also Ref. [7]). It would
be desirable to reduce this uncertainty in the future.

Let us now consider a NP scenario, which allows us to
resolve the discrepancy between (3) and (11). Following
[2], we assume that NP manifests itself effectively in the
data as a modified EWP with a CP-violating NP phase φ,
i.e. q → qeiφ in (7). Here q can differ from the SM value
in (8). Since δc is rather small, the impact of this type
of NP on Aπ0KS

and Aπ0K+ is suppressed. In Fig. 6, we
show constraints on qeiφ from two χ2 fits, using only the
B → πK data or both the B → πK and B → ππ data.
The latter have a strong impact on the allowed region
of qeiφ [2, 7], yielding two almost degenerate minima,
q = 1.3±0.4, φ = (63+10

−9 )◦ and q = 0.8+0.2
−0.3, φ = (45+18

−28)
◦.

We also show the 90% C.L. regions (dashed curves) that
correspond to a future scenario, assuming the benchmark
value of Rq used in Fig. 4 and ten-times more data, with
central values fixed to the present χ2 minimum. In the
χ2 fits we allow all ratios of SU(3)-related amplitudes to
fluctuate flatly around fK/fπ within 30% in magnitude
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ing allowed regions separately. We observe that the data
imply δc ∼ (0–30)◦, in agreement with the heavy-quark
expansion analyses in [4, 19] and [20], differing in their
treatment of non-perturbative charm-penguin contribu-
tions. Consequently, we can exclude the solutions shown
in the right panel of Fig. 2, and are left with the twofold
solution in the left panel. However, the lower band cor-
responds to rc values of the “neutral” region in the left
panel of Fig. 3 that are far off the right of the displayed
region, drastically inconsistent both with the B → ππ
data and with the heavy-quark limit.

Consequently, we are left with the thin horizontal part
of the upper band in the left panel of Fig. 2, which we
show enlarged in Fig. 4. Using the experimental value
for Aπ0KS

, we obtain the SM prediction

Sπ0KS
= 0.99+0.01

−0.08

∣

∣

exp.
+0.000
−0.001

∣

∣

RT+C

+0.00
−0.11

∣

∣

Rq

+0.00
−0.07

∣

∣

γ
, (11)

which is about two standard deviations away from the
experimental result in (3). It should be noted that (11)
depends on the input data collected in Table I.

In Fig. 4, we show the future theory error benchmark
for the SM constraint in the Aπ0KS

–Sπ0KS
plane. Both

Rq (8) and RT+C (9) factorize at LO in the 1/mb expan-
sion, and can be well predicted using input from lattice
QCD. It should be stressed that “charming penguins”
do not enter these ratios. As a working tool we use the
approach of Ref. [4, 19] (BBNS), but similar conclusions
can be reached using Ref. [20] (where also derivatives
of form factors would be needed). The key parame-
ter is Rq, which dominates the current theoretical error
(11). Its uncertainty is governed by the SU(3)-breaking
form-factor ratio ξπK ≡ FB→K(0)/FB→π(0). If we as-
sume ξπK = 1.2(1 ± 0.03), i.e. a 20% determination of
the SU(3)-breaking corrections, as an optimistic – but
achievable – goal for lattice QCD, we obtain the BBNS

result Rq = (0.908+0.052
−0.043)e

i(0+1
−1)◦ , to be compared with

the present value Rq = (1.02+0.27
−0.22)e

i(0+1
−1)◦ [21]. Simi-

larly, we find RT+C = 1.23+0.02
−0.03, where the increase of

precision is very mild as the form-factor dependence es-
sentially cancels out. Setting, moreover, the uncertainties
of the experimental inputs to zero, while keeping central
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for central values of inputs, with hadronic parameters
fixed as for Fig. 2 (solid), or following from the sum rule for
rate differences [24] (dashed). The dependence on δc is as in
Fig. 2 and is constrained to SM values (upper curve in Fig.
2a).

values fixed, we obtain a prediction of Sπ0KS
with errors

at the percent level, as shown in Fig. 4. Consequently,
the irreducible theory error of our proposed method for
predicting Sπ0KS

in the SM is much smaller than in cal-
culations using only the 1/mb expansion, and makes it
promising for a future e+e− super-B factory (for a re-
view, see, e.g., Ref. [22]).

Before turning to the interpretation of the current ex-
perimental data in terms of NP, let us briefly comment on
the difference of direct CP asymmetries Aπ0K+ −Aπ−K+ ,
which recently received quite some attention as a possible
sign of NP [23]. Fig. 5 shows the SM correlation between
this difference and the CP asymmetry Aπ0KS

, keeping
Aπ−K+ fixed. It depends on CP-averaged B → πK
branching ratios and γ, and becomes equivalent to the
sum rule for rate differences [24] when neglecting higher
orders in subleading amplitudes. We see that current
data (cross) can be accommodated in the SM within the
error on Aπ0KS

, although hadronic amplitudes then de-
viate from the 1/mb pattern (see also Ref. [7]). It would
be desirable to reduce this uncertainty in the future.

Let us now consider a NP scenario, which allows us to
resolve the discrepancy between (3) and (11). Following
[2], we assume that NP manifests itself effectively in the
data as a modified EWP with a CP-violating NP phase φ,
i.e. q → qeiφ in (7). Here q can differ from the SM value
in (8). Since δc is rather small, the impact of this type
of NP on Aπ0KS

and Aπ0K+ is suppressed. In Fig. 6, we
show constraints on qeiφ from two χ2 fits, using only the
B → πK data or both the B → πK and B → ππ data.
The latter have a strong impact on the allowed region
of qeiφ [2, 7], yielding two almost degenerate minima,
q = 1.3±0.4, φ = (63+10

−9 )◦ and q = 0.8+0.2
−0.3, φ = (45+18

−28)
◦.

We also show the 90% C.L. regions (dashed curves) that
correspond to a future scenario, assuming the benchmark
value of Rq used in Fig. 4 and ten-times more data, with
central values fixed to the present χ2 minimum. In the
χ2 fits we allow all ratios of SU(3)-related amplitudes to
fluctuate flatly around fK/fπ within 30% in magnitude
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ing allowed regions separately. We observe that the data
imply δc ∼ (0–30)◦, in agreement with the heavy-quark
expansion analyses in [4, 19] and [20], differing in their
treatment of non-perturbative charm-penguin contribu-
tions. Consequently, we can exclude the solutions shown
in the right panel of Fig. 2, and are left with the twofold
solution in the left panel. However, the lower band cor-
responds to rc values of the “neutral” region in the left
panel of Fig. 3 that are far off the right of the displayed
region, drastically inconsistent both with the B → ππ
data and with the heavy-quark limit.

Consequently, we are left with the thin horizontal part
of the upper band in the left panel of Fig. 2, which we
show enlarged in Fig. 4. Using the experimental value
for Aπ0KS

, we obtain the SM prediction
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which is about two standard deviations away from the
experimental result in (3). It should be noted that (11)
depends on the input data collected in Table I.

In Fig. 4, we show the future theory error benchmark
for the SM constraint in the Aπ0KS

–Sπ0KS
plane. Both

Rq (8) and RT+C (9) factorize at LO in the 1/mb expan-
sion, and can be well predicted using input from lattice
QCD. It should be stressed that “charming penguins”
do not enter these ratios. As a working tool we use the
approach of Ref. [4, 19] (BBNS), but similar conclusions
can be reached using Ref. [20] (where also derivatives
of form factors would be needed). The key parame-
ter is Rq, which dominates the current theoretical error
(11). Its uncertainty is governed by the SU(3)-breaking
form-factor ratio ξπK ≡ FB→K(0)/FB→π(0). If we as-
sume ξπK = 1.2(1 ± 0.03), i.e. a 20% determination of
the SU(3)-breaking corrections, as an optimistic – but
achievable – goal for lattice QCD, we obtain the BBNS

result Rq = (0.908+0.052
−0.043)e

i(0+1
−1)◦ , to be compared with

the present value Rq = (1.02+0.27
−0.22)e

i(0+1
−1)◦ [21]. Simi-

larly, we find RT+C = 1.23+0.02
−0.03, where the increase of

precision is very mild as the form-factor dependence es-
sentially cancels out. Setting, moreover, the uncertainties
of the experimental inputs to zero, while keeping central

!0.4 !0.2 0.0 0.2 0.4

!0.4

!0.2

0.0

0.2

0.4

AKs Πo

A
K
#
Π
o
!
A
K
#
Π
!

