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Flavour:
the story so far...
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A very brief history of flavour
1934   Fermi proposes Hamiltonian for beta decay

1956-57   Lee&Yang propose parity violation to explain “θ-τ
           paradox”.
           Wu et al show parity is violated in β decay
           Goldhaber et al show that the neutrinos produced in
           152Eu K-capture always have negative helicity

1957   Gell-Mann & Feynman, Marshak & Sudarshan

            V-A current-current structure of weak interactions.
            Conservation of vector current proposed
            Experiments give G = 0.96 GF (for the vector parts)

HW = −GF (p̄γµn)(ēγµν)

−G(p̄γµPLn)(ēγµPLνe) + . . .HW = −GF (ν̄µγµPLµ)(ēγµPLνe)
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1960-63  To achieve a universal coupling, Gell-Mann&Levy
          and Cabibbo propose that a certain superposition of
          neutron and Λ particle enters the weak current.
          Flavour physics begins!

1964  Gell-Mann gives hadronic weak current
          in the quark model

1964  CP violation discovered in Kaon decays (Cronin&Fitch)

1960-1968 Jµ part of triplet of weak gauge
         currents. Neutral current interactions
         predicted and, later, observed at CERN.

However, the predicted flavour-changing
neutral current (FCNC) processes
such as KL ➔µ+µ- are not observed!

HW = −GF J
µ
J
†
µ

Jµ = ūγµPL(cos θcd + sin θcs) + ν̄eγ
µPLe + ν̄µγµPLµ

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

d u

e ν

GF =
g2

4
√

2M2

W
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Fig. 1. Flavour-changing vertices involving fermions in the
super-CKM basis.

for small to moderate (< 30) values of tanβ but can give
rise to a distinctive pattern at larger values even for mini-
mal flavour violation. We will not discuss these effects; for
a recent review see [20]. Most of the constraints discussed
below still apply in that case, but there may be stronger
ones.

2.2 Origin of (new) flavour violation: supersymmetry
breaking

The superpotential (1) does not break supersymmetry spon-
taneously at tree level. Because of supersymmetric non-
renormalization theorems [21,22,23], this remains true to
all orders in perturbation theory. Neither is electroweak
symmetry broken, at any order.

Observations exclude the presence of mass-degenerate
superpartners for many of the SM particles, which tells
us that supersymmetry is broken. The standard picture
is that supersymmetry breaking occurs in a hidden sector
of SM gauge singlets, via the condensation of an auxiliary
(F or D) component of one or more superfields X . Gauge
symmetry then requires any superpotential couplings be-
tween the visible and hidden sectors to be nonrenormaliz-
able.5 In many cases of interest, all low-energy effects of
supersymmetry breaking can be represented by such effec-
tive nonrenormalizable superpotential, gauge-kinetic, and
Kähler terms, as in

Wbreak = AU
ij
〈X〉
M

UC
i Hu · Qj, (13)

fbreak = Ma
〈X〉
M

WA
a WA

a , (14)

and

Kbreak = KQ
ij

〈XX†〉
M2

Q†
ie

2gaVaQj . (15)

Here AU
ij , Ma, and KQ

ij are dimensionless coefficients. 〈X〉 =

θ2FX is the vacuum expectation value of a hidden-sector
superfield, and the SUSY-breaking terms in the Lagrangian
are found by replacing K → K + Kbreak and W → W +
Wbreak + fbreak in (2). This can be illustrated as follows.
The MSSM, by assumption, does not have any direct renor-
malizable couplings to the hidden sector. Assume then
that the lightest “messenger”, i.e., degree of freedom that
couples both to the field X and to the MSSM fields, has
mass M . Below its mass scale, it can be integrated out of
the theory, giving rise to operators as in (13)–(15). This is
what happens, for example, in models of gauge mediation
(see below).

The term Wbreak from above gives rise to an extra
contribution

∆LA = T U
ij q̃i · huũc

j + h.c.,

T U
ij =

FX

M
AU

ij (16)

5 The one exception is a possible coupling Hu ·HdX, without
imposing further global symmetries.
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1970  To explain the absence of KL ➔µ+µ- , Glashow,
          Iliopoulos & Maiani (GIM) couple a “charmed quark”
          to the formerly “sterile” linear combination
        
          The doublet structure eliminates the Zsd coupling!

1971  Weak interactions are renormalizable (‘t Hooft)

1972  Kobayashi & Maskawa show that CP violation requires
          extra particles, for example a third doublet. CKM matrix

1974  Gaillard & Lee estimate loop
          contributions to the KL-KS mass
          difference
          Bound mc < 5 GeV

1974  Charm quark discovered

− sin θcdL + cos θcsL
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1977  τ lepton and bottom quark discovered 

1983  W and Z bosons produced

1987  ARGUS measures Bd - Bd mass difference
         First indication of a heavy top

        The diagram depends quadratically on mt

1995 top quark discovered at CDF & D0

Precision measurements: masses, running coupling,
direct CP violation, B factories, determination of CKM 
elements, neutrino oscillations, search for electric dipole
moments, proton decay, ... 
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Standard Model
All matter is composed of twelve “flavors” of spin-1/2 fermion,
including three neutrinos, each with different mass.

(
uL

dL

)
uR

dR

(
cL

sL

)
cR

sR

(
tL
bL

)
tR
bR

Q = +2/3
Q = −1/3(

νeL

eL

) −
eR

(
νµL

µL

) −
µR

(
ντ L

τL

) −
τR

Q = 0
Q = −1

Almost all interaction is due to gauge forces. Colored fermions feel
the strong interactions due to the gluon field Gµ. They and the
charged leptons also interact with the electromagnetic field Aµ.

Weak interactions, due to W+ and Z0 boson exchange, are chiral:

W+

dL uL

but not
dR uR

W+

What B-mesons tell us about the Standard Model and “New Physics” – p.3
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SM flavour: 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

Weak 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

all flavour violation
in charged current

(tree) neutral current
conserves flavor

Weak 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

λ ≡
|Vus|

√

|Vud|2 + |Vus|2
= 0.2255 ± 0.0029 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)

Aa

γ
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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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Unitarity Triangle 2010

The CKM picture of flavour & CP violation is consistent with 
observations.

Within the Standard Model, all parameters (except higgs mass) 
including CKM have been determined, most to at least few percent 
accuracy.

apologies to UTfit, who obtain 
consistent results 

B0  ➔ D+ π-

B± ➔ D0 K± 

B ➔ ππ,πρ,ρρ

B ➔ J/ψ KS
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However, this is unlikely
to be the whole story
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Flavour at the TeV scale
• Much of present theory activity - and of LHC -

motivated by exploring the weak scale its sensitivity to 
radiative corrections

• This derives in part from

hence physics that stabilizes weak scale should contain 
new flavoured particles (top partners). This happens in
   SUSY (stop),
   warped extra dimensions (KK modes),
   little Higgs (heavy T),
   technicolour,
   etc.

• Such particles will always contribute to FCNC, which 
become a probe of the details of TeV scale dynamics

H

f

(a)

S

H

(b)

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.

3

t
H ∝ y

2
t
Λ

2
UVH
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Flavour group

f = QLj , uRj , dRj , LLj , eRj j = 1, 2, 3

Lgauge =

∑

f

ψ̄fγµDµψf −
∑

i,a

1

4
giF

ia
µνF iaµν

QL → ei(b/3+a)VQL
QL, uR → ei(b/3−a)VuR

uR, dR → ei(b/3−a)VdR
dR

have a large global (= flavour) symmetry group

[Chivukula & Georgi 1987]

broken (only) by Yukawa couplings to the Higgs

LY = −ūRYUφc†QL − d̄RYDφ†DL − ēRYEφ†EL

U(1)B × U(1)e × U(1)µ × U(1)τ

Gflavor = SU(3)5 × U(1)B × U(1)A × U(1)L × U(1)E

to

SM gauge interactions
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Minimal flavour violation (MFV)

• At least, a top partner relevant to the hierarchy problem 
will have CKM-like flavour violations

• can be formalized:
MFV = new physics is invariant under the flavour group 
once Yukawas are treated as spurions
(i.e. transformed like fields under flavour group).

this means NP flavour violations are functions of SM 
Yukawas multiplied by numbers, e.g. 
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Minimal flavour violation
• in this case, CKM parameters can be extracted 

unambiguously beyond the Standard Model

• however, this is a very restrictive scenario; typically does 
not apply to dynamical BSM models

• can be generalized (relaxed)

Buras, Gambino, Gorbahn, SJ, Silvestrini 2000

UTfit collaboration (Bona et al)

independent of details of new physics 
(particle content, masses, couplings)

eg Kagan et al 2009

Universal unitarity triangle (UUT)
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Supersymmetry associates a scalar with every SM fermion

Squark mass matrices are 6x6 with independent flavour 
structure:

similar for up squarks, charged sleptons. 3x3 LL for sneutrinos

                                               
                                            

3x3 flavour-violating               

M
2

d̃
=





m̂2

Q̃
+ m2

d + DdLL v1T̂D − µ∗md tanβ

v1T̂
†
D − µmd tanβ m̂2

d̃
+ m2

d + DdRR



≡





(M2

d̃
)LL (M2

d̃
)LR

(M2

d̃
)RL (M2

d̃
)RR





(

δ
u,d,e,ν
ij

)

AB
≡

(

M2

ũ,d̃,ẽ,ν̃

)AB

ij

m2

f̃

                                              33 flavour-violating parameters 
                                              45 CPV (some flavour-conserving) 

SUSY flavour

- and supersymmetry-breaking               
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K-K, Bd-Bd, Bs-Bs mixing
 
ΔF=1 decays            

SUSY flavour (2)
S. Jäger: Supersymmetry beyond minimal flavour violation 11

dAi dBj

dCidDj

d̃Dj d̃Ci
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(M2
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)ij

(M2
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)ij

g̃ g̃
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(M2
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(M2
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)ij

g̃ g̃
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Fig. 3. Diagrams for meson-antimeson mixing. A, B, C, D denote chiralities of the quarks (and squarks). The blobs are flavour-
changing “mass insertions”.

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
be the case in GUT scenarios. There are always “mini-
mally flavour-violating” contributions, which are propor-
tional to the same CKM factors as the SM contributions.
Of interest here are the additional contributions due to
nonvanishing δu parameters. Neglecting terms suppressed
by small CKM elements or small Yukawa couplings, only
C1 receives a contribution [58]

C1 = −
GF α√

2π sin2 θW

M2
W

m2
q̃

×
1

20

[

([δũ
ij)LL]2 −

2

3
(δũ

ij)LL(δũ
it)LR(δũ

jt)
∗
LR

+
1

7
[(δũ

it)LR(δũ
jt)

∗
LR]2

]

. (65)

Note that the chargino contributions involve either a LL
mass insertion or a double LR one on each squark line;
for the latter, only those involving a stop can be relevant
according to Table 3. (For B − B̄ mixing, there may be
additional operators [59].)

If tanβ is large, there are in principle also terms pro-
portional to yb that could be important. In that case, how-
ever, Higgs double-penguin diagrams are often dominant
and require a modified treatment [60,61,62,63].

3.2.1 K − K̄ mixing and constraints on δ’s

K − K̄ oscillations proved their discovery potential in
estimating the charm quark mass before its observation
[64], as well as in the discovery of (indirect) CP violation

[65], later giving information on the CP-violating phase in
the CKM matrix. The possibility of large SUSY contribu-
tion was recognized early on [66,67,68,69,70], and ∆MK

and εK still provide the strongest FCNC constraints on
the MSSM parameters. The mass difference ∆MK and
the CP-violating parameter εK follow from the effective
∆F = 2 Hamiltonian,

∆MK ∝ 2
∑

i

Bi Re Ci, (66)

εK ∝
eiπ/4

√
2∆MK

∑

i

Bi Im Ci, (67)

where Bi ≡ 〈K|Qi|K̄〉. The hadronic matrix elements Bi

contain low-energy QCD effects and require nonperturba-
tive methods such as (numerical) lattice QCD, see e.g. [71,
72,73].8 Moreover, ∆MK is afflicted by long-distance con-
tributions which are believed to be not much larger than
the SM short-distance contribution but are difficult to es-
timate. Nevertheless, in view of the strong CKM suppres-
sion of the SM contribution, even a rough estimate of the
Bi translates into strong constraints on s → d flavour vi-
olation parameters. The procedure is as follows [1]:

– Write out the expression for the observable (here, εK

or ∆MK) as linear combination of (products of) δ-
parameters, inserting estimates of the hadronic matrix
elements.

