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FCNCs in the SM and beyond
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The Interest in Rare Decays

[Straub]
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Bs → µ+µ− vs. Bd → µ+µ−

Rare Decays as Probes of NP models

[Straub]
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K+ → π+νν̄ vs. KL → π0νν̄
[Straub]

Rare Decays as Probes of NP models

• While only a schematic picture : 
• Correlation between different measurements a powerful probe of NP models
• Large number of potential channels ... will talk only about a few
• RD have a bright future: final data sets from B-factories, LHCb, Super Flavour Factories, Kaon experiments... 4
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B -> K* ll - Experimental Status 

• Four-body final state with rich phenomenology
• Many observables: - AFB, FL,Isospin Asymmetry... [Eigen]
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B -> K* ll - Experimental Status  

• Four-body final state with rich phenomenology
• Many observables: - AFB, FL,Isospin Asymmetry... 
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Charm-loops in B → K (∗)�+�−

Charm-loop effect: a combination of the (s̄c)(c̄b) weak
interaction (O1,2) and e.m.interaction (c̄c)(�̄�)

b s

c c

l
l̄

b s

c c

l
l̄

b s

c c

l
l̄

x

charm-loops mimic FCNC, "contaminate" decay ampl.
similar effects:
u, d , s, c, b-quark loops (quark-penguin operators O3−6 ),
u-loops from Ou

1,2 (CKM suppressed in b → s ),
new hadronic matrix elements, not simply form factors
at q2 → m2

J/ψ, ... charm-loop goes on-shell:
B → J/ψK ⊗ J/ψ → �+�− , cuts by exp.

Alexander Khodjamirian Form factors and long-distance effects in B → V (P)�+�− and B → Vγ 13 / 21

new: soft gluon contribution
[Khodjamirian]

Estimate of the soft-gluon effect

soft-gluon emission at q2 � 4m2
c using light-cone OPE:

� nonlocal operator, ∼ 1/(4m2
c − q2)-suppression

effective resummation of local operators,

�Oµ(q) =

�
dω Iµραβ(q, mc , ω)s̄Lγ

ρδ[ω −
(in+D)

2
]�GαβbL ,

LCSR with B meson DAs used to calculate

�K (∗)|s̄G̃b|B�, not a simple form factor

� correction to the effective coefficient of O9 operator,

B → K �+�− :

1 2 3 4
!1.0

!0.5
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q2 !GeV2"

"
C 9
!c#
c,
B$
K
"

Alexander Khodjamirian Form factors and long-distance effects in B → V (P)�+�− and B → Vγ 15 / 21

accounted for using QCD factorisation 
[Beneke, Feldmann, Seidel]

B -> K* ll - Long Distance Effects 
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Combined analysis
of B → K and B → K ∗ form factors
[A.Bharucha, Th.Feldmann, M.Wick, 1004.3249[hep-ph].

use LCSR (Ball-Zwicky (2005)) and some lattice results ⊕
series parameterization
typical uncertainties: ±(12− 15)% for B → P,
∼ ±20% for B → V form factors
an example: B → K form factor f +

BK (q2) ≡ AV ,0(q2)

0 5 10 15 20
0

1

2
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4

5

q2

A V
,0

fig. from the above paper

Alexander Khodjamirian Form factors and long-distance effects in B → V (P)�+�− and B → Vγ 12 / 21

B -> K* ll - Status of Form Factors 

[Khodjamirian]

8

B → P, V form factors, flavour symmetries

use exp. data on B → π, (ρ)�ν� and

SU(3)fl symmetry to obtain B → K (∗) form factors

but! SU(3)fl is violated up to 20%, e.g.,

fK /fπ � 155 MeV/130 MeV , fDK (0)/fDπ(0) ∼ 1.2÷ 1.1

heavy-quark symmetry mb, mc →∞ ,

nontrivial relations between B and D form factors,

use measured D → K , K ∗ to obtain B → K , K (∗)

but! 1/mc,b corrections are not small: e.g.,

fB ∼ fD ∼ 200 MeV, although HQET predicts fH ∼ 1/
√

mQ

to reach < 20% accuracy of the form factors we need

QCD calculation !