FIG. 5: The SM correlation between Aπ0K+ − Aπ−K+ and
Aπ0KS

for central values of inputs, with hadronic parameters
fixed as for Fig. 2 (solid), or following from the sum rule for
rate differences [24] (dashed). The dependence on δc is as in
Fig. 2 and is constrained to SM values (upper curve in Fig.
2a).

values fixed, we obtain a prediction of Sπ0KS
with errors

at the percent level, as shown in Fig. 4. Consequently,
the irreducible theory error of our proposed method for
predicting Sπ0KS

in the SM is much smaller than in cal-
culations using only the 1/mb expansion, and makes it
promising for a future e+e− super-B factory (for a re-
view, see, e.g., Ref. [22]).

Before turning to the interpretation of the current ex-
perimental data in terms of NP, let us briefly comment on
the difference of direct CP asymmetries Aπ0K+ −Aπ−K+ ,
which recently received quite some attention as a possible
sign of NP [23]. Fig. 5 shows the SM correlation between
this difference and the CP asymmetry Aπ0KS

, keeping
Aπ−K+ fixed. It depends on CP-averaged B → πK
branching ratios and γ, and becomes equivalent to the
sum rule for rate differences [24] when neglecting higher
orders in subleading amplitudes. We see that current
data (cross) can be accommodated in the SM within the
error on Aπ0KS

, although hadronic amplitudes then de-
viate from the 1/mb pattern (see also Ref. [7]). It would
be desirable to reduce this uncertainty in the future.

Let us now consider a NP scenario, which allows us to
resolve the discrepancy between (3) and (11). Following
[2], we assume that NP manifests itself effectively in the
data as a modified EWP with a CP-violating NP phase φ,
i.e. q → qeiφ in (7). Here q can differ from the SM value
in (8). Since δc is rather small, the impact of this type
of NP on Aπ0KS

and Aπ0K+ is suppressed. In Fig. 6, we
show constraints on qeiφ from two χ2 fits, using only the
B → πK data or both the B → πK and B → ππ data.
The latter have a strong impact on the allowed region
of qeiφ [2, 7], yielding two almost degenerate minima,
q = 1.3±0.4, φ = (63+10

−9 )◦ and q = 0.8+0.2
−0.3, φ = (45+18

−28)
◦.

We also show the 90% C.L. regions (dashed curves) that
correspond to a future scenario, assuming the benchmark
value of Rq used in Fig. 4 and ten-times more data, with
central values fixed to the present χ2 minimum. In the
χ2 fits we allow all ratios of SU(3)-related amplitudes to
fluctuate flatly around fK/fπ within 30% in magnitude
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plane for a future
benchmark scenario (narrow band) in comparison with the
current situation (wider band), as explained in the text.

ing allowed regions separately. We observe that the data
imply δc ∼ (0–30)◦, in agreement with the heavy-quark
expansion analyses in [4, 19] and [20], differing in their
treatment of non-perturbative charm-penguin contribu-
tions. Consequently, we can exclude the solutions shown
in the right panel of Fig. 2, and are left with the twofold
solution in the left panel. However, the lower band cor-
responds to rc values of the “neutral” region in the left
panel of Fig. 3 that are far off the right of the displayed
region, drastically inconsistent both with the B → ππ
data and with the heavy-quark limit.

Consequently, we are left with the thin horizontal part
of the upper band in the left panel of Fig. 2, which we
show enlarged in Fig. 4. Using the experimental value
for Aπ0KS

, we obtain the SM prediction
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which is about two standard deviations away from the
experimental result in (3). It should be noted that (11)
depends on the input data collected in Table I.

In Fig. 4, we show the future theory error benchmark
for the SM constraint in the Aπ0KS

–Sπ0KS
plane. Both

Rq (8) and RT+C (9) factorize at LO in the 1/mb expan-
sion, and can be well predicted using input from lattice
QCD. It should be stressed that “charming penguins”
do not enter these ratios. As a working tool we use the
approach of Ref. [4, 19] (BBNS), but similar conclusions
can be reached using Ref. [20] (where also derivatives
of form factors would be needed). The key parame-
ter is Rq, which dominates the current theoretical error
(11). Its uncertainty is governed by the SU(3)-breaking
form-factor ratio ξπK ≡ FB→K(0)/FB→π(0). If we as-
sume ξπK = 1.2(1 ± 0.03), i.e. a 20% determination of
the SU(3)-breaking corrections, as an optimistic – but
achievable – goal for lattice QCD, we obtain the BBNS

result Rq = (0.908+0.052
−0.043)e

i(0+1
−1)◦ , to be compared with

the present value Rq = (1.02+0.27
−0.22)e

i(0+1
−1)◦ [21]. Simi-

larly, we find RT+C = 1.23+0.02
−0.03, where the increase of

precision is very mild as the form-factor dependence es-
sentially cancels out. Setting, moreover, the uncertainties
of the experimental inputs to zero, while keeping central
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for central values of inputs, with hadronic parameters
fixed as for Fig. 2 (solid), or following from the sum rule for
rate differences [24] (dashed). The dependence on δc is as in
Fig. 2 and is constrained to SM values (upper curve in Fig.
2a).

values fixed, we obtain a prediction of Sπ0KS
with errors

at the percent level, as shown in Fig. 4. Consequently,
the irreducible theory error of our proposed method for
predicting Sπ0KS

in the SM is much smaller than in cal-
culations using only the 1/mb expansion, and makes it
promising for a future e+e− super-B factory (for a re-
view, see, e.g., Ref. [22]).

Before turning to the interpretation of the current ex-
perimental data in terms of NP, let us briefly comment on
the difference of direct CP asymmetries Aπ0K+ −Aπ−K+ ,
which recently received quite some attention as a possible
sign of NP [23]. Fig. 5 shows the SM correlation between
this difference and the CP asymmetry Aπ0KS

, keeping
Aπ−K+ fixed. It depends on CP-averaged B → πK
branching ratios and γ, and becomes equivalent to the
sum rule for rate differences [24] when neglecting higher
orders in subleading amplitudes. We see that current
data (cross) can be accommodated in the SM within the
error on Aπ0KS

, although hadronic amplitudes then de-
viate from the 1/mb pattern (see also Ref. [7]). It would
be desirable to reduce this uncertainty in the future.

Let us now consider a NP scenario, which allows us to
resolve the discrepancy between (3) and (11). Following
[2], we assume that NP manifests itself effectively in the
data as a modified EWP with a CP-violating NP phase φ,
i.e. q → qeiφ in (7). Here q can differ from the SM value
in (8). Since δc is rather small, the impact of this type
of NP on Aπ0KS

and Aπ0K+ is suppressed. In Fig. 6, we
show constraints on qeiφ from two χ2 fits, using only the
B → πK data or both the B → πK and B → ππ data.
The latter have a strong impact on the allowed region
of qeiφ [2, 7], yielding two almost degenerate minima,
q = 1.3±0.4, φ = (63+10

−9 )◦ and q = 0.8+0.2
−0.3, φ = (45+18

−28)
◦.

We also show the 90% C.L. regions (dashed curves) that
correspond to a future scenario, assuming the benchmark
value of Rq used in Fig. 4 and ten-times more data, with
central values fixed to the present χ2 minimum. In the
χ2 fits we allow all ratios of SU(3)-related amplitudes to
fluctuate flatly around fK/fπ within 30% in magnitude
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ing allowed regions separately. We observe that the data
imply δc ∼ (0–30)◦, in agreement with the heavy-quark
expansion analyses in [4, 19] and [20], differing in their
treatment of non-perturbative charm-penguin contribu-
tions. Consequently, we can exclude the solutions shown
in the right panel of Fig. 2, and are left with the twofold
solution in the left panel. However, the lower band cor-
responds to rc values of the “neutral” region in the left
panel of Fig. 3 that are far off the right of the displayed
region, drastically inconsistent both with the B → ππ
data and with the heavy-quark limit.