– Require that each term at most saturates the experi-
mental result.

8 Usually, the hadronic matrix elements are normalized to
their values obtained from PCAC in ”vacuum-insertion ap-
proximation”. This normalization is included in the Bi here.

s d

ũL

Z

χ̃−

ũLt̃R

B ➔K*µ+µ- 

B ➔K*γ
B ➔Kπ 
Bs,d ➔µ+µ- 
K ➔πνν
...
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SUSY flavour puzzle
d                                                      where are their effects?

 o

- elusiveness of deviations from SM in flavour physics
  seems to make MSSM look unnatural

- pragmatic point of view: flavour physics highly sensitive to MSSM 
  parameters - and SUSY breaking mechanism in particular

(

δ
u,d,e,ν
ij

)

AB
≡

(

M2

ũ,d̃,ẽ,ν̃

)AB

ij

m2

f̃

[Gabbiani et al 96; Misiak et al 97 ]
these numbers from [SJ, 0808.2044]
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Flavour - warped ED
Warped models may overcome both difficulties

Gherghetta & Pomarol;
                Huber & Shafi (00)

♦ 0-modes configuration looks similar to flat case. 

Higgs and KK states are localized on the IR. 

Π
2 Π

Φ

f�Φ�
Higgs

heavylight

Warped 5D

1st KK

Light fields have highly suppressed coupling to KK modes!

UV IR

9

[G Perez, talk at CKM 2010]

Higgs localized on  IR brane
light (heavy) fermions localized
near UV (IR) brane

hierarchical SM 
fermion masses

dangerous four-fermion 
operators with TeV 
suppression are 
“natural” on the IR brane

not so dangerous after 
taking into account 
localization of SM fermions
(“RS-GIM”)
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Flavour - warped ED (2)
• dominant contribution to FCNC usually not from brane 

contact terms but from tree-level KK boson exchange

• where are their effects?

λkmn

f (m)

f (n)

f ′ (m′)

f ′ (n′)
V (k)

f (m)

f (n)

f ′ (m′)

f ′ (n′)
h

Figure 1: Contributions to the effective four-fermion interactions arising from the tree-

level exchange of the gauge bosons V = γ, g, Z0, W±
and their KK excitations (left),

and of the Higgs boson (right).

3.1 Exchange of KK Photons and Gluons

We begin with a discussion of the interactions induced by the exchange of KK photons and

gluons. The graph on the left in Figure 1 shows an example of a diagram giving rise to such

contributions. The relevant sums over KK modes can be evaluated by means of (I:34). In the

case of KK photon exchange, we find that the effective Hamiltonian at low energies is given

by

H
(γ)
eff =

2πα

M2
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�
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��− 2
�
f̄Lγµ∆�
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ffR
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��
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�
⊗

�
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�∆F �f �
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Rγµ

�∆f �f �
R

� �
.

(8)

Here the sum over fermions implicitly includes the sum over all KK modes. The matrices ∆�
A

have been defined in (I:122). These are infinite-dimensional matrices in the space of flavor

and KK modes. In addition, we have defined the new mixing matrices (with F = U,D and

f = u, d, and similarly in the lepton sector) [36]

��∆F

�
mn
⊗

��∆f �
�

m�n� =
2π2

L2�2

� 1

�

dt

� 1

�

dt� t2<
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n

�

×
�
a(f �)†

m� C(f �)
m� (φ�

) C(f �)
n� (φ�

) a(f �)
n� + a(F �)†

m� S(Q)
m� (φ�

) S(Q)
n� (φ�

) a(F �)
n�

�
,

(9)

etc. Notice that the matrices �∆A ⊗ �∆B are not defined individually, but only as tensor

products, as indicated by the ⊗ symbol. The couplings to SM fermions are encoded in the

upper-left 3×3 blocks of each �∆A⊗ �∆B matrix. We emphasize that the result (8) is exact. In

particular, no expansion in powers of v2/M2
KK has been performed. The effective interactions

arising from KK gluon exchange have a very similar structure, except that we need to restrict

the sum over fermions in (8) to quarks and replace α Qf Qf � by αs ta ⊗ ta, where the color

matrices ta must be inserted inside the quark bi-linears.

The four-fermion operators induced by KK gluon exchange give the by far dominant (lead-

ing) contribution to the effective weak Hamiltonians describing K–K̄ (Bd,s–B̄d,s and D–D̄)

7

λkmn =

∫
dφw(φ)f (m)(φ)f (n)(φ)f (k)

V
(φ)

non-minimal flavour violations !          

Ymn ∝ f (m)(π)f (n)(π)

zero modes
 =SM particles

KK mode number

generation

KK mode coupling

SM Yukawa coupling
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Other scenarios
• fourth SM generation

  CKM matrix becomes 4x4, giving new sources of flavour 
  and CP violation

• little(st) higgs model with T parity
  (higgs light because a pseudo-goldstone boson)
  finite, calculable 1-loop contributions due to new heavy
  particles with new flavour violating couplings

• ...

non-minimal flavour violation !          
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• dddd

Unitarity Triangle revisited

B0  ➔ D+ π-

B± ➔ D0 K± 

B ➔ ππ,πρ,ρρ

B ➔ J/ψ KS
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• dddd

Unitarity Triangle revisited

B0  ➔ D+ π-

B± ➔ D0 K± 

B ➔ ππ,πρ,ρρ

B ➔ J/ψ KS
Of all constraints on the unitarity triangle, only the
γ and |Vub| determinations are robust against new physics as they 
do not involve loops.
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• dddd

Unitarity Triangle revisited

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

B0  ➔ D+ π-

B± ➔ D0 K± 

B ➔ ππ,πρ,ρρ

B ➔ J/ψ KS
Of all constraints on the unitarity triangle, only the
γ and |Vub| determinations are robust against new physics as they 
do not involve loops.

(ρ̄, η̄)
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“Tree” determinations

B0  ➔ D+ π-

B± ➔ D0 K± 

Only “robust” measurements of γ and |Vub| . Note: the γ(α) 
constraint depends on assumptions about new physics
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“Tree” determinations

B0  ➔ D+ π-

B± ➔ D0 K± 

Certainly there is room for O(10%) NP in b->d transitions

Only “robust” measurements of γ and |Vub| . Note: the γ(α) 
constraint depends on assumptions about new physics
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“Tree” determinations

B0  ➔ D+ π-

B± ➔ D0 K± 

Certainly there is room for O(10%) NP in b->d transitions

Only “robust” measurements of γ and |Vub| . Note: the γ(α) 
constraint depends on assumptions about new physics

Moreover, b->s transitions are almost unrelated to (ρ,η). They
are the domain of the Tevatron and of LHCb

Mittwoch, 23. März 2011



B factories vs LHC
• B-factories: dedicated asymmetric e+e- colliders

  -SLAC/Babar
  -KEK/Belle -> Belle 2
operating from end of 1990s, providing O(109) B decays so 
far - almost exclusively at Upsilon(4S) resonance, which 
cannot decay to Bs mesons

• LHCb dedicated B-physics experiment 1012       pairs/year 
will run close to design lumi early on (2011)
huge statistics advantage

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

• inclusive measurements (                , ...) not feasible at 
hadron collider; many exclusive modes possible

bb̄

B → Xsγ
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Where to look
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            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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weak Hamiltonian is not very essential due to the absence
of large radiative corrections.) For the large amount of
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where µ is optimally chosen of order of the mass of i. The
hadronic matrix elements 〈f |Qk(µ)|i〉 are usually nonper-
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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-
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effective ∆F = 2 hamiltonian to meson-antimeson oscil-
lations is solely due to box diagrams. Complete operator
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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
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where S [48] is listed in appendix A. SM NLO QCD cor-
rections are reviewed in [46].
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[1,49,50,51,52,53,54,55,56]. Since each δ changes flavour
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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
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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
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) =
∑
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Ck(µ)〈f |Qk(µ)|i〉 ≡
∑
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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
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(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
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Only Q1 is generated in the SM (to excellent approxi-
mation), following from W − t boxes (Fig. 2.) This results
in
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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
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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-
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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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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
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6
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2
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only operator present in SM              

+ 3 more
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s ∑
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M12

Γ12
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no NP contribution unless lighter than mB         

∆M = 2|M12|

∆Γ

Im

B(s) − B̄(s)
mixing-
induced 

CP violation

?
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Time-dependent CP asymmetry

CP-violation 
parameterB

B̄

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)
= Sf sin(∆Mt) − Cf cos(∆Mt)

Sf =
2 Im λf

1 + |λf |2
Cf =

1 − |λf |2

1 + |λf |2

decay into CP eigenstate:

 can be generalized to non-CP final states

γ

Beyond SM               

M
q
12

= |Mq
12
|e−iφBq

λf = eiφBq
〈f |B̄0

q 〉

〈f |B0
q 〉

φBd
!= 2β

if only one decay amplitude:

Af = Ae
iθ

Āf = Ae
−iθ

Cf = 0 −ηCP(f)Sf = sin(φBq
+ 2θ)

B0

d → ψKS

B0

d → ππ, πρ, ρρ

B0

s
→ J/ψ φ ±S = sinφBs

≈ 0

S = sin(φBd
) = sin(2β)

S = sin(φBd
+ 2γ) = − sin(2α)

φBd,s
+ γ B

0
(s) → D(s)Kfrom

Beyond SM              φBs
!= 0
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sin(2 ϕBs) measurement 
• CDF, D0 measured mixing-induced CPV in 

•

• CDF & D0 consisten

• low significance at present (previously higher)

• LHCb expects  few ° sensitivity with 1 fb-1

Bs → J/ψφComparison to previous result
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New Physics

Concentrate on size of the allowed region
Significant improvement compared to our previous result

16 Michal Kreps – Measurement of Bs mixing phase at CDF7 September 20102010/09/07 Measurement of phi_s at D0 - CKM2010 13

Bs J/
S-wave is found to be 
non-significant, not included
Only the opposite flavour 
tagging is used
Strong phases are constrained
to the values from B0 J/ K*0

(Bs) and s are consistent 
with other measurements 
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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.

|Ms

12|, |Γs

12|, φs = arg
−Ms

12

Γs

12

∆Ms ≈ 2|Ms

12|, ∆Γs ≈ 2|Γs

12| cos φs, as

fs =
∆Γs

∆Ms

tanφs

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)

bL bR sL

sL bR bL

h0∗
d h0∗

d

(f)

bR bL sR

sR bL bR

h0∗
d h0∗

d

(g)

+ +

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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Hadronic vs leptonic flavor and CP violation in SUSY SO(10) – p.11/17

Bs − B̄s mixing
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Hadronic vs leptonic flavor and CP violation in SUSY SO(10) – p.11/17

new particles? with CPV couplings ?            

φSM
s ≈ φSM

Bs

≈ 0φs != 0

mass difference      width difference      

a
s

fs

Bs B̄s Xl
+
ν (semileptonic CP asymmetry)
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19# ! 