Alexander Khodjamirian Form factors and long-distance effects in B → V (P)�+�− and B → Vγ 4 / 21
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Concluding remarks

B → P form factors needed for B → P�+�− are accessible
both on the lattice and with LCSR, future accuracy:
∼ 5% (lattice, [ App.A SuperB report ’07]

∼ 10% (LCSR)

B → V form factors:
difficulties of "unquenching" on the lattice
LCSR techniques combined with series parameterization
may play a decisive role in providing B → V form factors in
future, very optimistically, with 10-15% accuracy
there is also an experimental uncertainty related to the
extraction of K ∗ (or ρ) from the data on B → K ∗(ρ)�+�−:
Kπ (or ππ) nonresonant background, JP analysis needed

Alexander Khodjamirian Form factors and long-distance effects in B → V (P)�+�− and B → Vγ 20 / 21

B -> K* ll - Future prospects for Form Factors 

[Khodjamirian]
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• Lattice calculations of form factors at high q2

• Difficulty extrapolating from q2max to lower q2
[Liu]
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Description of the Method for B → K
∗
(→ Kπ)l

+
l
−

Symmetries of the distribution

Construction of Observables: A
(i)

T
i=2,3,4,5

Understanding A
2

T
: O

�
7

and O
�
10

A new example: A
5

T
A

3

T
and A

4

T
: Longitudinal sensitivity

EXAMPLE Transverse Asymmetries: A2

T

Definition Kruger,J.M. ’05

A
2

T =
|A⊥|2 − |A�|2

|A⊥|2 + |A�|2
= −2

ReH∗+H−

|H+|2 + |H−|2

Physics Sensitivity: Deviation from SM left-handed structure: A
2

T

˛̨
˛
SM

∼ 0.

Cleanliness: Soft form factor (ξ⊥(0)) dependence cancel exactly at LO
and very mild dependence at NLO.

Domain: Low-Region 1 ≤ q
2 ≤ 6 GeV2 (High region, see G. Hiller et al.)

a
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d
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Theoretical sensitivity Exper. sensitivity SM (10fb−1) Exper. SUSY sens.

Λ/mb: light(dark) green ±5% (±10%) light(dark) blue 1σ (2σ) (Egede et al. 08)

Joaquim Matias Universitat Autònoma de Barcelona In collaboration: U. Egede, W. Reece (LHCb, Imperial), T. Hurth (CERN), M. Ramon (Barcelona) JHEP 0811:032, 2008 and arxiv:1005.0571.B → K
∗
(→ Kπ)l

+
l
−

Theory: A symmetry point of view

B -> K* ll - New Observables :  AT2

[Matias]

10

• Find observables where have reduced dependence on form factors
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Description of the Method for B → K
∗
(→ Kπ)l

+
l
−

Symmetries of the distribution

Construction of Observables: A
(i)

T
i=2,3,4,5

Understanding A
2

T
: O

�
7

and O
�
10

A new example: A
5

T
A

3

T
and A

4

T
: Longitudinal sensitivity

A new example: A5

T

Definition:

A
(5)

T
=

|AR∗
� AL

⊥ + AL

�A
R∗
⊥ |

|A�|2 + |A⊥|2

a) It probes spin amplitudes A⊥ and A� differently from A2

T
.

b) No angular coefficient mixes L/R with ⊥ /� simultaneously.

c) In the large recoil limit

A
(5)

T

˛̨
˛
SM

=

˛̨
˛−C2

10
+

`
2mbMBCeff

7
/q2 + Ceff

9

´2
˛̨
˛

2

h
C2

10
+

`
2mbMBCeff

7
/q2 + Ceff

9

´2
i ,

Minimum at LO of A5

T
⇒ NEW relation:

C2
10

= (2mbMBCeff
7

/q2
1

+ Ceff
9

)2

Maximum at LO of A5

T
⇒ by OLD (AFB -zero) relation:

−Ceff
9

= 2mbMBCeff
7

/q2
0

SM

a
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d
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d) Expresion in terms of J’s (using explicit solution):

A
(5)

T

˛̨
˛
m�=0

=

q
16Js 2

1
− 9Js 2

6
− 36(J2

3
+ J2

9
)

8Js
1

.