Consequently, we are left with the thin horizontal part
of the upper band in the left panel of Fig. 2, which we
show enlarged in Fig. 4. Using the experimental value
for Aπ0KS

, we obtain the SM prediction
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which is about two standard deviations away from the
experimental result in (3). It should be noted that (11)
depends on the input data collected in Table I.

In Fig. 4, we show the future theory error benchmark
for the SM constraint in the Aπ0KS

–Sπ0KS
plane. Both

Rq (8) and RT+C (9) factorize at LO in the 1/mb expan-
sion, and can be well predicted using input from lattice
QCD. It should be stressed that “charming penguins”
do not enter these ratios. As a working tool we use the
approach of Ref. [4, 19] (BBNS), but similar conclusions
can be reached using Ref. [20] (where also derivatives
of form factors would be needed). The key parame-
ter is Rq, which dominates the current theoretical error
(11). Its uncertainty is governed by the SU(3)-breaking
form-factor ratio ξπK ≡ FB→K(0)/FB→π(0). If we as-
sume ξπK = 1.2(1 ± 0.03), i.e. a 20% determination of
the SU(3)-breaking corrections, as an optimistic – but
achievable – goal for lattice QCD, we obtain the BBNS

result Rq = (0.908+0.052
−0.043)e

i(0+1
−1)◦ , to be compared with

the present value Rq = (1.02+0.27
−0.22)e

i(0+1
−1)◦ [21]. Simi-

larly, we find RT+C = 1.23+0.02
−0.03, where the increase of

precision is very mild as the form-factor dependence es-
sentially cancels out. Setting, moreover, the uncertainties
of the experimental inputs to zero, while keeping central
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for central values of inputs, with hadronic parameters
fixed as for Fig. 2 (solid), or following from the sum rule for
rate differences [24] (dashed). The dependence on δc is as in
Fig. 2 and is constrained to SM values (upper curve in Fig.
2a).

values fixed, we obtain a prediction of Sπ0KS
with errors

at the percent level, as shown in Fig. 4. Consequently,
the irreducible theory error of our proposed method for
predicting Sπ0KS

in the SM is much smaller than in cal-
culations using only the 1/mb expansion, and makes it
promising for a future e+e− super-B factory (for a re-
view, see, e.g., Ref. [22]).

Before turning to the interpretation of the current ex-
perimental data in terms of NP, let us briefly comment on
the difference of direct CP asymmetries Aπ0K+ −Aπ−K+ ,
which recently received quite some attention as a possible
sign of NP [23]. Fig. 5 shows the SM correlation between
this difference and the CP asymmetry Aπ0KS

, keeping
Aπ−K+ fixed. It depends on CP-averaged B → πK
branching ratios and γ, and becomes equivalent to the
sum rule for rate differences [24] when neglecting higher
orders in subleading amplitudes. We see that current
data (cross) can be accommodated in the SM within the
error on Aπ0KS

, although hadronic amplitudes then de-
viate from the 1/mb pattern (see also Ref. [7]). It would
be desirable to reduce this uncertainty in the future.

Let us now consider a NP scenario, which allows us to
resolve the discrepancy between (3) and (11). Following
[2], we assume that NP manifests itself effectively in the
data as a modified EWP with a CP-violating NP phase φ,
i.e. q → qeiφ in (7). Here q can differ from the SM value
in (8). Since δc is rather small, the impact of this type
of NP on Aπ0KS

and Aπ0K+ is suppressed. In Fig. 6, we
show constraints on qeiφ from two χ2 fits, using only the
B → πK data or both the B → πK and B → ππ data.
The latter have a strong impact on the allowed region
of qeiφ [2, 7], yielding two almost degenerate minima,
q = 1.3±0.4, φ = (63+10

−9 )◦ and q = 0.8+0.2
−0.3, φ = (45+18

−28)
◦.

We also show the 90% C.L. regions (dashed curves) that
correspond to a future scenario, assuming the benchmark
value of Rq used in Fig. 4 and ten-times more data, with
central values fixed to the present χ2 minimum. In the
χ2 fits we allow all ratios of SU(3)-related amplitudes to
fluctuate flatly around fK/fπ within 30% in magnitude
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ing allowed regions separately. We observe that the data
imply δc ∼ (0–30)◦, in agreement with the heavy-quark
expansion analyses in [4, 19] and [20], differing in their
treatment of non-perturbative charm-penguin contribu-
tions. Consequently, we can exclude the solutions shown
in the right panel of Fig. 2, and are left with the twofold
solution in the left panel. However, the lower band cor-
responds to rc values of the “neutral” region in the left
panel of Fig. 3 that are far off the right of the displayed
region, drastically inconsistent both with the B → ππ
data and with the heavy-quark limit.

Consequently, we are left with the thin horizontal part
of the upper band in the left panel of Fig. 2, which we
show enlarged in Fig. 4. Using the experimental value
for Aπ0KS

, we obtain the SM prediction

Sπ0KS
= 0.99+0.01
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which is about two standard deviations away from the
experimental result in (3). It should be noted that (11)
depends on the input data collected in Table I.

In Fig. 4, we show the future theory error benchmark
for the SM constraint in the Aπ0KS

–Sπ0KS
plane. Both

Rq (8) and RT+C (9) factorize at LO in the 1/mb expan-
sion, and can be well predicted using input from lattice
QCD. It should be stressed that “charming penguins”
do not enter these ratios. As a working tool we use the
approach of Ref. [4, 19] (BBNS), but similar conclusions
can be reached using Ref. [20] (where also derivatives
of form factors would be needed). The key parame-
ter is Rq, which dominates the current theoretical error
(11). Its uncertainty is governed by the SU(3)-breaking
form-factor ratio ξπK ≡ FB→K(0)/FB→π(0). If we as-
sume ξπK = 1.2(1 ± 0.03), i.e. a 20% determination of
the SU(3)-breaking corrections, as an optimistic – but
achievable – goal for lattice QCD, we obtain the BBNS

result Rq = (0.908+0.052
−0.043)e

i(0+1
−1)◦ , to be compared with

the present value Rq = (1.02+0.27
−0.22)e

i(0+1
−1)◦ [21]. Simi-

larly, we find RT+C = 1.23+0.02
−0.03, where the increase of

precision is very mild as the form-factor dependence es-
sentially cancels out. Setting, moreover, the uncertainties
of the experimental inputs to zero, while keeping central
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for central values of inputs, with hadronic parameters
fixed as for Fig. 2 (solid), or following from the sum rule for
rate differences [24] (dashed). The dependence on δc is as in
Fig. 2 and is constrained to SM values (upper curve in Fig.
2a).

values fixed, we obtain a prediction of Sπ0KS
with errors

at the percent level, as shown in Fig. 4. Consequently,
the irreducible theory error of our proposed method for
predicting Sπ0KS

in the SM is much smaller than in cal-
culations using only the 1/mb expansion, and makes it
promising for a future e+e− super-B factory (for a re-
view, see, e.g., Ref. [22]).

Before turning to the interpretation of the current ex-
perimental data in terms of NP, let us briefly comment on
the difference of direct CP asymmetries Aπ0K+ −Aπ−K+ ,
which recently received quite some attention as a possible
sign of NP [23]. Fig. 5 shows the SM correlation between
this difference and the CP asymmetry Aπ0KS

, keeping
Aπ−K+ fixed. It depends on CP-averaged B → πK
branching ratios and γ, and becomes equivalent to the
sum rule for rate differences [24] when neglecting higher
orders in subleading amplitudes. We see that current
data (cross) can be accommodated in the SM within the
error on Aπ0KS

, although hadronic amplitudes then de-
viate from the 1/mb pattern (see also Ref. [7]). It would
be desirable to reduce this uncertainty in the future.