New D0 measurement  

Combing the two measurements –taking into account their correlation- 

Accounting for the B_d component 

using the B factory measurement of 

ad
sl=-0.47+/-0.46 

3.2 sigma away from SM 

“Tension” with SM is clear. Need 
confirmation. CDF acceptance is smaller 
and somewhat suffers from the inability 
to reverse the B field direction 

G. Brooijmans 

Semileptonic CP asymmetries

F Brooijmans @ FCPC2010

D0 collaboration, arXiv:1005.2757

points to non-
zero assl / ϕs

• D0 and B factories measured (combinations of) 
semileptonic CP asymmetries

These are  functions of the same mixing phases as enter 
the time-dependent CPV, so a consistent picture must 
eventually emerge
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points to non-
zero assl / ϕs

Jonas Rademacker                                                          News from LHCb                                                      iNExT 2010, Sussex

ASL

• CP violation in mixing - tiny in the SM 
in both Bs and Bd

• Measured at D0 in dilepton 
asymmetry (requires CP-symmetric B 
production). Measures sum of ASL in 
Bd and Bs.

• Measured in (untagged) time-
dependent asymmetries of Bs to 
flavour eigenstates such as Dsμν at 
LHCb. Measure difference between 
ASL in Bd and Bs to cancel 
systematics.

29

LHCb expectation with 
1 fb-1 (stat error only), 
assuming D0 central 
value and no NP in adsl

LHCb will give complementary info in the plane

J Rademacker @ iNExT 2010

• D0 and B factories measured (combinations of) 
semileptonic CP asymmetries

These are  functions of the same mixing phases as enter 
the time-dependent CPV, so a consistent picture must 
eventually emerge
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 final state             strong dynamics       #obs    NP enters through    

Leptonic
              

semileptonic,
radiative

charmless hadronic

All non-radiative modes are also sensitive to NP via
four-fermion operators
Decay constants and form factors are essential. Accessible by 
QCD sum rules and, increasingly, by lattice QCD.

O(1)                         

O(10)                         

O(100)                         

decay constant                     

form factors

matrix element              

B➔l+ l-

B➔ K*l+ l-, K*γ

B➔ππ, πK, ρρ, ...

⟨π|jµ|B⟩ ∝ fBπ(q2)

⟨0|jµ|B⟩ ∝ fB

⟨ππ|Qi|B⟩

Exclusive decays at LHCb
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Leptonic decay, NP and LHC
oben

unten

rechts

s

b

g

s

b

γ
s

b
Z

s

b
H

e

µ

γ

W

νi

e

µ

γ

#̃−i

χ0
k

e

µ

γ

χ̃−

i

ν̃i

oben

unten

rechts

s

b

g

s

b

γ
s

b
Z

s

b
H

e

µ

γ

W

νi

e

µ

γ

#̃−i

χ0
k

e

µ

γ

χ̃−

i

ν̃i

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

hi

hj
b s

hi

hj hk

b s

hi
hj

.

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

hi

hj
b s

hi

hj hk

b s

hi
hj

.

µ
+

µ
−

µ
+

µ
−

loop and helicity 
suppressed in SM                          

Yukawa suppressed in SM

in 2HDM (or MSSM)  Yukawas
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7.4 Bs,d → µ+µ−

When evaluating the amplitude for Bs → µ+µ− by means of (116) the following simplifica-
tions occur

�0|b̄γµPR,Ls|B0� = ±1

2
�0|b̄γµγ5s|B0� , �µ̄µ|µ̄γµPR,Lµ|0� = ±1

2
�µ̄µ|µ̄γµγ5µ|0� . (123)

The resulting branching ratio is then obtained from the known SM expression (see e.g. [47])
by making the following replacement

Y0(xt) → YLL + YRR − YRL − YLR ≡ Ytot (124)

so that

B(Bs → �+�−) = τ(Bs)
G2

F

π

�
α

4πs2
W

�2

F 2
Bs
m2

l
mBs

�

1− 4
m2

l

m2
Bs

|V ∗
tb
Vts|2|Ytot|2 . (125)

The expression for B(Bd → �+�−) is obtained by replacing s by d.

Taking into account that �V ∗
tb
�Vtd ≈ ±c̃12eiφ

d
31/2 and �V ∗

tb
�Vts ≈ ±s̃12eiφ

d
32/2 (see Sect. 4.3 and

Sect. 4.3), and using (117), we finally obtain the following expressions for the two branching
ratios normalized to the SM:

B(Bs → �+�−) = B(Bs → �+�−)SM
���1∓ 7.8× s̃12e

iφd
32 ceffZR

���
2
,

B(Bd → �+�−) = B(Bd → �+�−)SM
���1± 37× c̃12e

iφd
31 ceffZR

���
2
. (126)

The muon channels are those where the experimental searches are closer to the SM predic-
tions. The numerical values of the latter, obtained using the relation of B(Bq → µ+µ−) to
∆Mq pointed out in [47], are

B(Bs → µ+µ−) = (3.2± 0.2)× 10−9 , B(Bd → µ+µ−) = (1.0± 0.1)× 10−10 . (127)

These figures should be compared with the 95% C.L. upper limits from CDF [48] and D0 [49]
(in parentheses)

B(Bs → µ+µ−) ≤ 3.3 (5.3)× 10−8, B(Bd → µ+µ−) ≤ 1× 10−8. (128)

Using the results in (126) these limits imply
���s̃12ceffZR

��� < 0.54 ,
���c̃12ceffZR

��� < 0.30 , (129)

where the bounds have been derived taking into account the interference with the SM (and
choosing the maximal interference effect). These two limits can be combined to derive the
following bound ���ceffZR

��� < 0.62 , (130)

which holds independently of any assumption about the value of c̃12. Using this bound in
(114) we get ���(∆gbbR )RH

��� < 1× 10−3 , (131)
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Bs➔µ+µ-: Standard Model
• Mediated by short-distance

Z penguin and box - long distance
strongly CKM / GIM suppressed 

• including QCD corrections, matches
onto single relevant effective operator

 

• branching fraction

[Buchalla&Buras 93, 
Misiak&Urban 99;
Artuso et al 0801.1833]
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3.4 Very rare decays
3.4.1 Theory of Bq → !+!− and related decays
A particularly important class of very rare decays are the leptonic FCNC decays of a Bd or a Bs meson.
In addition to the electroweak-loop suppression the corresponding decay rates are helicity suppressed in
the SM by a factor of m2

!/m
2
B , where m! and MB are the masses of lepton and B meson, respectively.

The effective |∆B| = |∆S| = 1 Hamiltonian, which describes b → s decays, already contains 17
different operators in the Standard Model, in a generic model-independent analysis of new physics this
number will exceed 100. One virtue of purely leptonic Bs decays is their dependence on a small number
of operators, so that they are accessible to model-independent studies of new physics. These statements,
of course, equally apply to b → d transitions and leptonic Bd decays. While in the Standard Model all
six Bq → !+!− decays (with q = d or s and ! = e, µ or τ ) are related to each other in a simple way, this
is not necessarily so in models of new physics. Therefore all six decay modes should be studied.

Other very rare decays, such as Bq → !+!−!′+!′−, !+!−γ, e+µ−, are briefly considered in Sec.
3.4.1.3 below.

3.4.1.1 Bq → !+!− in the Standard Model
Photonic penguins do not contribute to Bq → !+!−, because a lepton-anti-lepton pair with zero angular
momentum has charge conjugation quantum number C = 1, while the photon has C = −1. The
dominant contribution stems from the Z-penguin diagram and is shown in Figure 19.

Fig. 19: Left: Z-penguin contribution to Bs → !+!−.

There is also a box diagram with two W bosons, which is suppressed by a factor ofM2
W /m2

t with
respect to the Z-penguin diagram. These diagrams determine the Wilson coefficient CA of the operator

QA = bLγµqL !γµγ5!. (122)

We will further need operators with scalar and pseudoscalar couplings to the leptons:

QS = mbbRqL !!, QP = mbbRqL !γ5!. (123)

Their coefficients CS and CP are determined from penguin diagrams involving the Higgs or the neutral
Goldstone boson, respectively. While CS and CP are tiny and can be safely neglected in the Standard
Model, the situation changes dramatically in popular models of new physics discussed below. The effec-
tive Hamiltonian reads

H =
GF√

2

α

π sin2 θW
V ∗

tbVtq [CSQS + CP QP + CAQA ] + h.c. (124)

The operators Q′
S , Q′

P and Q′
A, where the chiralities of the quarks in the b̄q currents are flipped with

respect to those in (122), (123), may also become relevant in general extensions of the SM.
CA has been determined in the next-to-leading order (NLO) of QCD [546–548]. The NLO cor-

rections are in the percent range and higher-order corrections play no role. CA is commonly expressed
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in terms of the MS mass of the top quark, mt. A pole mass of mpole
t = 171.4 ± 2.1 GeV corresponds

to mt = 163.8 ± 2.0 GeV. An excellent approximation to the NLO result for CA, which holds with an
accuracy of 5 · 10−4 for 149 GeV < mt < 179 GeV, is

CA(mt) = 0.9636

[
80.4 GeV

MW

mt

164 GeV

]1.52

(125)

In the literature CA(mt) is often called Y (m2
t /M

2
W ). The exact expression can be found e.g. in Eqs. (16-

18) of [548]. The branching fraction can be compactly expressed in terms of the Wilson coefficients CA,
CS and CP :

B
(
Bq → !+!−

)
=

G2
F α2

64π3 sin4 θW
|V ∗

tbVtq|2 τBq M3
Bq

f2
Bq

√

1 −
4m2

!

M2
Bq

×

[(

1 −
4m2

!

M2
Bq

)

M2
Bq

C2
S +

(
MBqCP −

2m!

MBq

CA

)2
]

. (126)

Here fBq and τBq are the decay constant and the lifetime of the Bq meson, respectively, and θW is the
Weinberg angle. SinceBq → !+!− is a short-distance process, the appropriate value of the fine-structure
constant is α = α(MZ) = 1/128. With Eq. (125) and CS = CP = 0 Eq. (126) gives the following
Standard Model predictions:

B
(
Bs → τ+τ−

)
= (8.20 ± 0.31) · 10−7 ×

τBs

1.527 ps

[
|Vts|

0.0408

]2 [
fBs

240 MeV

]2

(127)

B
(
Bs → µ+µ−

)
= (3.86 ± 0.15) · 10−9 ×

τBs

1.527 ps

[
|Vts|

0.0408

]2 [
fBs

240 MeV

]2

(128)

B
(
Bs → e+e−

)
= (9.05 ± 0.34) · 10−14 ×

τBs

1.527 ps

[
|Vts|

0.0408

]2 [
fBs

240 MeV

]2

(129)

B
(
Bd → τ+τ−

)
= (2.23 ± 0.08) · 10−8 ×

τBd

1.527 ps

[
|Vtd|

0.0082

]2 [
fBd

200 MeV

]2

(130)

B
(
Bd → µ+µ−

)
= (1.06 ± 0.04) · 10−10 ×

τBd

1.527 ps

[
|Vtd|

0.0082

]2 [
fBd

200 MeV

]2

(131)

B
(
Bd → e+e−

)
= (2.49 ± 0.09) · 10−15 ×

τBd

1.527 ps

[
|Vtd|

0.0082

]2 [
fBd

200 MeV

]2

(132)

The dependences on the decay constants, which have sizable theoretical uncertainties, and on the relevant
CKM factors have been factored out. While |Vts| is well-determined through the precisely measured
|Vcb|, the determination of |Vtd| involves the global fit to the unitarity triangle and suffers from larger
uncertainties. The residual uncertainty in Eqs. (127–132) stems from the 2 GeV error inmt.