Joaquim Matias Universitat Autònoma de Barcelona In collaboration: U. Egede, W. Reece (LHCb, Imperial), T. Hurth (CERN), M. Ramon (Barcelona) JHEP 0811:032, 2008 and arxiv:1005.0571.B → K
∗
(→ Kπ)l

+
l
−

Theory: A symmetry point of view

B -> K* ll - New Observables :  AT5

[Matias]

Description of the Method for B → K
∗
(→ Kπ)l

+
l
−

Symmetries of the distribution

Construction of Observables: A
(i)

T
i=2,3,4,5

Understanding A
2

T
: O

�
7

and O
�
10

A new example: A
5

T
A

3

T
and A

4

T
: Longitudinal sensitivity

Understanding A2

T
In the large E∗

K
and mB limit (only C �

7
)

A
2

T
∼ 4C

�
(eff)

7

mbMB

s

∆− + ∆∗
+

2C2
10

+ |∆−|2 + |∆+|2

∆± = Ceff
9 + 2

mbMB

s
(C(eff)

7
± C

�
(eff)

7
)

BUT

∆+ + ∆
∗
− = 2Ceff

9 + 4
mbMB

s
(C(eff)

7
)

• Enhance sensitivity to C
�
(eff)

7
(modulus+sign) at low s (1 < s < 2 GeV2

) and

1/s-slope:

AFB = 3
2

Re(A�LA∗⊥L)−Re(A�RA∗⊥R)

|A0|2+|A�|2+|A⊥|2
versus A2

T =
|A⊥|2−|A�|

2

|A⊥|2+|A�|2

Only FF protection at q2
0

q2
0

at LO (and NLO)
FF protection from 1 < q2 < 6 GeV2

SAME q2
0

at LO (and NLO) (C �
7
�= 0)
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c,d
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Joaquim Matias Universitat Autònoma de Barcelona In collaboration: U. Egede, W. Reece (LHCb, Imperial), T. Hurth (CERN), M. Ramon (Barcelona) JHEP 0811:032, 2008 and arxiv:1005.0571.B → K
∗
(→ Kπ)l

+
l
−

Theory: A symmetry point of view
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• Find observables where have reduced dependence on form factors
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Current status and LHCb prospects
1

BaBar, Belle and LHCb with 100 pb
−1

(Theory Errors, Λ
mb

corrections at 10% level, average of theory curve)

①

1.5σ SM exclusion
√

s = 7 TeV
σbb = 219 µb

♣ ♣

♣ ♣

1

1
assuming the central from Belle, error on LHCb point is purely statistical

Fatima Soomro (Imperial College London) CKM 2010, Warwick September 7, 2010 28 / 48

B -> K* ll - LHCb Prospects

[Soomro]

-> 5sigma with 1fb-1 
(2011?) if Belle central 

value maintained
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Validation using Bd → K ∗J/ψ

This decay has the same final state particles as Bd → K ∗µ+µ−, and is an
excellent way to test the trigger and selection criteria
space Applying all the Bd → K∗µ+µ− selection cuts

)2 Invariant Mass (MeV / c0B
4800 5000 5200 5400 5600

)2
 In

va
ria

nt
 M

as
s 

(M
eV

 / 
c

-
µ+

µ

2800

2900

3000

3100

3200

3300

3400

-1L = 485 pb
 = 7 TeV Datas

Preliminary
LHCb

)2 Invariant Mass (MeV / c0B
5200 5400 5600

)2
Ev

en
ts

 / 
(2

.0
 M

eV
 / 

c

0

1

2

3

4

5

-1L = 485 pb
 = 7 TeV Datas

Preliminary
LHCbSignal MC

Data

Clear signal of Bd → K ∗J/ψ with Bd → K ∗µ+µ− cuts

⇒The data and MC are normalized to the measured σbb

⇒Efficiency estimates from MC are reliable

Fatima Soomro (Imperial College London) CKM 2010, Warwick September 7, 2010 34 / 48

B -> K* ll - LHCb Prospects

[Soomro]
• B -> K* J/Psi control channel

13
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C7= C7
SMFB

!!

