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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

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

4 S. Jäger: Supersymmetry beyond minimal flavour violation

uLi

dLj

W± i Vij g γµPL

uLi

d̃Lj

w̃+ i Vij

√
2g PR

ũLi

dLj

w̃− i Vij

√
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ui

dj
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h̃− i Vij cosβ yuiPL

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) invent the charmed quark
          and couple it 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, ... 

q b

b q

W W

u, c, t

u, c, t
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t

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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requires top loop       

suppression of FCNC by loops and CKM hierarchy
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This makes them sensitive to new physics!
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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 -

is motivated by exploring the weak scale and by its 
sensitivity to radiative corrections

• This derives in part from

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

• Such particles will always contribute to FCNC

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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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               

LR mass terms are SU(2)W-breaking - 
related to trilinear scalar couplings               

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
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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

d̃Ai d̃Bj

(M2

d̃AB
)ij

(M2

d̃CD
)ij

g̃ g̃

(a)

dAi dBj

dCidDj

d̃Dj d̃Ci

d̃Ai d̃Bj

(M2

d̃AB
)ij

(M2

d̃CD
)ij

g̃ g̃

(b)

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 many
  MSSM parameters

(

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
KK

�

f,f �

Qf Qf �

�
1

2L

�
f̄γµf

� �
f̄ �γµf

��− 2
�
f̄Lγµ∆�

F fL + f̄Rγµ∆�
ffR

� �
f̄ �γµf

��

+ 2L
�
f̄Lγµ �∆F fL + f̄Rγµ �∆ffR

�
⊗

�
f̄ �

Lγµ
�∆F �f �

L + f̄ �
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<

×
�
a(F )†

m C(Q)
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n

�
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,

(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)
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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

Montag, 20. September 2010



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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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
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L), (50)
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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
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
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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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The full result for the gluino-squark contributions reads [1]
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can be competitive with the gluino-squark contributions
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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
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L), (51)
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R), (53)
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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
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 =
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F M2
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(VtbV

∗
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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
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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
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controlling which is a theoretical challenge.
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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].

Supersymmetric contributions have been computed in
[1,49,50,51,52,53,54,55,56]. Since each δ changes flavour
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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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The full result for the gluino-squark contributions reads [1]
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s/(216 m2
q̃) , x = m2

g̃/m2
q̃,

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

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

                                                   (factorization)

• hadronic matrix elements                   require nonperturbative 
methods (lattice QCD). Huge progress being made! Big UK
participation

• if only one operator (as in SM for B mixing),
phase                        theoretically clean (matrix element real)

10 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
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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
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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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The full result for the gluino-squark contributions reads [1]

C1 = −ε[24xf6(x) + 66f̃6(x)] (δd̃
sb)

2
LL, (57)
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sb)LL(δd̃
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sb)LR(δd̃
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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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ts) = −2βs = (2.2 ± 0.6)◦

(similarly for ΔΓ)
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• apply OPE to hadronic states

                                                   (factorization)

• hadronic matrix elements                   require nonperturbative 
methods (lattice QCD). Huge progress being made! Big UK
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• if only one operator (as in SM for B mixing),
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Other methods include QCD sum rules based on the op-
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sive B, as well as hadronic τ decays) and collinear expan-
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symmetries of QCD to reduce the number of independent
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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
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[1,49,50,51,52,53,54,55,56]. Since each δ changes flavour
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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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The full result for the gluino-squark contributions reads [1]
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There are also chargino-up-squark contributions. These
can be competitive with the gluino-squark contributions
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close to zero in Standard Model         

(similarly for ΔΓ)
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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
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= |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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16 Michal Kreps – Measurement of Bs mixing phase at CDF7 September 20102010/09/07 Measurement of phi_s at D0 - CKM2010 13
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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.
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Bs − B̄s mixing

Once sparticle spectrum is known, flavor-violating

processes can be calculated. Bs − B̄s mixing dominated by
RR mixing due to the diagrams:
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Hadronic vs leptonic flavor and CP violation in SUSY SO(10) – p.11/17
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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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Semileptonic CP asymmetries

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 

• 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
LHCb will give complementary info in the above plane

F Brooijmans @ FCPC2010

D0 collaboration, arXiv:1005.2757

points to non-
zero assl / ϕs

Montag, 20. September 2010



 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 in more and more cases 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
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loop and helicity 
suppressed in SM                          

Yukawa suppressed in SM

in 2HDM (or MSSM)  Yukawas
can be very large
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Fig. 21: Branching ratio of Bs → µ+µ− observed (3σ) or discovered (5σ) as a function of integrated luminosity

for ATLAS/CMS.

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

for LHCb.

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

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

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

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

3.4.4 Conclusions

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

Standard Model, but can be enhanced significantly in the widely studied Minimal Supersymmetric Stan-
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ATLAS/CMS      LHCb      

∝

m2
µ

M2

W

∝

m2
bm

2
µ

M4
W

tan
6 β

Bs

Bs

Z

H, A

Loop suppression and possible removal of helicity/Yukawa suppression 
imply strong sensitivity to new physics

Buras et al  2010

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)

26

[Artuso et al 0801.1833]
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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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(e)

(approximates NLO to <10-4)       
b

µ
+

µ
−

s̄

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

b
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qb

bq

WW

u,c,t
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qb

bq

WW

u,c,t

u,c,t

b

b

s

hi

hj
bs

hi

hjhk

bs

hi
hj

.

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

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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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

!"#"$%
&'()*%$%+),-./012.34)56 )7819.:;))))))))))))))))))))))))

<=4)7.>;.-25- ?@

!"#$%&'($)*#")+$ ,()-./0

Exclusion limit @ 90% C.L.

5 observation

3 evidence

Expected sensitivity at LHCb assuming measured bb cross-section (292 b)

(Guy Wilkinson at 
CKM2010)

Montag, 20. September 2010



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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BSM model comparison
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Bs → µ+µ− vs. Bd → µ+µ−
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Semileptonic decay

• kinematics described by dilepton invariant mass q2 and two 
angles

• Systematic theoretical description based on heavy-quark 
expansion (Λ/mb) for q2 << m2(J/ψ)  (SCET)
also for q2 >> m2(J/ψ) (HQET)
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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new physics might induce
coupling to right-handed photon;
this will produce left-handed
photons in antiparticle decay                     
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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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(B̄s)

K̄
∗

(φ)

C
′
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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)

Montag, 20. September 2010



Bd➔K*γ, Bs➔ϕγ

• Theoretical description based on heavy-quark expansion,
similar to semileptonic case
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Conclusion
• Theories of the electroweak scale bring in new particle that 

contribute to flavour-violating observables

• Some interesting results on CP violation in Bs mixing

• LHCb should give a clear picture on mixing, and would see 
large NP effects in a number of observables soon

• Many important topics not covered, in particular

- improved determination of “true” CKM angle γ from tree
  decays
- charmless hadronic B decays

both of which have impact on the new-physics search

Montag, 20. September 2010