Let us now consider a NP scenario, which allows us to
resolve the discrepancy between (3) and (11). Following
[2], we assume that NP manifests itself effectively in the
data as a modified EWP with a CP-violating NP phase φ,
i.e. q → qeiφ in (7). Here q can differ from the SM value
in (8). Since δc is rather small, the impact of this type
of NP on Aπ0KS

and Aπ0K+ is suppressed. In Fig. 6, we
show constraints on qeiφ from two χ2 fits, using only the
B → πK data or both the B → πK and B → ππ data.
The latter have a strong impact on the allowed region
of qeiφ [2, 7], yielding two almost degenerate minima,
q = 1.3±0.4, φ = (63+10

−9 )◦ and q = 0.8+0.2
−0.3, φ = (45+18

−28)
◦.

We also show the 90% C.L. regions (dashed curves) that
correspond to a future scenario, assuming the benchmark
value of Rq used in Fig. 4 and ten-times more data, with
central values fixed to the present χ2 minimum. In the
χ2 fits we allow all ratios of SU(3)-related amplitudes to
fluctuate flatly around fK/fπ within 30% in magnitude
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ing allowed regions separately. We observe that the data
imply δc ∼ (0–30)◦, in agreement with the heavy-quark
expansion analyses in [4, 19] and [20], differing in their
treatment of non-perturbative charm-penguin contribu-
tions. Consequently, we can exclude the solutions shown
in the right panel of Fig. 2, and are left with the twofold
solution in the left panel. However, the lower band cor-
responds to rc values of the “neutral” region in the left
panel of Fig. 3 that are far off the right of the displayed
region, drastically inconsistent both with the B → ππ
data and with the heavy-quark limit.

Consequently, we are left with the thin horizontal part
of the upper band in the left panel of Fig. 2, which we
show enlarged in Fig. 4. Using the experimental value
for Aπ0KS

, we obtain the SM prediction
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which is about two standard deviations away from the
experimental result in (3). It should be noted that (11)
depends on the input data collected in Table I.

In Fig. 4, we show the future theory error benchmark
for the SM constraint in the Aπ0KS

–Sπ0KS
plane. Both

Rq (8) and RT+C (9) factorize at LO in the 1/mb expan-
sion, and can be well predicted using input from lattice
QCD. It should be stressed that “charming penguins”
do not enter these ratios. As a working tool we use the
approach of Ref. [4, 19] (BBNS), but similar conclusions
can be reached using Ref. [20] (where also derivatives
of form factors would be needed). The key parame-
ter is Rq, which dominates the current theoretical error
(11). Its uncertainty is governed by the SU(3)-breaking
form-factor ratio ξπK ≡ FB→K(0)/FB→π(0). If we as-
sume ξπK = 1.2(1 ± 0.03), i.e. a 20% determination of
the SU(3)-breaking corrections, as an optimistic – but
achievable – goal for lattice QCD, we obtain the BBNS

result Rq = (0.908+0.052
−0.043)e

i(0+1
−1)◦ , to be compared with

the present value Rq = (1.02+0.27
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i(0+1
−1)◦ [21]. Simi-

larly, we find RT+C = 1.23+0.02
−0.03, where the increase of

precision is very mild as the form-factor dependence es-
sentially cancels out. Setting, moreover, the uncertainties
of the experimental inputs to zero, while keeping central
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for central values of inputs, with hadronic parameters
fixed as for Fig. 2 (solid), or following from the sum rule for
rate differences [24] (dashed). The dependence on δc is as in
Fig. 2 and is constrained to SM values (upper curve in Fig.
2a).

values fixed, we obtain a prediction of Sπ0KS
with errors

at the percent level, as shown in Fig. 4. Consequently,
the irreducible theory error of our proposed method for
predicting Sπ0KS

in the SM is much smaller than in cal-
culations using only the 1/mb expansion, and makes it
promising for a future e+e− super-B factory (for a re-
view, see, e.g., Ref. [22]).

Before turning to the interpretation of the current ex-
perimental data in terms of NP, let us briefly comment on
the difference of direct CP asymmetries Aπ0K+ −Aπ−K+ ,
which recently received quite some attention as a possible
sign of NP [23]. Fig. 5 shows the SM correlation between
this difference and the CP asymmetry Aπ0KS

, keeping
Aπ−K+ fixed. It depends on CP-averaged B → πK
branching ratios and γ, and becomes equivalent to the
sum rule for rate differences [24] when neglecting higher
orders in subleading amplitudes. We see that current
data (cross) can be accommodated in the SM within the
error on Aπ0KS

, although hadronic amplitudes then de-
viate from the 1/mb pattern (see also Ref. [7]). It would
be desirable to reduce this uncertainty in the future.

Let us now consider a NP scenario, which allows us to
resolve the discrepancy between (3) and (11). Following
[2], we assume that NP manifests itself effectively in the
data as a modified EWP with a CP-violating NP phase φ,
i.e. q → qeiφ in (7). Here q can differ from the SM value
in (8). Since δc is rather small, the impact of this type
of NP on Aπ0KS

and Aπ0K+ is suppressed. In Fig. 6, we
show constraints on qeiφ from two χ2 fits, using only the
B → πK data or both the B → πK and B → ππ data.
The latter have a strong impact on the allowed region
of qeiφ [2, 7], yielding two almost degenerate minima,
q = 1.3±0.4, φ = (63+10

−9 )◦ and q = 0.8+0.2
−0.3, φ = (45+18

−28)
◦.

We also show the 90% C.L. regions (dashed curves) that
correspond to a future scenario, assuming the benchmark
value of Rq used in Fig. 4 and ten-times more data, with
central values fixed to the present χ2 minimum. In the
χ2 fits we allow all ratios of SU(3)-related amplitudes to
fluctuate flatly around fK/fπ within 30% in magnitude
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FIG. 4: The correlation in the Aπ0KS
–Sπ0KS

plane for a future
benchmark scenario (narrow band) in comparison with the
current situation (wider band), as explained in the text.

ing allowed regions separately. We observe that the data
imply δc ∼ (0–30)◦, in agreement with the heavy-quark
expansion analyses in [4, 19] and [20], differing in their
treatment of non-perturbative charm-penguin contribu-
tions. Consequently, we can exclude the solutions shown
in the right panel of Fig. 2, and are left with the twofold
solution in the left panel. However, the lower band cor-
responds to rc values of the “neutral” region in the left
panel of Fig. 3 that are far off the right of the displayed
region, drastically inconsistent both with the B → ππ
data and with the heavy-quark limit.

Consequently, we are left with the thin horizontal part
of the upper band in the left panel of Fig. 2, which we
show enlarged in Fig. 4. Using the experimental value
for Aπ0KS

, we obtain the SM prediction

Sπ0KS
= 0.99+0.01

−0.08

∣

∣

exp.
+0.000
−0.001

∣

∣

RT+C

+0.00
−0.11

∣

∣

Rq

+0.00
−0.07

∣

∣

γ
, (11)

which is about two standard deviations away from the
experimental result in (3). It should be noted that (11)
depends on the input data collected in Table I.