Alternatively, within the standard model, the CKM dependence as well as the bulk of the hadronic
uncertainty may be eliminated by normalizing to the well-measured meson mass differences∆MBq , thus
trading f2

Bq
for a (less uncertain) bag parameter B̂q [549]:

B(Bq → !+!−) = C
τBq

B̂q

Y 2(m2
t /M

2
W )

S(m2
t /M

2
W )

∆Mq, (133)

where S is a perturbative short-distance function, C = 4.36 · 10−10 includes a normalization and NLO
QCD corrections, and ! = e, µ. This reduces the total uncertainty within the SM below the 15 percent
level. (A similar formula may be written for ! = τ .)
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Y                          
Y

(

m̄t(mt)
)

higher orders negligible

B(B → Xsνν̄) = 4.1 · 10−5 |Vts|2

|Vcb|2

[
mt(mt)

170 GeV

]2.30

. (XXVI.5)

In view of a new interest in this decay (Grossman et al., 1995) we quote the Standard Model
expectation for B(B → Xsνν̄) based on the input parameters collected in the appendix A. We
find

3.1 · 10−5 ≤ B(B → Xsνν̄) ≤ 4.9 · 10−5 (XXVI.6)

for the “present day” uncertainties in the input parameters and

3.6 · 10−5 ≤ B(B → Xsνν̄) ≤ 4.2 · 10−5 (XXVI.7)

for our “future” scenario.
In the case of B → Xdνν̄ one has to replace Vts by Vtd which results in a decrease of the

branching ratio by roughly an order of magnitude.

C. The Decays Bs → µ+µ− and Bd → µ+µ−

The branching ratio for Bs → l+l− is given by (Buchalla and Buras, 1993a)

B(Bs → l+l−) = τ(Bs)
G2

F

π

(
α

4π sin2 ΘW

)2

F 2
Bs

m2
l mBs

√√√√1 − 4
m2

l

m2
Bs

|V ∗
tbVts|2Y 2(xt) (XXVI.8)

where Bs denotes the flavor eigenstate (b̄s) and FBs is the corresponding decay constant (normal-
ized as Fπ = 131 MeV). Using (XXIV.3), (XXV.4) and (XIV.6) we find in the case ofBs → µ+µ−

B(Bs → µ+µ−) = 4.18 · 10−9

[
τ(Bs)

1.6ps

] [
FBs

230 MeV

]2
[
|Vts|
0.040

]2 [
mt(mt)

170 GeV

]3.12

(XXVI.9)

which approximates the next-to-leading order result.
Taking the central values for τ(Bs), FBs , |Vts| andmt(mt) and varying µt as in (XXIV.19) we find
that the uncertainty

3.44 · 10−9 ≤ B(Bs → µ+µ−) ≤ 4.50 · 10−9 (XXVI.10)

present in the leading order is reduced to

4.05 · 10−9 ≤ B(Bs → µ+µ−) ≤ 4.14 · 10−9 (XXVI.11)

when the QCD corrections are included. This feature is once more illustrated in fig. 31.
Finally, we quote the standard model expectation for B(Bs → µ+µ−) based on the input

parameters collected in the Appendix. We find

1.7 · 10−9 ≤ B(Bs → µ+µ−) ≤ 8.4 · 10−9 (XXVI.12)

using present day uncertainties in the parameters and FBs = 230 ± 40 MeV. With reduced errors
for the input quantities, corresponding to our second scenario as defined in Appendix A, and taking
FBs = 230 ± 10 MeV this range would shrink to

209

Y2                          

main uncertainties: decay constant, CKM
for D or K decays long-distance contributions are important

Heff =
GF√

2

α

π sin
2 θW

V ∗

tbVtqY QA
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Bs➔µ+µ-: Standard Model
• FBs = (                 ) MeV

lattice QCD average

• error can be reduced by normalizing to                 mixing

where S is the ΔF=2 box function and C a numerical const 
and in the bag factor                               ,
some systematic uncertainties cancel. Then

• Very precise test of SM from hadronic observables at LHC!

• same trick for Bd➔µ+µ-,  Bs,d➔e+e- , e+µ-, etc

• not for D➔µ+µ- or K➔µ+µ-  as mixing is not calculable

Lunghi, Laiho, van de Water 2009 Bs
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fB(MeV) (δfB)stat (δfB)syst

FNAL/MILC ’08 [28] 195 7 9

HPQCD ’09 [29] 190 7 11

Average 192.8± 9.9

fBs(MeV) (δfBs)stat (δfBs)syst

FNAL/MILC ’08 [28] 243 6 9

HPQCD ’09 [29] 231 5 14

Average 238.8± 9.5

TABLE II: Unquenched lattice QCD determinations of the B-meson decay constants fB and fBs .

Plots showing the Nf = 2 + 1 results and their averages are given in Figs. 6 and 7.

— the light-quark discretization error and chiral extrapolation, heavy-quark discretization

error, and scale and light-quark mass determination — all lead to comparable errors of ∼

2%.

The HPQCD Collaboration recently published a determination of fB and fBs [29] using

staggered light quarks and NRQCD b-quarks [31]. The statistical plus chiral extrapolation

errors are comparable to those of Fermilab/MILC. The largest systematic errors, however,

are from the continuum extrapolation (∼ 3%) and operator matching (∼ 4%).

Because both decay constant calculations rely upon the MILC gauge configurations, in-

cluding many overlapping ensembles, we treat the statistical errors as 100% correlated be-

tween the two calculations. Most of the systematic errors in the two calculations, however,

such as those from tuning the quark masses, heavy-quark discretization effects, and operator

matching, are independent, so we treat the systematic errors as uncorrelated. Given these

assumptions, we obtain the weighted averages

fB = 192.8± 9.9 (2)

fBs = 238.8± 9.5. (3)

In practice, the CKMfitter and UTfit Collaborations do not in fact, use the B-meson decay

constant to implement the unitarity triangle constraint from B → τν decay. Instead, they

construct the ratio B.R.(B → τν)/∆md, where ∆md is the Bd-meson oscillation frequency,

to reduce the uncertainty from hadronic matrix elements. The quantity f 2
B cancels in this

8

in terms of the MS mass of the top quark, mt. A pole mass of mpole
t = 171.4 ± 2.1 GeV corresponds

to mt = 163.8 ± 2.0 GeV. An excellent approximation to the NLO result for CA, which holds with an
accuracy of 5 · 10−4 for 149 GeV < mt < 179 GeV, is

CA(mt) = 0.9636

[
80.4 GeV

MW

mt

164 GeV

]1.52

(125)

In the literature CA(mt) is often called Y (m2
t /M

2
W ). The exact expression can be found e.g. in Eqs. (16-

18) of [548]. The branching fraction can be compactly expressed in terms of the Wilson coefficients CA,
CS and CP :

B
(
Bq → !+!−

)
=

G2
F α2

64π3 sin4 θW
|V ∗

tbVtq|2 τBq M3
Bq
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√

1 −
4m2
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)

M2
Bq

C2
S +

(
MBqCP −
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. (126)

Here fBq and τBq are the decay constant and the lifetime of the Bq meson, respectively, and θW is the
Weinberg angle. SinceBq → !+!− is a short-distance process, the appropriate value of the fine-structure
constant is α = α(MZ) = 1/128. With Eq. (125) and CS = CP = 0 Eq. (126) gives the following
Standard Model predictions:

B
(
Bs → τ+τ−

)
= (8.20 ± 0.31) · 10−7 ×

τBs

1.527 ps

[
|Vts|

0.0408

]2 [
fBs

240 MeV

]2
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B
(
Bs → µ+µ−

)
= (3.86 ± 0.15) · 10−9 ×

τBs

1.527 ps

[
|Vts|

0.0408

]2 [
fBs

240 MeV

]2
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B
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Bs → e+e−

)
= (9.05 ± 0.34) · 10−14 ×

τBs

1.527 ps

[
|Vts|
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]2
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B
(
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)
= (2.23 ± 0.08) · 10−8 ×

τBd

1.527 ps

[
|Vtd|
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]2 [
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200 MeV

]2
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B
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)
= (1.06 ± 0.04) · 10−10 ×

τBd

1.527 ps

[
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]2 [
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]2
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B
(
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)
= (2.49 ± 0.09) · 10−15 ×

τBd

1.527 ps

[
|Vtd|
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]2 [
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]2

(132)

The dependences on the decay constants, which have sizable theoretical uncertainties, and on the relevant
CKM factors have been factored out. While |Vts| is well-determined through the precisely measured
|Vcb|, the determination of |Vtd| involves the global fit to the unitarity triangle and suffers from larger
uncertainties. The residual uncertainty in Eqs. (127–132) stems from the 2 GeV error inmt.

Alternatively, within the standard model, the CKM dependence as well as the bulk of the hadronic
uncertainty may be eliminated by normalizing to the well-measured meson mass differences∆MBq , thus
trading f2

Bq
for a (less uncertain) bag parameter B̂q [549]:

B(Bq → !+!−) = C
τBq

B̂q

Y 2(m2
t /M

2
W )

S(m2
t /M

2
W )

∆Mq, (133)

where S is a perturbative short-distance function, C = 4.36 · 10−10 includes a normalization and NLO
QCD corrections, and ! = e, µ. This reduces the total uncertainty within the SM below the 15 percent
level. (A similar formula may be written for ! = τ .)
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Buras 2003

B̂Bs
= 1.33 ± 0.06

Buras et al  2010

Bs − B̄s

7.4 Bs,d → µ+µ−

When evaluating the amplitude for Bs → µ+µ− by means of (116) the following simplifica-
tions occur

�0|b̄γµPR,Ls|B0� = ±1

2
�0|b̄γµγ5s|B0� , �µ̄µ|µ̄γµPR,Lµ|0� = ±1

2
�µ̄µ|µ̄γµγ5µ|0� . (123)

The resulting branching ratio is then obtained from the known SM expression (see e.g. [47])
by making the following replacement

Y0(xt) → YLL + YRR − YRL − YLR ≡ Ytot (124)

so that

B(Bs → �+�−) = τ(Bs)
G2

F

π

�
α

4πs2
W

�2

F 2
Bs
m2

l
mBs

�

1− 4
m2

l

m2
Bs

|V ∗
tb
Vts|2|Ytot|2 . (125)

The expression for B(Bd → �+�−) is obtained by replacing s by d.

Taking into account that �V ∗
tb
�Vtd ≈ ±c̃12eiφ

d
31/2 and �V ∗

tb
�Vts ≈ ±s̃12eiφ

d
32/2 (see Sect. 4.3 and

Sect. 4.3), and using (117), we finally obtain the following expressions for the two branching
ratios normalized to the SM:

B(Bs → �+�−) = B(Bs → �+�−)SM
���1∓ 7.8× s̃12e

iφd
32 ceffZR

���
2
,

B(Bd → �+�−) = B(Bd → �+�−)SM
���1± 37× c̃12e

iφd
31 ceffZR

���
2
. (126)

The muon channels are those where the experimental searches are closer to the SM predic-
tions. The numerical values of the latter, obtained using the relation of B(Bq → µ+µ−) to
∆Mq pointed out in [47], are

B(Bs → µ+µ−) = (3.2± 0.2)× 10−9 , B(Bd → µ+µ−) = (1.0± 0.1)× 10−10 . (127)

These figures should be compared with the 95% C.L. upper limits from CDF [48] and D0 [49]
(in parentheses)

B(Bs → µ+µ−) ≤ 3.3 (5.3)× 10−8, B(Bd → µ+µ−) ≤ 1× 10−8. (128)

Using the results in (126) these limits imply
���s̃12ceffZR

��� < 0.54 ,
���c̃12ceffZR

��� < 0.30 , (129)

where the bounds have been derived taking into account the interference with the SM (and
choosing the maximal interference effect). These two limits can be combined to derive the
following bound ���ceffZR

��� < 0.62 , (130)

which holds independently of any assumption about the value of c̃12. Using this bound in
(114) we get ���(∆gbbR )RH

��� < 1× 10−3 , (131)
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Experiment
• present upper bounds 

• early LHCb prospects

D0 arXiv:1006.3469CDF public note 9892

    CDF     D0 SM theory
  Bs➔µ+µ- 4.3 10-8   95% CL 5.2 10-8   95% CL (3.2±0.2) 10-9

  Bd➔µ+µ- 7.6 10-9   95% CL (1.0±0.1) 10-10

  D➔µ+µ- 3.0 10-7   95% CL ~ 10-13

Buras et al arXiv:1007.1993
D0 arXiv:1008.5077

Kreps arXiv:1008.0247

Burdman et al 2001
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Expected sensitivity at LHCb assuming measured bb cross-section (292 b)

(Guy Wilkinson at 
CKM2010)
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(Guy Wilkinson at 
CKM2010)

LHCb 37 pb-1
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Beyond the SM
• New physics can modify the Z

penguin ....