50 ab 1

!!!! 20

1 : 13%
fb 1 : 2%

1 : 5% 

B -> K* ll - The Future 

[Nishida, Ciuchini]

• 1 year of LHCb data-taking s0~ 13% uncertainty 

• 5 years at Super Flavour Factory s0~ 5% uncertainty 

14
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Target
Channel

Best B-factories 
Exp. Limits

B!K+!! < 1.3 x 10-5

B!K0!! < 5.6 x 10-5

B!K*0!! < 12 x 10-5

B!K*+!! < 8 x 10-5

B!"+!! < 1.0 x 10-4

B!#+!! < 1.5 x 10-4

B!#0!! < 4.4 x 10-4

B!"0!! < 2.2 x 10-4

B!$!! < 5.8 x 10-5

B!invisible < 2.2 x 10-4

B!%!! < 4.7 x 10-5

b!
s!
!

b!
d!
!

ot
he
rs

[Chen]

Alejandro Pérez,       CKM 2010 - University of Warwick - September 8th 2010 6

Electroweak penguin (loop diagram) radiated processes (b→s):

! Flavor changing neutral current (FCNC) prohibited in SM at tree level

! Sensitive New Physics (NP): Susy particles, light dark matter (LDM), ...

H

SM

SUSY LDM

θ(helicity) = angle between:

! K* direction in B rest frame

! K direction in K* rest frame

b→sνν  model independent phenomenology: (W. Altmannshofer et al. TUM-HEP-709-09)

ε

η

FF
LL
(B(B→→K*K*νννν ))

BR(BBR(B→→K*K*νννν ))

BR(BBR(B→→KKνννν ))

Possible NP

!!→→""##$$%%νννν &'()*+),-./0&1*,-2/,-*3&'()*+),-./0&1*,-2/,-*3

" BR(B→Kνν)  = (4.5±0.7)×10
-6
 (1-2η)ε2

" BR(B→K*νν) = (6.8±1.1)×10
-6
 (1+1.31η)ε2

" F
L
(B→K*νν)   = (0.54±0.01) (1+2η)/(1+1.31η)

B -> K(*)nunu 

• Branching ratio of a large number of such 
channels has been constrained by B factories

[Perez, Kamenik]
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LD contributions to B+ → K(*)+ νν
• Important background from B+ → τ+ ν with tau decaying into K(*)+ ν

• can be measured and subtracted

• or can be computed and added (Vub, fB,K)

• Presently, the associated uncertainty is ~3(4)% in B+ → K(*)+ νν 

4

Τ pole phase�space

total phase�space

B�
�
K
�
ΝΝ

B�
�
Π�
ΝΝ

B�
�
K
��
ΝΝ

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0.0

0.2

0.4
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mX�mB

q m
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2 �m B2

Figure 3: Comparison of the total available phase-space in B → Xνν̄ (denoted simply by the νν̄ invariant mass q2) with that
where the τ can be on-shell, as a function of the total invariant mass mX of the visible decay products X.

In principle, there could be a sizable interference between the SD and LD contributions. However, the τ resonance is
extremely narrow and often completely contained inside the Dalitz plot. When integrating over the pτ variable, the
SD part is fairly flat, with no appreciable phase shifts compared to the LD part. Therefore the resonance phase shift
around the τ pole integrates the interference contribution almost to zero (it is of the order of 10−11 for B → Kνν̄).

Because the rare B+ decay modes can be used either to measure B+ → τ+ντ or to probe FCNC transitions, one
has to decide how to deal with them on a case-by-case basis.