In Fig. 4, we show the future theory error benchmark
for the SM constraint in the Aπ0KS

–Sπ0KS
plane. Both

Rq (8) and RT+C (9) factorize at LO in the 1/mb expan-
sion, and can be well predicted using input from lattice
QCD. It should be stressed that “charming penguins”
do not enter these ratios. As a working tool we use the
approach of Ref. [4, 19] (BBNS), but similar conclusions
can be reached using Ref. [20] (where also derivatives
of form factors would be needed). The key parame-
ter is Rq, which dominates the current theoretical error
(11). Its uncertainty is governed by the SU(3)-breaking
form-factor ratio ξπK ≡ FB→K(0)/FB→π(0). If we as-
sume ξπK = 1.2(1 ± 0.03), i.e. a 20% determination of
the SU(3)-breaking corrections, as an optimistic – but
achievable – goal for lattice QCD, we obtain the BBNS

result Rq = (0.908+0.052
−0.043)e

i(0+1
−1)◦ , to be compared with

the present value Rq = (1.02+0.27
−0.22)e

i(0+1
−1)◦ [21]. Simi-

larly, we find RT+C = 1.23+0.02
−0.03, where the increase of

precision is very mild as the form-factor dependence es-
sentially cancels out. Setting, moreover, the uncertainties
of the experimental inputs to zero, while keeping central
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FIG. 5: The SM correlation between Aπ0K+ − Aπ−K+ and
Aπ0KS

for central values of inputs, with hadronic parameters
fixed as for Fig. 2 (solid), or following from the sum rule for
rate differences [24] (dashed). The dependence on δc is as in
Fig. 2 and is constrained to SM values (upper curve in Fig.
2a).

values fixed, we obtain a prediction of Sπ0KS
with errors

at the percent level, as shown in Fig. 4. Consequently,
the irreducible theory error of our proposed method for
predicting Sπ0KS

in the SM is much smaller than in cal-
culations using only the 1/mb expansion, and makes it
promising for a future e+e− super-B factory (for a re-
view, see, e.g., Ref. [22]).

Before turning to the interpretation of the current ex-
perimental data in terms of NP, let us briefly comment on
the difference of direct CP asymmetries Aπ0K+ −Aπ−K+ ,
which recently received quite some attention as a possible
sign of NP [23]. Fig. 5 shows the SM correlation between
this difference and the CP asymmetry Aπ0KS

, keeping
Aπ−K+ fixed. It depends on CP-averaged B → πK
branching ratios and γ, and becomes equivalent to the
sum rule for rate differences [24] when neglecting higher
orders in subleading amplitudes. We see that current
data (cross) can be accommodated in the SM within the
error on Aπ0KS

, although hadronic amplitudes then de-
viate from the 1/mb pattern (see also Ref. [7]). It would
be desirable to reduce this uncertainty in the future.

Let us now consider a NP scenario, which allows us to
resolve the discrepancy between (3) and (11). Following
[2], we assume that NP manifests itself effectively in the
data as a modified EWP with a CP-violating NP phase φ,
i.e. q → qeiφ in (7). Here q can differ from the SM value
in (8). Since δc is rather small, the impact of this type
of NP on Aπ0KS

and Aπ0K+ is suppressed. In Fig. 6, we
show constraints on qeiφ from two χ2 fits, using only the
B → πK data or both the B → πK and B → ππ data.
The latter have a strong impact on the allowed region
of qeiφ [2, 7], yielding two almost degenerate minima,
q = 1.3±0.4, φ = (63+10

−9 )◦ and q = 0.8+0.2
−0.3, φ = (45+18

−28)
◦.

We also show the 90% C.L. regions (dashed curves) that
correspond to a future scenario, assuming the benchmark
value of Rq used in Fig. 4 and ten-times more data, with
central values fixed to the present χ2 minimum. In the
χ2 fits we allow all ratios of SU(3)-related amplitudes to
fluctuate flatly around fK/fπ within 30% in magnitude
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ranges [1]. The 1 σ range (vertical band) and best-fit values
(dashed line) for q sin φ from Fig. 6 are also shown.

and 30◦ in phase.
The possibility of resolving the discrepancy between

(3) and (11) through a modified EWP is intriguing. We
next illustrate that the observed pattern of the mixing-
induced CP asymmetries in other penguin-dominated
b → s decays [1] can also be accommodated in the same
NP scenario. In Fig. 7, we show the results of a BBNS
calculation of the S parameters for four channels of this
kind: we assume that all electroweak Wilson coefficients
are rescaled by the same factor qeiφ, and use as input the
preferred data set “G” of [21]. The value of qeiφ is then
varied along a contour that runs vertically through the
preferred region in Fig. 6. Unlike the SM, the modified
EWP scenario allows us to accommodate the data well
(see, e.g., also [7, 25]). The same is true for a more spe-
cific scenario where the effective FCNC couplings of the
Z boson at the weak scale are suitably modified. Since
Sη′KS

receives a tiny, negative shift from sin 2β, in agree-
ment with the data, we do not show this in Fig. 7.

In conclusion, we have demonstrated that the SM cor-
relation in the Aπ0KS

–Sπ0KS
plane can be predicted reli-

ably in the SM, with small irreducible theoretical errors,
and have shown that the resolution of the present discrep-

ancy with the data can be achieved through a modified
EWP sector, with a large CP-violating NP phase.
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Conclusions

• SM CKM picture consistent with present data

• There is, however, room for new physics, particularly 
in b$s transitions

• Several interesting signals (CP violation in      
mixing, CP asymmetries in B$(K).

• could potentially turn into high-significance 
falsification of the SM at LHC

• there are many other promising modes I did not 
discuss (B$K*# - test magnetic penguin,
B$K*l+l- - test Z penguin, ...) which may just as well 
show signs of BSM physics at LHC

Bs
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Introduction Higgs Contributions to ∆M Effective Theory for the Higgs Sector Numerics and Results Conclusions

Effective Theory for the Higgs Sector: Quartic Sector

We need the Higgs potential for small momenta.

Use effective theory framework for MSUSY > M2HDM

The effective Higgs potential is a type-III 2HDM

Q̃

ũ
Hu

ũ

Q̃

Hu

Hd Hd

Match the 4 point functions:

λ1

2
(H†

dHd)2 +
λ2

2
(H†

uHu)
2+

λ3(H
†
uHu)(H

†
dHd) + λ4(H

†
uHd)(H†

dHu)+{
λ5

2
(Hu · Hd)2 − λ6(H

†
dHd) (Hu · Hd)−

λ7(H
†
uHu) (Hu · Hd) + h.c.

}

λ5(HuεHd)2/2 breaks PQ (Q(H2
d) = 2)

[Haber et al., Carena et al. . . . ]

Loop corrected Higgs potential

                              Sparticle loops generate most general quartics

                              break tree-level relation giving zero O(1) amplitude

4

where we have employed the notation a · b ≡ aT εb. By construction, the vev of Φ′ vanishes,

whereas Φ has 〈Φ〉 = (0, v/
√

2)T and contains all three Goldstone bosons. Hence only Φ con-

tributes to fermion masses and only Φ′ can have flavour-violating neutral couplings. Diagonal-

izing the down-quark mass matrix Md defines the flavour basis, and FCNC Higgs couplings to

b-quarks will be governed by κbq or κqb (q=d or s).
The Higgs self-interactions are comprised in the most general gauge-invariant dimension-

four two-Higgs-doublet potential [11],

V = m2
11H

†
dHd + m2

22H
†
uHu +

{
m2

12Hu · Hd + h.c.
}

+
λ1

2
(H†

dHd)
2 +

λ2

2
(H†

uHu)
2 + λ3(H

†
uHu)(H

†
dHd) + λ4(H

†
uHd)(H

†
dHu)

+

{
λ5

2
(Hu · Hd)

2 − λ6(H
†
dHd) (Hu · Hd) − λ7(H

†
uHu) (Hu · Hd) + h.c.

}
. (12)

The couplings m2
12, λ5, λ6, and λ7 are a priori complex, yet the vevs vu,d can be made real by

a U(1) transformation on the Higgs fields. The m2
ij and λi in Eq. (12) coincide with those

of [11] except for λ3 and λ4, where we associate a different operator with λ4 to eliminate λ4

from tree-level neutral Higgs phenomenology. We have instead: λ3 = λRef. [11]3 + λRef. [11]4 and

λ4 = −λRef. [11]4 .