... induce a Higgs penguin ...

... or induce (or comprise) four-fermion
contact interactions directly

• most general effective hamiltonian
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3.4 Very rare decays
3.4.1 Theory of Bq → !+!− and related decays
A particularly important class of very rare decays are the leptonic FCNC decays of a Bd or a Bs meson.
In addition to the electroweak-loop suppression the corresponding decay rates are helicity suppressed in
the SM by a factor of m2

!/m
2
B , where m! and MB are the masses of lepton and B meson, respectively.

The effective |∆B| = |∆S| = 1 Hamiltonian, which describes b → s decays, already contains 17
different operators in the Standard Model, in a generic model-independent analysis of new physics this
number will exceed 100. One virtue of purely leptonic Bs decays is their dependence on a small number
of operators, so that they are accessible to model-independent studies of new physics. These statements,
of course, equally apply to b → d transitions and leptonic Bd decays. While in the Standard Model all
six Bq → !+!− decays (with q = d or s and ! = e, µ or τ ) are related to each other in a simple way, this
is not necessarily so in models of new physics. Therefore all six decay modes should be studied.

Other very rare decays, such as Bq → !+!−!′+!′−, !+!−γ, e+µ−, are briefly considered in Sec.
3.4.1.3 below.

3.4.1.1 Bq → !+!− in the Standard Model
Photonic penguins do not contribute to Bq → !+!−, because a lepton-anti-lepton pair with zero angular
momentum has charge conjugation quantum number C = 1, while the photon has C = −1. The
dominant contribution stems from the Z-penguin diagram and is shown in Figure 19.

Fig. 19: Left: Z-penguin contribution to Bs → !+!−.

There is also a box diagram with two W bosons, which is suppressed by a factor ofM2
W /m2

t with
respect to the Z-penguin diagram. These diagrams determine the Wilson coefficient CA of the operator

QA = bLγµqL !γµγ5!. (122)

We will further need operators with scalar and pseudoscalar couplings to the leptons:

QS = mbbRqL !!, QP = mbbRqL !γ5!. (123)

Their coefficients CS and CP are determined from penguin diagrams involving the Higgs or the neutral
Goldstone boson, respectively. While CS and CP are tiny and can be safely neglected in the Standard
Model, the situation changes dramatically in popular models of new physics discussed below. The effec-
tive Hamiltonian reads

H =
GF√

2

α

π sin2 θW
V ∗

tbVtq [CSQS + CP QP + CAQA ] + h.c. (124)

The operators Q′
S , Q′

P and Q′
A, where the chiralities of the quarks in the b̄q currents are flipped with

respect to those in (122), (123), may also become relevant in general extensions of the SM.
CA has been determined in the next-to-leading order (NLO) of QCD [546–548]. The NLO cor-

rections are in the percent range and higher-order corrections play no role. CA is commonly expressed

88

in terms of the MS mass of the top quark, mt. A pole mass of mpole
t = 171.4 ± 2.1 GeV corresponds

to mt = 163.8 ± 2.0 GeV. An excellent approximation to the NLO result for CA, which holds with an
accuracy of 5 · 10−4 for 149 GeV < mt < 179 GeV, is

CA(mt) = 0.9636

[
80.4 GeV

MW

mt

164 GeV

]1.52

(125)

In the literature CA(mt) is often called Y (m2
t /M

2
W ). The exact expression can be found e.g. in Eqs. (16-

18) of [548]. The branching fraction can be compactly expressed in terms of the Wilson coefficients CA,
CS and CP :

B
(
Bq → !+!−

)
=

G2
F α2

64π3 sin4 θW
|V ∗

tbVtq|2 τBq M3
Bq

f2
Bq

√

1 −
4m2

!

M2
Bq

×

[(

1 −
4m2

!

M2
Bq

)

M2
Bq

C2
S +

(
MBqCP −

2m!

MBq

CA

)2
]

. (126)

Here fBq and τBq are the decay constant and the lifetime of the Bq meson, respectively, and θW is the
Weinberg angle. SinceBq → !+!− is a short-distance process, the appropriate value of the fine-structure
constant is α = α(MZ) = 1/128. With Eq. (125) and CS = CP = 0 Eq. (126) gives the following
Standard Model predictions:

B
(
Bs → τ+τ−

)
= (8.20 ± 0.31) · 10−7 ×

τBs

1.527 ps

[
|Vts|

0.0408

]2 [
fBs

240 MeV

]2

(127)

B
(
Bs → µ+µ−

)
= (3.86 ± 0.15) · 10−9 ×

τBs

1.527 ps

[
|Vts|

0.0408

]2 [
fBs

240 MeV

]2

(128)

B
(
Bs → e+e−

)
= (9.05 ± 0.34) · 10−14 ×

τBs

1.527 ps

[
|Vts|

0.0408

]2 [
fBs

240 MeV

]2

(129)

B
(
Bd → τ+τ−

)
= (2.23 ± 0.08) · 10−8 ×

τBd

1.527 ps

[
|Vtd|

0.0082

]2 [
fBd

200 MeV

]2

(130)

B
(
Bd → µ+µ−

)
= (1.06 ± 0.04) · 10−10 ×

τBd

1.527 ps

[
|Vtd|

0.0082

]2 [
fBd

200 MeV

]2

(131)

B
(
Bd → e+e−

)
= (2.49 ± 0.09) · 10−15 ×

τBd

1.527 ps

[
|Vtd|

0.0082

]2 [
fBd

200 MeV

]2

(132)

The dependences on the decay constants, which have sizable theoretical uncertainties, and on the relevant
CKM factors have been factored out. While |Vts| is well-determined through the precisely measured
|Vcb|, the determination of |Vtd| involves the global fit to the unitarity triangle and suffers from larger
uncertainties. The residual uncertainty in Eqs. (127–132) stems from the 2 GeV error inmt.

Alternatively, within the standard model, the CKM dependence as well as the bulk of the hadronic
uncertainty may be eliminated by normalizing to the well-measured meson mass differences∆MBq , thus
trading f2

Bq
for a (less uncertain) bag parameter B̂q [549]:

B(Bq → !+!−) = C
τBq

B̂q

Y 2(m2
t /M

2
W )

S(m2
t /M

2
W )

∆Mq, (133)

where S is a perturbative short-distance function, C = 4.36 · 10−10 includes a normalization and NLO
QCD corrections, and ! = e, µ. This reduces the total uncertainty within the SM below the 15 percent
level. (A similar formula may be written for ! = τ .)
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could violate 
lepton flavour !

could also 
violate lepton 
flavour

+ parity reflections
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• huge rates possible, even for
minimal flavour violation (MFV)
(via heavy-Higgs penguin)

• correlation (for MFV)
with 

bound on BR(Bs➔µ+µ-) in these
models implies closeness of  
            to SM. In turn, 
at present does not constrain
Bs➔µ+µ- 

• beyond MFV, no correlations !
not necessarily suppression of Bd➔µ+µ-

with respect to Bs➔µ+µ

∆MBs

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

[Buras et al 2002]

CDF 2010
upper limit      

suppression 
predicted     

S
M

   
   

MSSM - large tan β - MFV

[Gorbahn, SJ, Nierste, Trine 2009]

∆MBs
∆MBs
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MSSM - small tan β
• Z penguin contributions now

relatively more important and
interference effects possible

complete 1-loop calculation in general MSSM

implemented in public computer program “SUSY_FLAVOR”

(in this plot the Z penguin does not receive large 
contributions, in general it can)

[Dedes, Rosiek, Tanedo 2008]

oben

unten

rechts

s

b

g

s

b

γ
s

b
Z

s

b
H

e

µ

γ

W

νi

e

µ

γ

#̃−i

χ0
k

e

µ

γ

χ̃−

i

ν̃i

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

hi

hj
b s

hi

hj hk

b s

hi
hj

.

µ
+

µ
−

Bs

10-12

10-11

10-10

10-9

10-8

10-7

-0.015 -0.01 -0.005  0  0.005  0.01  0.015

Br
(B

s -
> 
µ

+  µ
- )

!23
d LR

Box
Higgs

Z
Total

10-11

10-10

10-9

10-8

-0.015 -0.01 -0.005  0  0.005  0.01  0.015
!23

d LR

|FP|
|FS|

|2 mµ FA|

Figure 3: Contributions to B(B0
s,d → µ+µ−) from various parts with the parameters in

Eq. (3.7). Left: Contributions from the diagrams in Fig. 1 versus δ23
dLR. Right: Magnitude

of the form factors appearing in Eqs. (2.6 – 2.9) versus δ23
dLR.

The cancellation is easy to understand if one independently considers the contributions

to the branching ratio from each diagram, as shown on the left in Fig. 3. The ‘Box’, ‘Higgs’

and ‘Z’ lines indicate the value of B(B0
s → µ+µ−) given by only the listed contribution with

all others set to zero. The total prediction for B(B0
s → µ+µ−) is also indicated. We observe

that in the cancellation region the Higgs- and Z-penguin magnitudes are comparable while

the box contribution is negligible. This is suggestive of a cancellation between the second

and third class of diagrams in Fig. 1. To observe this cancellation we individually plot the

absolute values of the form factors FS,P and 2mµFA of Eqs. (2.6 – 2.9) in the right panel of

Fig. 3. At the minimum point of the total branching ratio (thick-dashed line in left panel

of Fig. 3) |FP | is approximately equal to |2mµFA| and |FS| is negligibly small. This can be

explained from the form of Eqs. (2.6) and (2.7). If one assumes δ23
dLR = (δ32

dLR)!, then CSLR

and CSRL, the two Wilson coefficients most sensitive to the variation of δ23
dLR, have similar

sizes and opposite sign and thus interfere destructively in the amplitude.

Bounds on the δ parameters governing squark flavour mixing have been presented in

the literature using the mass insertion approximation (MIA). In particular, Refs. [38] and

[39] bound |δ23
d LL| <∼ 0.3 and |δ23

d LR| <∼ 0.02 for a particular point in the parameter space,

mq̃ = M3 = 350 GeV. On the other hand, the results in Fig. 3 arise from an extensive

scan of the experimentally allowed parameter space without resorting to MIA3. Thus the

3Note that references to the δ-parameter in this paper are mainly for comparison and presentation.

Any other parameter that characterizes the squark mixing would also be appropriate. Recall that our

calculation is not based on expanding this parameter around zero and keeping only leading terms (MIA

approximation). Instead, we numerically diagonalize all relevant squark matrices and plug the result into

the expressions given in the Appendix.

12

[Rosiek, Chankowski, Dedes, SJ,  Tanedo 2010]

even suppression 
below SM possible
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BSM model comparison

David Straub at CKM 2010

Bs → µ+µ− vs. Bd → µ+µ−
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Semileptonic decay

• kinematics described by dilepton invariant mass q2 and 
three angles

• Systematic theoretical description based on heavy-quark 
expansion (Λ/mb) for q2 << m2(J/ψ)  (SCET)
also for q2 >> m2(J/ψ) (OPE)
Theoretical uncertainties on form factors, power corrections
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Bd➔K*µ+µ-

• Most well-known observable: forward-backward asymmetry

• Many more observables to consider
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Figure 9: Left and centre plot: CP asymmetries A7 and A8 in the SM (blue band) and three
FBMSSM scenarios as described in the text. Right plot: correlation between the integrated asym-
metries 〈A7〉 and 〈A8〉 in the FBMSSM. Blue circle: SM, green diamond: FBMSSMI, red square:
FBMSSMII , orange triangle: FBMSSMIII.
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Figure 10: The observables S4, S5 and Ss
6 in the SM (blue band) and the three FBMSSM scenarios

FBMSSMI,II,III.

asymmetry 〈A7〉. One observes that large effects in 〈A7〉 are correlated with large shifts in
the zeros towards lower values.