Experimentally, the mode B+ → π+ν�ν̄� has been observed and used to extract the B+ → τ+ντ rate. This appears
to be safe since compared to B+ → K+ν�ν̄�, the SD amplitude is Cabibbo-suppressed while the tree-level amplitude is
Cabibbo-favoured, resulting in a relative enhancement of LD with respect to SD by a factor sin−4 θc ≈ 400. However,
note that the τ pole contribution is only about 97% of the total B+ → π+ν�ν̄� rate in the SM. If the SD piece were
enhanced by NP contributions, it would show up as a discrepancy between the Br(B+ → τ+ντ ) measured using
τ+ → π+ν̄τ and other τ decay channels like τ+ → e+νeν̄τ or τ+ → µ+νµν̄τ where there is no issue of entanglement
with a SD contribution (still, the number of final state neutrinos is not measured so processes with identical charged
leptons and hadrons but different numbers of neutrinos may be difficult to disentangle experimentally).

On the other hand, the B+ → K(∗)+ν�ν̄� modes should not be used to measure the B+ → τ+ντ rate. In fact, one
would rather want to remove the τ contribution as it is obscuring the interesting short-distance physics, and potential
signals of NP. This is however difficult. Compared to the D decays discussed in the previous section, there is no way
to cut away the τ pole contribution using the invisible invariant mass q2 in B → K(∗)νν̄ decays, as can be seen from
Fig. 2. The best one can do is to cut away the low q2 region (or high K(∗) momentum) where the τ pole effect is the
strongest, but a sizeable residual τ contribution is unavoidable.

The kinematical configurations of the B+ → K(∗)+ν�ν̄� decays are actually the worst possible to disentangle the
SD and LD contributions. In Fig. 3 is shown the maximal kinematically allowed q2 together with q2

cut of Eq. (6)
for a generic B+ → Xν�ν̄� decay, as a function of the invariant mass of the X state. It is only when this invariant
mass is sufficiently large that the τ pole contribution can be cut away while still leaving a significant portion of
phase-space to probe the SD contribution. In the extreme situation where the X invariant mass is larger than mτ , the
τ can never be on-shell and its contribution is negligible. Of course, for such a large invariant mass, experimentally
reconstructing the decay is probably too difficult, while the SD contribution is significantly suppressed by the smaller
matrix elements for B → X. Therefore, the feasibility of this strategy remains to be seen, and for the time being, the
τ pole contribution has to be considered as an irreducible background when probing the FCNC transition b → sνν̄
with charged B decays.1

Finally, it should be mentioned that the τ pole contribution suffers from significant parametric uncertainties due
to our poor knowledge of Vub and fB . Fortunately, this uncertainty can be reduced in the SM by normalizing the

1 Alternatively, one could probe the b→ sνν̄ transition with B+
c → D+

s νν̄ for which the τ can never be on-shell. With a branching ratio
around 10−6 [13], the non-resonant τ contribution can be safely neglected.
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Figure 1: The tree-level charged-current process and the Z penguin FCNC process (the W box is understood) contributing to
the rare charged meson decays, shown for B+ → K(∗)+νν̄ for definiteness.

lepton width Γ� has to be accounted for to regulate the divergence when the lepton pole is inside the phase-space,
and is introduced using the usual substitution m2

� → m2
� − im�Γ�.

This contribution is formally of order G4
F , i.e. of the same weak order as the loop-level FCNC contributions (see

Fig. 1). However, the Z penguin is dominated by the quadratic SU(2)L breaking, leading to an effective dimension-six
operator, hence to an a priori larger contribution of O(G2

F α2) to the total rate. This näıve counting does not hold if
the intermediate lepton can be on-shell, since the rate is then given to an excellent approximation by

Γ(P+ → P �+ν�ν̄�)Tree =
��G2

F VijV ∗
klfP fP �

��2

256π3m3
P

2πm�(m2
P � −m2

�)
2(m2

P −m2
�)

2

Γ�
+O(Γ0

�) . (3)

With Γ� of order G2
F , the tree-level contribution is of order G2

F and could become dominant.
The relative strength of the tree and loop contributions is very different in the case of the K, D or B meson decays,

and we will now discuss them in turn.