Expanding V in Eq. (12) about(note) the vevs (which we require to correspond to the mimimumabout→ around

as usual) determines the charged and neutral Higgs-boson mass matrices and interactions. Denot-

ing h0
i = 1/

√
2(vi+φi+iχi), where i = u, d, the neutral mass matrix in the basis (φu, φd, χu, χd)

can be written

M2
0 =

(
M2

R M2
RI

M2T
RI M2

I

)

. (13)

The non-standard effective operators QLR
2 , QSLL

1 , and QSRR
1 are then generated at tree-level via

the exchange of neutral Higgs bosons (see Fig. 1) with Wilson coefficients

CLR
2 = −

8π2

G2
F M2

W λ2
qb

(
κ∗

qb κbq

)
F+, CSLL

1 = −
4π2

G2
F M2

W λ2
qb

(κbq)
2 F−. (14)

We find that, in the general case,

F+ =
det

(
M2

R + M2
I + iM2

RI − iM2T
RI

)

m2
1m

2
2m

2
3

≡
det B

m2
1m

2
2m

2
3

, (15)

F− = −
det

(
M2

R − M2
I − iM2

RI − iM2T
RI

)

m2
1m

2
2m

2
3

≡ −
det A

m2
1m

2
2m

2
3

, (16)

where the denominator contains the product of the three nonzero eigenvalues of M2
0 . In the

CP-conserving caseM2
RI = 0, and Eqs. (15) and (16) reduce to the well-known expressions

F± =
sin2(α − β)

M2
H

+
cos2(α − β)

M2
h

±
1

M2
A

. (17)
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Here α is the mixing angle diagonalizing the mass matrix M2
R ( [11] and Section 3 MG: do we

have to give this reference?) of the CP-even Higgs bosons h and H with corresponding mass

eigenvalues Mh and MH as defined in Eq. (82), while MA denotes the CP-odd Higgs-boson

mass. The Wilson coefficient CSRR
1 is obtained from CSLL

1 through the replacement κbq → κ∗
qb.

The discussion so far has been completely general. Particularizing to the MSSM, a perturba-

tive matching calculation relates the two theories. At tree level this trivially results in

Md(0) =
v√
2

cos βYd, Mu(0) =
v√
2

sin βYu,

κ(0) = − sin βYd, κ̃(0) = cos βYu

m2(0)

11 = |µ|2 + m2
Hd

≡ m2
1, λ(0)

1 = λ(0)
2 = −λ(0)

3 = (g2 + g′2)/4 ≡ g̃2/4,

m2(0)

22 = |µ|2 + m2
Hu

≡ m2
2, λ(0)

4 = g2/2,

m2(0)

12 = Bµ, λ(0)
5 = λ(0)

6 = λ(0)
7 = 0.

(18)

At this order κ and κ̃ do not induce FCNC, as it must be in a model II. At one loop, all couplings
in Eq. (12) are generated. Moreover, the corrections to the Yukawa couplings have the more

general form

Md(1) =
v√
2

cos β
[
∆Yd + tan β ∆K

]
, κ(1) = − sin β

[
∆Yd − cot β∆K

]
, (19)

where∆Ydij and∆Kij parameterize one-loop vertices d̄RiHd ·QLj and d̄RiH†
uQLj in theHu, Hd

basis, respectively. Diagonalizing Md rotates κ(0), giving rise to a flavour-violating coupling

∝ Yd tanβ/(16 π2), which can be O(1).
The origin of this explicit tanβ enhancement (in addition to the mere presence of large down-

type Yukawa couplings), which can compensate the loop factor 1/(16 π2), is the replacement of
vd by vu & vd in Md [1].

1 This removal of a vd suppression can happen only in dimensionful

quantities. In the fermion mass terms, only one power of tan β can appear because there was
only one power of vd to begin with. This is in agreement with the finding in [6]. Our approach us-

ing un-shifted Higgs (“unbroken theory”) fields makes particularly evident that this result holds

to all orders, as the Yukawa Lagrangian only involves dimensionless couplings and there are no

hidden factors of tan β. Although we have integrated out only the sparticles – as we assume a
hierarchy v, MA ' MSUSY – the argument will continue to hold if we also integrate over the

Higgs fields, keeping only slowly varying background values of Φ, Φ′ (spurions). The reason

is that for determining the mass matrices, the relevant external four-momenta are O(mq), pro-
viding an expansion parameter mq/v or mq/MA. Hence the Higgs contributions to the effective

potential (which on general grounds respects the electroweak symmetry) can be organized into a

(local) effective Lagrangian, withmq-suppressed corrections to the the form Eq. (11) encoded in

higher-dimensional operators with additional derivatives acting on dRi or QLj. The contribution

from both Higgs and sparticle loops to Md is then simply obtained upon substituting for Φ, Φ′

1We tacitly assume that the fermion kinetic terms in the effective 2HDM have been made canonical. Such a field

renormalization does not contribute factors of tan β because it is determined by dimensionless couplings. Our∆K
and∆Yd correspond to∆uYd and −∆dYd, respectively, in the first paper of [8].

previous calculations [Haber, Hempfling unpublished; Carena et al. ;  ...?]
in the context of Higgs masses & mixings
here: complete computation including arbitrary MSSM flavour structure

allowed in a model II

︸ ︷︷ ︸

.

not present in tree-level MSSM
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Here α is the mixing angle diagonalizing the mass matrix M2
R ( [11] and Section 3 MG: do we

have to give this reference?) of the CP-even Higgs bosons h and H with corresponding mass

eigenvalues Mh and MH as defined in Eq. (82), while MA denotes the CP-odd Higgs-boson

mass. The Wilson coefficient CSRR
1 is obtained from CSLL

1 through the replacement κbq → κ∗
qb.

The discussion so far has been completely general. Particularizing to the MSSM, a perturba-

tive matching calculation relates the two theories. At tree level this trivially results in

Md(0) =
v√
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cos βYd, Mu(0) =
v√
2

sin βYu,

κ(0) = − sin βYd, κ̃(0) = cos βYu
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7 = 0.

(18)

At this order κ and κ̃ do not induce FCNC, as it must be in a model II. At one loop, all couplings
in Eq. (12) are generated. Moreover, the corrections to the Yukawa couplings have the more

general form

Md(1) =
v√
2

cos β
[
∆Yd + tan β ∆K

]
, κ(1) = − sin β

[
∆Yd − cot β∆K

]
, (19)

where∆Ydij and∆Kij parameterize one-loop vertices d̄RiHd ·QLj and d̄RiH†
uQLj in theHu, Hd

basis, respectively. Diagonalizing Md rotates κ(0), giving rise to a flavour-violating coupling

∝ Yd tanβ/(16 π2), which can be O(1).
The origin of this explicit tanβ enhancement (in addition to the mere presence of large down-

type Yukawa couplings), which can compensate the loop factor 1/(16 π2), is the replacement of
vd by vu & vd in Md [1].

1 This removal of a vd suppression can happen only in dimensionful

quantities. In the fermion mass terms, only one power of tan β can appear because there was
only one power of vd to begin with. This is in agreement with the finding in [6]. Our approach us-

ing un-shifted Higgs (“unbroken theory”) fields makes particularly evident that this result holds

to all orders, as the Yukawa Lagrangian only involves dimensionless couplings and there are no

hidden factors of tan β. Although we have integrated out only the sparticles – as we assume a
hierarchy v, MA ' MSUSY – the argument will continue to hold if we also integrate over the

Higgs fields, keeping only slowly varying background values of Φ, Φ′ (spurions). The reason

is that for determining the mass matrices, the relevant external four-momenta are O(mq), pro-
viding an expansion parameter mq/v or mq/MA. Hence the Higgs contributions to the effective

potential (which on general grounds respects the electroweak symmetry) can be organized into a

(local) effective Lagrangian, withmq-suppressed corrections to the the form Eq. (11) encoded in

higher-dimensional operators with additional derivatives acting on dRi or QLj. The contribution

from both Higgs and sparticle loops to Md is then simply obtained upon substituting for Φ, Φ′

1We tacitly assume that the fermion kinetic terms in the effective 2HDM have been made canonical. Such a field

renormalization does not contribute factors of tan β because it is determined by dimensionless couplings. Our∆K
and∆Yd correspond to∆uYd and −∆dYd, respectively, in the first paper of [8].