In order to identify signs in the CP asymmetries which are favoured in this model one
must include additional observables in the analysis. To this end we also investigate the direct
CP asymmetry in the b → sγ decay ACP(b → sγ), the electric dipole moments of the electron
and the neutron de and dn and the mixing induced CP asymmetry SφKS

. We recall that
in [62] striking correlations between these observables have been found. In particular, the
desire to explain the anomaly observed in SφKS

through the presence of flavour conserving
but CP-violating phases implied a positive ACP(b → sγ), by an order of magnitude larger
than its SM tiny value and de, dn at least as large as 10−28 e cm.

The left plot of Fig. 12 shows the correlation between 〈A7〉 and SφKS
. We find that a value

of SφKS
$ 0.44, as indicated by the present data [85], implies a positive value for 〈A7〉 in the

range [0.05, 0.2] and then also a negative value for 〈A8〉 in the range [−0.11,−0.03]. In addition
to the two scenarios discussed above, we have chosen also a third scenario, FBMSSMIII,
indicated as orange triangle in the plots of Figs. 9, 11 and 12, that gives SφKS

close to the
experimental value. This scenario is shown in Figs. 9 and 10 as the orange bands and we find
that while one still can get almost maximal effects in 〈A7〉 and 〈A8〉 the effects in S4, S5 and
Ss

6 are much less pronounced.
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Figure 7: The forward-backward asymmetry in a) B+ → ρ+"+"−, b) B− → ρ−"+"−,
and c) the CP-averaged B → ρ0"+"− decay. The solid (dashed) line shows the next-to-
leading (leading) order result. The band represents the theoretical error due to hadronic
uncertainties.

The next-to-leading order prediction of the forward-backward asymmetry for the
B → K∗"+"− decay has been discussed in detail in our previous paper [3]. For the

b → s transitions the term C(u)
9,⊥(q2) is negligible, because the corresponding Rut is very

small. Hence there is no difference between B and B̄ decay, and the asymmetry zero is
determined by the zero of the real part of C(t)

9,⊥(q2). In [3] we found that the next-to-
leading order correction shifts the zero by 30%, but once this correction is included, a
precise measurement of the location of the zero translates into a determination of the
Wilson coefficient C9 with an accuracy of about 10%. Our updated result for the position
of the forward-backward asymmetry zero reads

q2
0 [K

∗0] = 4.36+0.33
−0.31 GeV2, q2

0[K
∗+] = 4.15+0.27

−0.27 GeV2. (38)

The small difference compared to [3] is due to the different treatment of form factors
and the inclusion of isospin breaking power corrections in the present analysis.

In case of B → ρ "+"− decays there exists an important new contribution from
C(u)

9,⊥(q2). As a consequence, the decays of B or B̄, neutral or charged B mesons to
ρ "+"− may show significantly different forward-backward asymmetries. When α is near
90◦ as expected in the Standard Model, we may approximate eiα " i sin α, and therefore
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Figure 9: Forward-backward asymmetry dAFB(B− → K∗−!+!−)/dq2 at next-
to-leading order (solid center line) and leading order (dashed). The band re-
flects all theoretical uncertainties from parameters and scale dependence com-
bined.

for q2 ∼ Λ2
QCD, but perturbative for q2 ∼ mbΛQCD. Furthermore, the non-perturbative

contribution is formally power-suppressed when the lepton invariant mass spectrum is
integrated from 0 to some q2 of order mbΛQCD.

5.2 Forward-backward asymmetry

The QCD factorization approach proposed here leads to an almost model-independent
theoretical prediction for the forward-backward asymmetry [30]. It has been noted in
[31] that the location of the forward-backward asymmetry zero is nearly independent of
particular form factor models. An explanation of this fact was given in [32], where it
has been noted that the form factor ratios on which the asymmetry zero depends are
predicted free of hadronic uncertainties in the combined heavy quark and large energy
limit. In [4] the effect of the (factorizable) radiative corrections to the form factor ratios
has been studied and has been found to shift the position of the asymmetry zero about
5% towards larger values. We are now in the position to discuss the effect of both,
factorizable and non-factorizable radiative corrections to next-to-leading order in the
strong coupling constant on the location of the asymmetry-zero, and hence to complete
our earlier analysis.

We define the forward-backward (FB) asymmetry (normalized to the differential de-
cay rate dΓ(B− → K∗−!+!−)/dq2) by

dAFB

dq2
≡

1

dΓ/dq2

(

∫ 1

0
d(cos θ)

d2Γ

dq2d cos θ
−

∫ 0

−1
d(cos θ)

d2Γ

dq2d cos θ

)

(72)

Our result for the FB asymmetry is shown in Figure 9 to LO and NLO accuracy. From
(64) it is obvious that dAFB/dq2 ∝ Re (C9,⊥(q2)), and therefore the FB asymmetry van-
ishes if Re (C9,⊥(q2

0)) = 0. At leading order this translates into the relation

C9 + Re(Y (q2
0)) = −

2MBmb

q2
0

Ceff
7 , (73)
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Right-handed currents?
CP asymmetries in B → K ∗µ+µ−

Note: A9 can be extracted from 1-dimensional
angular distribution:

d(Γ+ Γ̄)

dφ dq2
∝ 1 + S3 cos(2φ) + A9 sin(2φ)

Altmannshofer et al 0811.1214v3
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Theoretical description
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KINEMATICS & (q̄q)-RESONANCE BKGR

KINEMATICS – B(pB)→ P(pP) + �̄(p�̄) + �(p�)

1) q2 = m2

�̄�
= (p�̄ + p� )2 = (pB − pP)2 4m2

� � q2 � (MB −MP)2

2) cos θ� with θ�∠(�pB ,�p�̄) in �̄�-c.m. system −1 � cos θ� � 1

general problem in b → {d , s}+ �̄� due to Op’s: [s̄Γq][q̄Γ�b] and [s̄Γb][q̄Γ�q]

LONG DISTANCE - (q̄q)-RESONANCE BACKGROUND

A[B → P + �̄�] = A[B → P + �̄�]SD−FCNC

+A[B → P + (q̄q)→ P + �̄�]LD

b s

qq

l

l

for B → K + �̄� (q2
max ≈ 22.9 GeV

2
):

q = u, d , s light resonances below q2 � 1 GeV
2

suppr. by small QCD-peng. Wilson coeff. or CKM λ̂u

q = c start @ q2 ∼ (MJ/ψ)2 ≈ 9.6 GeV
2
, (Mψ�)2 ≈ 13.6 GeV

2

⇒ usually A[B → P + �̄�]SD−FCNC = “non-resonant part”

Christoph Bobeth Lattice Meets Phenomenology 16th September 2010 9 / 25

Form factor                  
(lattice, QCD sum rules)

q = charm / u / d / s
not calculable in terms of form factors[Fig C Bobeth]
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Long-distance effects
• no known way to treat charm resonance region to 

the necessary precision (would need << 1% to 
see short-distance contribution) 
“solution”: cut out 6 GeV2 < q2 < 14 GeV2

above (high-q2) charm loops calculable in OPE

KINEMATICS & (q̄q)-RESONANCE BKGR

KINEMATICS – B(pB)→ P(pP) + �̄(p�̄) + �(p�)

1) q2 = m2

�̄�
= (p�̄ + p� )2 = (pB − pP)2 4m2

� � q2 � (MB −MP)2

2) cos θ� with θ�∠(�pB ,�p�̄) in �̄�-c.m. system −1 � cos θ� � 1

general problem in b → {d , s}+ �̄� due to Op’s: [s̄Γq][q̄Γ�b] and [s̄Γb][q̄Γ�q]

LONG DISTANCE - (q̄q)-RESONANCE BACKGROUND

A[B → P + �̄�] = A[B → P + �̄�]SD−FCNC

+A[B → P + (q̄q)→ P + �̄�]LD

b s

qq

l

l

for B → K + �̄� (q2
max ≈ 22.9 GeV

2
):

q = u, d , s light resonances below q2 � 1 GeV
2

suppr. by small QCD-peng. Wilson coeff. or CKM λ̂u

q = c start @ q2 ∼ (MJ/ψ)2 ≈ 9.6 GeV
2
, (Mψ�)2 ≈ 13.6 GeV

2

⇒ usually A[B → P + �̄�]SD−FCNC = “non-resonant part”

Christoph Bobeth Lattice Meets Phenomenology 16th September 2010 9 / 25
Beneke, Feldmann, Seidel 01

Grinstein et al; Beylich et al 2011

at low q2 , long-distance charm effects also suppressed, but photon can 
now be emitted from spectator withouth power suppression

Figure 1: Leading contributions to 〈γ∗K̄∗|Heff |B̄〉. The circled cross marks
the possible insertions of the virtual photon line.

with αs ≡ αs(µ). The sign convention for O7,8 corresponds to a negative C7,8 and
+igsTA, +igemef for the ordinary quark–gauge-boson vertex (ef = −1 for the lepton
fields). We will present our result in terms of “barred” coefficients C̄i (for i = 1, . . . , 6),
defined as certain linear combinations of the Ci as described in Appendix A. The linear
combinations are chosen such that the C̄i coincide at leading logarithmic order with the
Wilson coefficients in the standard basis [7].

As for form factors and non-leptonic two-body decays there exist two distinct classes
of non-factorizable effects. (By “non-factorizable” we mean all those corrections that are
not contained in the definition of the QCD form factors for heavy-to-light transitions.
For example, the familiar leading-order diagrams shown in (a) and (b) of Figure 1 are
factorizable.) The first class involves diagrams in which the spectator quark in the B
meson participates in the hard scattering. This effect occurs at leading order in an
expansion in the strong coupling constant only through a weak annihilation diagram
[Figure 1c]. The relevant diagrams at next-to-leading order are shown as (a) and (b) in
Figure 2 below and in Figure 3. They contribute at order α0,1

s to the functions Ta in
(1). Diagrams of this form have already been considered (for q2 = 0) in [8]. However,
bound state model wave-functions (rather than light-cone distribution amplitudes) were
used and no attempt was made to systematically expand the hard scattering amplitude
in 1/mb. As a consequence, the result of [8] for B̄ → K∗γ depends on an infrared cut-off.
This difficulty is resolved in the present factorization approach. The second class contains
all diagrams shown in the second row of Figure 2 below. Here the spectator quark is
connected to the hard process represented by the diagram only through soft interactions.
The result is therefore proportional to the form factor ξa and the hard-scattering part
gives an αs-correction to the functions Ca in (1).

In this section we present the results of the calculation of these diagrams. Some of the
results needed for diagrams of the second class can be extracted from work on inclusive
radiative decays [9, 10] and we have made use of these results as indicated below. The
conventions for the form factors and light-cone distribution amplitudes for B mesons
and light mesons are those of [4].

2.1 Notation and leading-order result

Since the matrix elements of the semi-leptonic operators O9,10 can be expressed through
B → K∗ form factors, non-factorizable corrections contribute to the decay amplitude
only through the production of a virtual photon, which then decays into the lepton pair.

3

Figure 2: Non-factorizable contributions to 〈γ∗K̄∗|Heff |B̄〉. The circled cross
marks the possible insertions of the virtual photon line. Diagrams that follow
from (c) and (e) by symmetry are not shown. Upper line: hard spectator scat-
tering. Lower line: diagrams involving a B → K∗ form factor (the spectator
quark line is not drawn for these diagrams).