Symmetries at large tan (")

Investigate systematically corrections to the              cancellations:

expand in loops, in 1/tan", in ys(d)/yb [and in v/MSUSY, via EFT construct]

- loop-corrected effective 2HDM Yukawa Lagrangian

  has approximate U(1) symmetry 

  exact for                                                        in down sector

- leading-order Higgs potential respects same symmetry at                        

even if electroweak symmetry broken : also constrains Higgs trees&loops

preserves U(1)

Leff ⊃ κ(cos βh0∗
u − sinβh0

d)[ybb̄RsL + yss̄RbL]

hd → eiαhd, bR → eiαbR,

12

the other hand, as (42) shows, the higher-dimensional operators do have an impact on the redi-

agonalization of the quark mass matrices and, consequently, on the size of the FCNC couplings

κbq. These effects preserve the cancellations in F− discussed above but may be numerically of

O(10%) or larger in F+ (see the second paper in [8]). SJ: Revisit that paper to see if really true,

or if it is the effect of g, g′ that gives the large corrections. Btw: Does the same argument (loop

suppression) apply to higher-dim operators in the Higgs potential? I think so.

2.3 Symmetries at large tanβ

To better understand the various types of cancellations inF− and in the Higgs-loop contributions

to CVLL, as well as the suppression of F+, one can use an effective 2HDM Lagrangian at large

tan β. Besides clarifying the role of the parameters λ5 and λ7, this allows understanding the

structure of Eqs. (15), (16), and (24), as well as the its vanishing at leading order in 1/ tanβ,
on the basis of symmetry arguments. Moreover, it allows to compute loop diagrams involving

Higgses efficiently.

Eliminatingm2
11 andm2

22 by the minimization conditions and trading (m2
12)

r forM2
A defined

in Eq. (22), the Lagrangian (12) simplifies – for spontaneously broken electroweak symmetry –

in the limit tan β ! 1. To be precise, we take the limit
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1√
2
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d = H+. (44)
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+
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valid up to corrections of order cos β ∼ 1/ tanβ ' 1. Note that the first line of Eq. (45) is
symmetric under the Peccei-Quinn transformation
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d, h−
d → eiδh−

d , or equivalently, Hd → eiδHd, (46)

while the second line is not. In the MSSM case, only the invariant terms are present at the tree

level. It is also evident that in the CP-conserving case, α = O(λ7), while λ5 gives the leading

cos β = 0 (tanβ = ∞), ys = 0

tanβ = ∞

B − B̄

breaks U(1) but 

loop suppressed

All U(1) breaking in EFT proportional to one of the small parameters.
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Effective loops

Large tan(beta) effective Lagrangian allows to compute in terms of 

complex fields and symmetry-breaking insertions 11
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Figure 2: Upper row: A subset of one-loop diagrams for Bq − B̄q mixing in the effective two-

Higgs-doublet model. Lower row: Tree and one-loop diagrams contributing at large tan β when
employing the Lagrangian Lltb and tree-level couplings. The crosses denote the flavor-changing

neutral Higgs couplings and (in diagrams (f) and (g)) loop-suppressed Higgs mass terms. On the

lower row, arrows designate the flow of the conserved U(1) charge discussed in the text.

v/M -suppressed effects All of the couplings given in Eq. (11) correspond to zeroth order

in the expansion in v/MSUSY, or equivalently to the level of dimension-four operators. Gauge

invariance forbids any dimension-five operators built from quark and Higgs fields, so the leading

higher-dimensional operators are of dimension six. This can lead to more general Higgs-fermion

couplings than what one gets from the peculiar structure of in Eq. (11) and, in consequence, the

cancellation leading to CRR = 0might be broken. To see that this is indeed the case, consider an
operator

Q(6) =
1

M2
SUSY

(H†
uHu)(b̄RH†

uQ2L), (41)

which gives rise, inter alia, to effective dimension-three and -four couplings
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(b̄RsLh0
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u ). (42)

The first term is removed by a rediagonalization of the quark mass matrices, but the two remain-

ing terms, in general, are not. The appearance of h0
u in addition to h0∗

u will lead to a contribution

to CSLL
1 proportional to κbq C(6). However, because of R-parity, in the MSSM Q(6) and any

other dimension-six operators are only induced at loop level, and the loop-suppression factor is

not cancelled by factors of tanβ. (Recall that the O(1) FCNC couplings at dimension four are
nothing but rotated tree-level Yukawa couplings.) Hence any v/M corrections that break the

cancellation in F− imply an additional loop suppression, and we do not consider them here. On

hd = H0 − iA0 + O(loop; 1/ tanβ)

small subset
of diagrams
that                   cancel 
due to the 
symmetry                    

U(1) breaking couplings
(sfermion-loop suppressed)

U(1) preserving
Higgs loop

O(b̄RsLb̄RsL) O(b̄LsLb̄LsL)

only one loop 
diagram remains
(3-loop in MSSM)         



Some technicalities

- consistent tan" matching 2HDM / MSSM possible (e.g.                   )

   freedom of 2HDM Higgs field basis: renormalize such

   that no tan"-enhanced matching corrections

- v/M corrections

   would contribute, but loop-suppressed due to R-parity, not tan" enh’d

- “Leading-order” cancellation exact for finite tan"

   broken by leading log(v/MSUSY)s at O(1/tan"2):

                                                                              (a subleading effect)λ1(µ)λ2(µ) − λ3(µ)2 "= 0
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Effective Theory for the Higgs Sector: Quadratic Sector

Specify the scheme of the full theory

Zero tadpoles for sparticles: Fix m11 and m22

DR for tan β M2
A onshell fixes m2

12 or Bµ

Decouple α MW and MZ : vu/d + δvu/d = v eff
u/d

Hd

Hd

sLbR

bRsL

vuvu

Effective theory: Kinetic term

Redefine the kinetic term, i.e.
∂µHu∂µHd → Zud∂µHu∂µHd

(
v eff
u

v eff
d

)
=

(
1 + δZuu/2 δZud/2

0 1 + δZdd/2

) (
vu

vd

)

tanβfull " tanβeff

Compute ∆M in the broken theory:
λ5 gives the leading contribution

“ tanβDR
”
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invariance forbids any dimension-five operators built from quark and Higgs fields, so the leading

higher-dimensional operators are of dimension six. This can lead to more general Higgs-fermion

couplings than what one gets from the peculiar structure of in Eq. (11) and, in consequence, the

cancellation leading to CRR = 0might be broken. To see that this is indeed the case, consider an
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u in addition to h0∗
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Phenomenology
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Results for ∆Ms/d

Approximate formula for ∆M
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Figure 3: Left: constraint from B(Bs → µ+µ−) on ∆Ms. The dark gray (blue) line is the

theoretical prediction for Rs ≡ log10[B(Bs → µ+µ−)/∆Ms], the light gray (red) lines indi-
cate the size of SUSY effects in ∆Ms, and the gray band shows the values of Rs excluded

experimentally [?]. The dashed line corresponds to ∆Ms = ∆MSM
s + ∆MLR

s , while the plain

line also takes ∆MRR
s into account. Supersymmetric parameters have been fixed as follows:

tβ = 40, at,b = 2000GeV, Meg = µ = 1500GeV, Meq = M2 = 1000GeV, M1 = 500GeV.
Right: Analogue for the correlation between ∆Md and B(Bd → µ+µ−) (experimental val-
ues from [?, ?]). The bound on B(Bd → µ+µ−) is at present not as efficient as the bound on
B(Bs → µ+µ−) to exclude Higgs-mediated effects on the mass differences, and Rs (# Rd) is

preferably used.

with CRR
s = +4.4 ps−1 and CRR

d = +0.13 ps−1. The numbers in Eqs.(??) and (??) have been

obtained using |VtsV ∗
tb| = 0.041 [?], |VtdV ∗

tb| = 0.0086 [?], FBs = 0.24GeV and FBd
= 0.2GeV.

These values suffer from large uncertainties, and are given here for the purpose of illustration

(ratios are defined for actual numerical studies, see Fig.3). They correspond to the Standard

Model central values∆MSM
s = 20 ps−1 and ∆MSM

d = 0.59 ps−1.