T (f)
⊥,−(u, ω) = T (f)

‖,−(u, ω) = 0 (22)

The non-factorizable correction is obtained by computing matrix elements of four-quark
operators and the chromomagnetic dipole operator represented by diagrams (a) and (b)
in Figure 2. The projection on the meson distribution amplitudes is straightforward. In
the result we keep only the leading term in the heavy quark limit, expanding the ampli-
tude in powers of the spectator quark momentum whenever this is permitted by power
counting. In practice this means keeping all terms that have one power of the spectator
quark momentum in the denominator. Such terms arise either from the gluon propagator
that connects to the spectator quark line or from the spectator quark propagator, when
the photon is emitted from the spectator quark line. We then find:

T (nf)
⊥, +(u, ω) = −

4ed C eff
8

u + ūq2/M2
B

+
MB

2mb

[

eut⊥(u, mc) (C̄2 + C̄4 − C̄6)

+ ed t⊥(u, mb) (C̄3 + C̄4 − C̄6 − 4mb/MB C̄5) + ed t⊥(u, 0) C̄3

]

(23)

T (nf)
⊥,−(u, ω) = 0 (24)

T (nf)
‖, + (u, ω) =

MB

mb

[

eut‖(u, mc) (C̄2 + C̄4 − C̄6) + ed t‖(u, mb) (C̄3 + C̄4 − C̄6)

+ ed t‖(u, 0) C̄3

]

(25)

T (nf)
‖,− (u, ω) = eq

MBω

MBω − q2 − iε

[

8 C eff
8

ū + uq2/M2
B

+
6MB

mb

(

h(ūM2
B + uq2, mc) (C̄2 + C̄4 + C̄6) + h(ūM2

B + uq2, mb) (C̄3 + C̄4 + C̄6)

7

possible photon 
attachments more significant for b ➔s transitions

small Wilson coefficients

long-distance “resonance” effects as in top figure (q=u,d,s) CKM and power suppressed

The results of this paper are restricted to the kinematic region in which the energy
of the final state meson scales with the heavy quark mass in the heavy quark limit.
In practice we identify this with the region below the charm pair production threshold
q2 < 4m2

c ≈ 7 GeV2. The various form factors appearing in (7)-(9) are then related by
symmetries [5, 4]. Adopting the notation of [4], (7)-(9) simplify to

T1(q
2) ≡ T⊥(q2) = ξ⊥(q2)

[

C eff
7 δ1 +

q2

2mbMB
Y (q2)

]

, (12)

T2(q
2) =

2E

MB
T⊥(q2), (13)

T3(q
2) −

MB

2E
T2(q

2) ≡ T‖(q
2) = −ξ‖(q

2)
[

C eff
7 δ2 +

MB

2mb
Y (q2) δ3

]

, (14)

where E = (M2
B − q2)/(2MB) refers to the energy of the final state meson and ξ⊥,‖ refer

to the form factors in the heavy quark and high energy limit. The factors δi are defined
such that δi = 1 + O(αs). The αs-corrections have been computed in [4] and will be
incorporated into the next-to-leading order results later on. The appearance of only
two independent structures is a consequence of the chiral weak interactions and helicity
conservation, and hence holds also after including next-to-leading order corrections [4,
12]. We therefore present our results in terms of the invariant amplitudes T⊥, ‖(q2), which
refer to the decay into a transversely and longitudinally polarized vector meson (virtual
photon), respectively. At next-to-leading order we represent these quantities in the form

Ta = ξa

(

C(0)
a +

αsCF

4π
C(1)

a

)

+
π2

Nc

fBfK∗, a

MB
Ξa

∑

±

∫ dω

ω
ΦB,±(ω)

∫ 1

0
du ΦK∗, a(u) Ta,±(u, ω), (15)

where CF = 4/3, Nc = 3, Ξ⊥ ≡ 1, Ξ‖ ≡ mK∗/E, and Ta,±(u, ω) is expanded as

Ta,±(u, ω) = T (0)
a,±(u, ω) +

αsCF

4π
T (1)

a,±(u, ω). (16)

fK∗, ‖ denotes the usual K∗ decay constant fK∗. fK∗,⊥ refers to the (scale-dependent)
transverse decay constant defined by the matrix element of the tensor current. The
leading-order coefficient C(0)

a follows by comparison with Eqs. (12) and (14) setting δi = 1.
To complete the leading-order result we have to compute the weak annihilation am-

plitude of Figure 1c, which has no analogue in the inclusive decay and generates the
hard-scattering term T (0)

a,±(u, ω) in (15). To compute this term we perform the projec-
tion of the amplitude on the B meson and K∗ meson distribution amplitude as explained
in [4]. The four diagrams in Figure 1c contribute at different powers in the 1/mb expan-
sion. It turns out that the leading contribution comes from the single diagram with the
photon emitted from the spectator quark in the B meson, because this allows the quark
propagator to be off-shell by an amount of order mbΛQCD, the off-shellness being of order
m2

b for the other three diagrams. With the convention that the K∗ meson momentum

5

light-cone wave functions

b

b

q

q

calculable
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Figure 9: Forward-backward asymmetry dAFB(B− → K∗−!+!−)/dq2 at next-
to-leading order (solid center line) and leading order (dashed). The band re-
flects all theoretical uncertainties from parameters and scale dependence com-
bined.

for q2 ∼ Λ2
QCD, but perturbative for q2 ∼ mbΛQCD. Furthermore, the non-perturbative

contribution is formally power-suppressed when the lepton invariant mass spectrum is
integrated from 0 to some q2 of order mbΛQCD.

5.2 Forward-backward asymmetry

The QCD factorization approach proposed here leads to an almost model-independent
theoretical prediction for the forward-backward asymmetry [30]. It has been noted in
[31] that the location of the forward-backward asymmetry zero is nearly independent of
particular form factor models. An explanation of this fact was given in [32], where it
has been noted that the form factor ratios on which the asymmetry zero depends are
predicted free of hadronic uncertainties in the combined heavy quark and large energy
limit. In [4] the effect of the (factorizable) radiative corrections to the form factor ratios
has been studied and has been found to shift the position of the asymmetry zero about
5% towards larger values. We are now in the position to discuss the effect of both,
factorizable and non-factorizable radiative corrections to next-to-leading order in the
strong coupling constant on the location of the asymmetry-zero, and hence to complete
our earlier analysis.

We define the forward-backward (FB) asymmetry (normalized to the differential de-
cay rate dΓ(B− → K∗−!+!−)/dq2) by

dAFB

dq2
≡

1

dΓ/dq2

(

∫ 1

0
d(cos θ)

d2Γ

dq2d cos θ
−

∫ 0

−1
d(cos θ)

d2Γ

dq2d cos θ

)

(72)

Our result for the FB asymmetry is shown in Figure 9 to LO and NLO accuracy. From
(64) it is obvious that dAFB/dq2 ∝ Re (C9,⊥(q2)), and therefore the FB asymmetry van-
ishes if Re (C9,⊥(q2

0)) = 0. At leading order this translates into the relation

C9 + Re(Y (q2
0)) = −

2MBmb

q2
0

Ceff
7 , (73)

24

zero crossing to 
0.3 GeV2 in SM

27 25 - 29 May 2010 FPCP, Torino, Italy  

Belle 

BaBar 

LHCb expected 

With 1 fb-1 LHCb expects 1200 events with q2 < 6 GeV2 

At Belle central value, SM could be excluded at 4! 

AFB(B➔K*μμ) w/ 1 fb-1

F Muheim @ FPCP2010

uncertainty due to mainly form 
factor precision (will improve);
light cone distribution amplitudes 
(will to some degree improve)

cut at 1 GeV2 is an ad-hoc procedure to remove/
reduce uncertainty from ‘light resonances’
however interesting physics in this region (C7, C7’)
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new physics might induce
coupling to right-handed photon;
this will produce left-handed
photons in antiparticle decay                     
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B̄
S(B➔K*γ) =−0.16 ± 0.22
HFAG average of B factory data
(SM: ≈0)
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new physics might induce
coupling to right-handed photon;
this will produce left-handed
photons in antiparticle decay                     
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mixing-decay interference & time-dependent CP asymmetry
LHCb has sensitivity for S(Bs➔ϕγ)                    
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)

S(B➔K*γ) =−0.16 ± 0.22
HFAG average of B factory data
(SM: ≈0)
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Bd➔K*γ, Bs➔ϕγ

• Theoretical description based on heavy-quark expansion,
similar to semileptonic case
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new physics might induce
coupling to right-handed photon;
this will produce left-handed
photons in antiparticle decay                     

γL

(B̄s)

K̄
∗

(φ)

C
′

7γ

B̄
mixing

mixing-decay interference & time-dependent CP asymmetry
LHCb has sensitivity for S(Bs➔ϕγ)                    

φBd

(φBs
)

S(B➔K*γ) =−0.16 ± 0.22
HFAG average of B factory data
(SM: ≈0)
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Connecting LHCb to theories 
of the weak scale
• LHCb to run close to design lumi in 

2011&2012 ➔ early discoveries?

• UK: 10 LHCb experimental groups, 
focus: rare semileptonic/radiative 
decays, CKM angles, mixing.
(Few theorists.)

• for exploiting physics potential,
want “bottom-up” approach
        
         observables

        effective theory

         
                theory of the weak scale

27 25 - 29 May 2010 FPCP, Torino, Italy  

Belle 

BaBar 

LHCb expected 

With 1 fb-1 LHCb expects 1200 events with q2 < 6 GeV2 

At Belle central value, SM could be excluded at 4! 

F Muheim (Edinburgh) @ FPCP2010

AFB(B➔K*μμ) w/ 1 fb-1

How is a possible SM exclusion 
best translated to New Physics ?
- not assuming a model (eg SUSY)

how to reliably quantify 
theory uncertainty ?
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BSM particle content
(from high-pT expt)
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Hadronic modes, etc
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Exciting measurements possible already 
with a few 100 pb-1, when sample size will 

0 and Bs decays

Bs charge asymmetries
Relative BR measurements
Bs
Bs -violation
B0

s discovery

Some possible goals:

LHCb stat 
sensitivity
with 200 pb-1

See Carbone, WG 6

Bs
with 0.9 pb-1

Hadronic decays at LHCb
Guy Wilkinson at CKM2010

should resolve long-standing 
experimental puzzle

LHCb to surpass B factory 
statistics early on, for 
those modes it can access
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Hadronic decays - theory
• Any SM 2-light-hadron amplitude can be written 

  

A(B̄ → M1M2) = e
−iγ

TM1M2
+ PM1M2

TM1M2
= VuD|Vub|

[

C1〈Q
u
1 〉 + C2〈Q

u
2 〉 +

12
∑

i=3

Ci〈Qi〉
]

PM1M2
= VcD|Vcb|

[

C1〈Q
c
1〉 + C2〈Q

c
2〉 +

12
∑

i=3

Ci〈Qi〉
]

“tree”

“penguin”

Qi: operators in weak hamiltonian
Ci: QCD corrections from short distances (< hc/mb) & new physics
⟨Qi⟩=⟨M1 M2 | Qi | B⟩: QCD at distances > hc/mb, strong phases

tree W exchange penguins (QCD, 
magnetic, EW)

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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B➔πK direct CP puzzle
 

data: ACP(B+ ➔π0 K+) -  ACP(B0➔π- K+) = 0.14 ± 0.03    (expt) 

In general, only isospin relation
ACP(B+ ➔π0 K+)+ACP(B0 ➔π0 K0) ≈  ACP(B0➔π- K+)+ACP(B+➔π0 K0)

how small are the “small” amplitude ratios C/T and PEW/T

[Gronau 2005; Gronau & Rosner 2006]   

A(B0 ➔π- K+)   =    T eiγ       +       P     +    PcEW

- A(B+ ➔π0 K+)  =   (T+C) eiγ       +    P    +     PEW    +    PcEW

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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• 1/N expansion (only counting rules)

• expansion in ΛQCD/mB ~0.2 (QCDF/SCET; “pQCD”):
reduce amplitudes to simpler objects (form factors etc)

• QCD light-cone sum rules: partly complementary set of 
calculable amplitudes; constrain “inputs” to heavy-quark 
expansion

• SU(3) / U-spin relates ΔD=1 and ΔS=1 amplitudes
 T(B➔πK)≈  T(B➔ππ);    P(B➔ρρ) ≈ P(B➔ρK*), etc.
(corrections in ms/ΛQCD ~0.3 uncontrolled; annihilation 
amplitudes spoil simple relations)

T/a1 C/a2 P  E/b1 A/b1

1/N 1 1/N 1/N 1/N 1 [?]
Λ/mB 1 1 1 Λ/mB Λ/mB

Theory of hadronic amplitudes
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QCD factorization

                             
                                      

To leading power in          long-distance interactions look like

model dependence enters (only) at subleading power (factorization 
breaks at O(Λ/m) for some amplitudes)
(This is generic - applies to semileptonic and radiative decays, too)

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 99-01

“nonfactorizable” gluons 
are perturbative

 SCET: Bauer, Pirjol, Rothstein, Stewart 04

“pQCD”: Keum, Li, Sanda 00
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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, 09 (trees), 
Beneke et al 09 (trees)

BBNS 99-01

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

Beneke, SJ 2005 (trees), 2006 (penguins); Kivel 2006; Pilipp 2007 (trees); 
Jain, Rothstein, Stewart 2007 (penguins)

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)
)
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phenomenological summary
•Corrections to naive factorization

small for T and PEW, stable
perturbation series  ; small
uncertainties

•Corrections O(1) for C (and PEWc),
stable perturbation series
large uncertainties (hadronic inputs;
large incalculable power correction
for final states with pseudoscalars)

• (physical) penguin amplitudes moderately affected by power-
suppressed incalculable penguin annihilation (&charm penguin) 
terms. Spoils precise predictions for direct CP asymmetries

•certain SU(3)-type relations satisfied in good approximation

[Beneke, SJ 05, 06]   
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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.

24

TC

parameter set “G” (fit hadronic 
parameters to B➔ππ BR’s):
       C/T ~ 0.69 + 0.17 i
large magnitude, small phase
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B➝πK direct CPV
•  QCDF, with usual estimate of uncertainties (in particular BBNS 

model of power corrections), cannot accomodate data:
ACP(B+ ➔π0 K+) -  ACP(B0➔π- K+) = 0.14 ± 0.03    (expt)
                                                    = 0.03 ± 0.03     (QCDF) 
reason: small arg(C/T); if it were large, could accomodate data

•one possibility: new physics with the structure of an electroweak 
penguin amplitude (modified Zsb vertex, Z’ boson etc)

•SπK (time-dependent CP asymmetry): no significant deviation;
direct CP asymmetry interpretation depends on a model of power 
corrections, which may (plausibly) underestimate C

•can we better use the data to reduce the theory uncertainty?

[Beneke 08]   

[eg Baek, Chiang, London 09]   

[Buras, Fleischer, Recksiegel, Schwab; Baek et al; Imbeault, Baek, London; Kim 
et al; Lunghi, Soni; Arnowitt et al; Khalil, Kou; Hou; Soni et al; Barger et al; Khalil, 
Masiero, Murayama; Ciuchini et al ... ]   
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B➝πK isospin analysis 2
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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).
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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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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

Fleischer, SJ, Pirjol, Zupan 08

Gronau, Rosner 08

The two B0 decay amplitudes add up to a pure ΔI=3/2 amplitude.
(The two B+ decay amplitudes add up to the same amplitude.)
The situation for the four CP-conjugate modes is analogous.

In the SM, A3/2 stems solely from tree 
and electroweak penguin amplitudes 
(QCD penguins are ΔI=3/2)

The ratio PEW/(T+C) is known in 
the SU(3) limit.

T+C is SU(3)-related to BR(B0 ➔π0 π0)

One relation between 4 decay rates (all measured) and SπK                      

Neubert, Rosner 98
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heavy-quark limit predicts ≈0°
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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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• use QCD factorization only to estimate SU(3) breaking
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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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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

assuming 30% error on future lattice 
calculation of SU(3) breaking in
                               
together with 10 x more statistics
would reduce error:
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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

error dominated by form-factor ratio
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–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

∣
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+0.000
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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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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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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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• can be explained a modified electroweak penguin

• best fit works a bit better for
(other) time-dependent CP asym-
metries than SM - details depend
on how EW Wilson coefficients are
modified
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FIG. 6: Constraints on qeiφ. Left panel: χ2 fit, using only the
B → πK data. Right panel: χ2 fit, using both the B → πK
and B → ππ data. The inner and outer regions correspond
to 1σ and 90% C.L., respectively, while the stars denote the
minima of the fits. The 90% C.L. regions with 10 times more
data lie inside the dotted lines (see also the text).
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FIG. 7: Mixing-induced CP asymmetries for a set of penguin-
dominated B0 decays as functions of q sin(φ), with q cos(φ)
fixed to 0.6. The vertical bars depict the experimental 1 σ
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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Conclusion

• Theories of the electroweak scale bring in new particles 
which contribute to flavour-violating observables

• LHCb should give a clear picture on mixing, and would see 
large NP effects in a number of observables soon
- already now (37 pb-1) world leading on Bs➔µ+µ- 

• quantitative interpretation of LHCb results suggests bottom-
up approach; requires attention to theory uncertainties
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Lepton flavour violation
1) Very suppressed in the SM
     (             )

2) New flavour violation in SUSY

(6x6 charged slepton mass matrix
and 3x3 sneutrinos masses).

Easy to saturate current experimental bounds
e.g.
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BR(τ → µγ) < 4.5 · 10−8 Belle 0705.0650 [hep-ex]

τ → 3" µ → e

BR(τ → µγ) < 4.4 · 10−8 Babar 1006.0314 [hep-ex]

τ → eγ µ → eγ
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• The MSSM strongly hints at grand unification:

• SUSY GUTs unify different fermion fields

- left & right chiral  ->  peculiar, nonminimal flavour violation

- quarks & leptons ->  leptonic and hadronic flavour violation 
correlated

Grand unification

Amaldi, de Boer, Furstenau
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“msugra GUTs”
1. Assume that SUSY breaking is Planck-mediated and flavour 
blind (like msugra) with universal parameters m0, a0 m1/2, sgn µ 
at or near the Planck scale, and with unification (here, SO(10)). 
2. Furthermore assume that only one Yukawa matrix (YU) 
contains large entries. Choose a GUT basis where it is diagonal

Then radiative corrections lead to a nonuniversal but diagonal 
sfermion mass matrix at the GUT scale

[Hall, Kostelecky, Raby 86;  Barbieri, Hall, Strumia 95]

H

f

(a)

S

H

(b)

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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ϴatm in hadronic physics
At MW, there exists a basis for MSSM superfields where YU and 
all sfermion mass matrices are still (nearly) diagonal.
If  YD, YE are nondiagonal in this basis,  there are FCNC

Concrete model: YU and MR simultaneously diagonal and SU(5) 
type embedding of SM into SO(10)

strong impact on B physics
correlations of hadronic and leptonic observables

[Chang, Masiero, Murayama 03]

[Harnik et al 03; SJ, Nierste 03, ...,
Girrbach, SJ, Knopf, Martens, Nierste, Scherrer, Wiesenfeldt 1101.6047]

YE = UT

E ŶEUPMNS, YD = UT

DŶDV
†
CKM

, Mν = M̂ν

Ỹ D
∝ YD = Y T

E ⇒ UD ≈ UPMNS ≡ U, UE ≈ V
†
CKM

≡ V †

Vertices in the CMMmodel
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FCNC processes at one loop.
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5 Results 35
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Figure 4: Correlation of FCNC processes as a function of Mq̃(MZ) and ad
1(MZ)/Mq̃(MZ) for

mg̃3
(MZ) = 500 GeV and sgn µ = +1 with tan β = 3 (left) and tan β = 6 (right). B(b → sγ)[10−4]

solid lines with white labels; B(τ → µγ)[10−8] dashed lines with gray labels. Black region: m2
f̃

< 0

or unstable |0〉; dark blue region: excluded due to Bs − Bs; medium blue region: consistent with

Bs − Bs but excluded due to b → sγ; light blue region: consistent with Bs − Bs and b → sγ but

inconsistent with τ → µγ; green region: compatible with all three FCNC constraints.

What is really challenging for the CMM model is an observable not directly related to flavor

physics: the mass of the lightest neutral, CP-even Higgs boson. As already mentioned at the end

of Sec. 4, in order to make the corrections to the tree level Higgs mass large enough, the sfermions

of the third generation should not be too light because they enter together with the top mass

logarithmically in the radiative corrections (see Eq. (122)). This is triggered by the choice of tan β.

In Fig. 5 one can see the same parameter space as in Fig. 4 but with the predicted mass of the

lightest Higgs boson mass added (solid line with white labels). On the left hand side for tanβ = 3

the whole green region is excluded due to Mh0 < 114.4 GeV. For negative µ the mass even tends

to smaller values. Only for rather heavy masses, e.g. mg̃3
= 2500 GeV and Mq̃ ! 6500 GeV the

experimental bound can be satisfied. However, in this region of parameter space the constraints

from flavor violating processes become irrelevant. On the right hand side of Fig. 5 for tan β = 6 the

situation changes such than even for light gluino masses there exist allowed regions in the CMM

parameter space. Thus, we can summarize this correlation between flavor violation and Higgs mass

in the CMM-model:

small tan β ⇔ large flavor effects ⇔ (too) light h0

larger tan β ⇔ smaller flavor effects ⇔ sufficiently heavy h0

In light of the recent result from DØ of the like-sign dimuon charge asymmetry and the measured

CP violation in Bs → J/ψφ, it is worth studying how large the CP phase φs can actually be in

from  1101.6047
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Higgs mass & CPV in  Bs mixing
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Figure 5: Same as in Fig. 4, but without labels and lines for b → sγ and τ → µγ. We show the

lightest Higgs mass in GeV (solid line with white labels) and the phase φs in degrees (gray labels)

for tan β = 3 (left) and 6 (right). φs depends on the CP phase ξ of the model; the values quoted in

the gray labels are the values of φs with maximal possible |φs|.

the CMM model. It is related to the free phase ξ defined in Eq. (21) which occurs in the Wilson

coefficient (see Eq. (77)) of the Bs −Bs system. In Fig. 5 we also compute the maximal (negative)

phase φs in the CMM model under the condition that ∆Ms lies within its 3σ-range and the hadronic

matrix element within its error bar.

From Fig. 4 we see that τ → µγ alone puts a lower bound on Mq̃, so that the squark masses of

the first two generations lie essentially above 1 TeV. One also realizes that the bound on B(τ → µγ)

is more constraining than the measured value of B(b → sγ). Fig. 3 shows that the dominantly right-

handed sbottom is about half as heavy as the down-type squarks of the first two generations. The

sample parameter point discussed in Eqs. (130–136) further shows that we can expect a dominantly

right-handed stop with mass around 500 GeV. The sleptons are heavy and seemingly out of the

discovery range of the LHC. On the other hand, the light gaugino-like chargino and neutralinos

should permit nice signatures in the “golden” trilepton search channels. Fig. 5 reveals that the

lower bound on the lightest neutral Higgs boson mass excludes the whole plotted region if tan β = 3.

In the tan β = 6 case this bound has a much milder effect, essentially leading to a preference of the

upper half of the plotted region, where ad
1 > 0. Remarkably, almost all of the allowed region permits

large effects in Bs−Bs mixing, with CP phases well in the range needed to explain the Tevatron

data and quoted in Eq. (87). That is, Bs−Bs mixing is much more sensitive to the new physics

effects than the rare decays entering our analysis. The light gauginos are, of course, a consequence

of our choice of Mg̃ = 500GeV in our numerical studies. We may ask how the patterns of Figs. 3–5

change, if Mg̃ is increased. In particular, one might expect that that the FCNC constraints become

max possible Bs mixing 
phase (degrees)

higgs mass     

excludes whole green region 
at tanβ = 3

higgs mass bound can be satisfied 
for tanβ = 6 (or greater)

Can accomodate large Bs mixing.
Such large effects would suggest BR(τ ➝ µγ) at O(10-8..9)
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