A first observation is that the typical effect of ∆MRR
s is suppressed with respect to that of

∆MLR
s , which is due to a 1/2 symmetry factor and the small value of P SLL

1 . The effective

couplings in Eq.(91) are also not very large. To get an idea of their size, the residual λ5 value for

MSUSY → ∞ is given by

λ5 → −1
2(y

4
t + y4

b + y4
τ

3 − g4) 1
16π2 . (92)

The “non-flipped” contribution ∆MRR
q can still be relevant for small MA (i.e., < 200GeV).

However, in that case, the experimental upper bound on B(Bs → µ+µ−) [?, ?, ?, ?, ?] imposes
tough constraints on X and tβ ,

B(Bq → µ+µ−) = CqX
M2

W

M2
A

[
tβ
50

]2

(93)

with Cs = 3.9 10−5 and Cd = 1.2 10−6, suppressing the overall effect in ∆Mq (see Fig.3). In

other words, the correlation between B(Bq → µ+µ−) and ∆Mq can be modified, but this does

not spoil the conclusion derived in Refs. [?] that the present data on B(Bs → µ+µ−) already
exclude visible effects in ∆Ms (it actually reinforces it, see Fig.3), while a similar conclusion

can be reached for ∆Md.

[Gorbahn, SJ, Nierste, 
Trine, in progress]

∆MBs

BR(Bs → µ+µ−)

∆Ms/∆MSM
s

22

100 200 300 400
14

12

10

8

6

100 200 300 400
14

12

10

8

6

0.7

0.8

0.9

1.1

1.2

1.3

1

MA

R
s

!
M

s
!
M

S
M

s

0.7

0.8

0.9

1.1

1.2

1.3

1

!
M

d
!
M

S
M

d

R
d

MA

Figure 3: Left: constraint from B(Bs → µ+µ−) on ∆Ms. The dark gray (blue) line is the

theoretical prediction for Rs ≡ log10[B(Bs → µ+µ−)/∆Ms], the light gray (red) lines indi-
cate the size of SUSY effects in ∆Ms, and the gray band shows the values of Rs excluded

experimentally [?]. The dashed line corresponds to ∆Ms = ∆MSM
s + ∆MLR

s , while the plain

line also takes ∆MRR
s into account. Supersymmetric parameters have been fixed as follows:

tβ = 40, at,b = 2000GeV, Meg = µ = 1500GeV, Meq = M2 = 1000GeV, M1 = 500GeV.
Right: Analogue for the correlation between ∆Md and B(Bd → µ+µ−) (experimental val-
ues from [?, ?]). The bound on B(Bd → µ+µ−) is at present not as efficient as the bound on
B(Bs → µ+µ−) to exclude Higgs-mediated effects on the mass differences, and Rs (# Rd) is

preferably used.

with CRR
s = +4.4 ps−1 and CRR

d = +0.13 ps−1. The numbers in Eqs.(??) and (??) have been

obtained using |VtsV ∗
tb| = 0.041 [?], |VtdV ∗

tb| = 0.0086 [?], FBs = 0.24GeV and FBd
= 0.2GeV.

These values suffer from large uncertainties, and are given here for the purpose of illustration

(ratios are defined for actual numerical studies, see Fig.3). They correspond to the Standard

Model central values∆MSM
s = 20 ps−1 and ∆MSM

d = 0.59 ps−1.

A first observation is that the typical effect of ∆MRR
s is suppressed with respect to that of

∆MLR
s , which is due to a 1/2 symmetry factor and the small value of P SLL

1 . The effective

couplings in Eq.(91) are also not very large. To get an idea of their size, the residual λ5 value for

MSUSY → ∞ is given by

λ5 → −1
2(y

4
t + y4

b + y4
τ

3 − g4) 1
16π2 . (92)

The “non-flipped” contribution ∆MRR
q can still be relevant for small MA (i.e., < 200GeV).

However, in that case, the experimental upper bound on B(Bs → µ+µ−) [?, ?, ?, ?, ?] imposes
tough constraints on X and tβ ,

B(Bq → µ+µ−) = CqX
M2

W

M2
A

[
tβ
50

]2

(93)

with Cs = 3.9 10−5 and Cd = 1.2 10−6, suppressing the overall effect in ∆Mq (see Fig.3). In

other words, the correlation between B(Bq → µ+µ−) and ∆Mq can be modified, but this does

not spoil the conclusion derived in Refs. [?] that the present data on B(Bs → µ+µ−) already
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other words, the correlation between B(Bq → µ+µ−) and ∆Mq can be modified, but this does

not spoil the conclusion derived in Refs. [?] that the present data on B(Bs → µ+µ−) already
exclude visible effects in ∆Ms (it actually reinforces it, see Fig.3), while a similar conclusion

can be reached for ∆Md.
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Figure 3: Left: constraint from B(Bs → µ+µ−) on ∆Ms. The dark gray (blue) line is the

theoretical prediction for Rs ≡ log10[B(Bs → µ+µ−)/∆Ms], the light gray (red) lines indi-
cate the size of SUSY effects in ∆Ms, and the gray band shows the values of Rs excluded

experimentally [?]. The dashed line corresponds to ∆Ms = ∆MSM
s + ∆MLR

s , while the plain

line also takes ∆MRR
s into account. Supersymmetric parameters have been fixed as follows:

tβ = 40, at,b = 2000GeV, Meg = µ = 1500GeV, Meq = M2 = 1000GeV, M1 = 500GeV.
Right: Analogue for the correlation between ∆Md and B(Bd → µ+µ−) (experimental val-
ues from [?, ?]). The bound on B(Bd → µ+µ−) is at present not as efficient as the bound on
B(Bs → µ+µ−) to exclude Higgs-mediated effects on the mass differences, and Rs (# Rd) is

preferably used.

with CRR
s = +4.4 ps−1 and CRR

d = +0.13 ps−1. The numbers in Eqs.(??) and (??) have been

obtained using |VtsV ∗
tb| = 0.041 [?], |VtdV ∗

tb| = 0.0086 [?], FBs = 0.24GeV and FBd
= 0.2GeV.

These values suffer from large uncertainties, and are given here for the purpose of illustration

(ratios are defined for actual numerical studies, see Fig.3). They correspond to the Standard

Model central values∆MSM
s = 20 ps−1 and ∆MSM

d = 0.59 ps−1.

A first observation is that the typical effect of ∆MRR
s is suppressed with respect to that of

∆MLR
s , which is due to a 1/2 symmetry factor and the small value of P SLL

1 . The effective

couplings in Eq.(91) are also not very large. To get an idea of their size, the residual λ5 value for

MSUSY → ∞ is given by

λ5 → −1
2(y

4
t + y4

b + y4
τ

3 − g4) 1
16π2 . (92)

The “non-flipped” contribution ∆MRR
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with Cs = 3.9 10−5 and Cd = 1.2 10−6, suppressing the overall effect in ∆Mq (see Fig.3). In

other words, the correlation between B(Bq → µ+µ−) and ∆Mq can be modified, but this does

not spoil the conclusion derived in Refs. [?] that the present data on B(Bs → µ+µ−) already
exclude visible effects in ∆Ms (it actually reinforces it, see Fig.3), while a similar conclusion

can be reached for ∆Md.
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Model central values∆MSM
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However, in that case, the experimental upper bound on B(Bs → µ+µ−) [?, ?, ?, ?, ?] imposes
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with Cs = 3.9 10−5 and Cd = 1.2 10−6, suppressing the overall effect in ∆Mq (see Fig.3). In

other words, the correlation between B(Bq → µ+µ−) and ∆Mq can be modified, but this does

not spoil the conclusion derived in Refs. [?] that the present data on B(Bs → µ+µ−) already
exclude visible effects in ∆Ms (it actually reinforces it, see Fig.3), while a similar conclusion
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tanβ = 40

                  excluding

                  including

     new corrections

Rs = log10[BR(Bs → µ+µ−)/∆MBs
ps]