The rare decay K+ → π+νν̄

Since the P+ → �+ν� process is helicity-suppressed, i.e. the amplitude is proportional to m�, one could think that
the τ lepton would give the largest contribution, the two mτ factors from the vertices cancelling the m2

τ of the τ
propagator. However, for off-shell τ , the helicity suppression is no longer effective: the τ momentum pτ occurs instead
of mτ , and since pτ ∼ O(mK)� mτ , the amplitude is suppressed by O(m2

K/m2
τ ):

M
�
K+ (p)→ π+ (k) ντ (pν) ν̄τ (pν̄)

�
Tree

= G2
F V ∗

usVudfKfπ
p2

τ

p2
τ −m2

τ

uν �k (1− γ5) vν̄ . (4)

This amplitude can be seen as deriving from an effective dimension-ten operator suppressed by M4
W m2

τ . Numerically,
this leads to a tiny Br(K+ → π+ντ ν̄τ )Tree ∼ 10−18 (using PDG values for the masses and decay constants [4]), to
be compared to the SD contribution from the Z penguin and W box of (8.51± 0.73) × 10−11 in the SM [6, 9]. The
interference with the short-distance contribution is larger but still negligible, Br(K+ → π+νν̄)Int. ∼ 10−15.

On the other hand, the contributions from the light leptons are not suppressed by a large mass scale. These
effects where considered in Ref. [6], along with chiral loop corrections, and amount to a small correction usually
incorporated in δPu,c in the SM prediction for K+ → π+νν̄. The tree-level exchanges are thus much smaller than the
SD contributions. In fact, even the residual up-quark contribution to the Z penguin gives a larger effect, see Ref. [6]
for details.

The rare decays D+
(s) → π+νν̄ and D+

(s) → K+νν̄

The GIM suppression is very effective for D+ → π+νν̄ and D+
s → K+νν̄, and makes their loop-level FCNC

contributions extremely small. Further, the Z penguin does not contribute to D+ → K+νν̄ and D+
s → π+νν̄. Even

including the LD contributions from vector mesons, the branching ratios for all these modes are tiny, typically below
the 10−14 level [7]. On the other hand, compared to K → πνν̄, the τ can now be on-shell and gives a large tree-level
contribution. In fact, all the other contributions are so suppressed that D+ → π+νν̄ and D+

s → π+νν̄ are used to
measure the corresponding leptonic decays D+ → τ+ντ and D+

s → τ+ντ , since Eq. (3) can be written as

Γ(D+
(s) → π+ντ ν̄τ )Tree =

1
Γτ

Γ(D+
(s) → τ+ντ )Γ

�
τ+ → π+ν̄τ

�
+O(Γ0

τ ) . (5)

Using decay constant estimates from: 
V. Lubicz and C. Tarantino, 0807.4605
P. Ball, et al., hep-ph/0612081.

B(B+ → K+νν̄)LD ∝ B(B+ → τ+ν)× B(τ+ → K+ν̄)

            [Kamenik, Smith]

(need a few % accuracy)

Background to B+ -> K(*)+nunu 
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(-> 3-4 % uncertainty)

Charged decays are intimately connected to .

B. The                                      decays

See talk by J. Kamenik.

[ ( , , ) ]B K K∗
τ τ→ ν τ → π ν

Tree-level dim-8 contributions to all charged       rare decays:νν
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- K decays: Helicity suppression inactive ! negligible dim-10 effect.
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- B decays: The τ pole in                   makes it potentially dominant.21
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(note the inverted CKM scaling of the pole and penguin)

Kinematics 4/6

Kamenik,CS ‘09( )( , )B K ∗ ++ +→ π νν

Note: the differential rates for the pole and loop have similar dependences on q2.

Entanglement: the τ pole runs over the whole missing energy range.

B. The                                      decays

Kinematics 5/6

Kamenik,CS ‘09( )( , )B K ∗ ++ +→ π νν

LD contributions to B+ → K(*)+ νν
• Important background from B+ → τ+ ν with tau decaying into K(*)+ ν

• Resulting SM predictions (with τ contribution included in charged modes):
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Figure 3: Comparison of the total available phase-space in B → Xνν̄ (denoted simply by the νν̄ invariant mass q2) with that
where the τ can be on-shell, as a function of the total invariant mass mX of the visible decay products X.

In principle, there could be a sizable interference between the SD and LD contributions. However, the τ resonance is
extremely narrow and often completely contained inside the Dalitz plot. When integrating over the pτ variable, the
SD part is fairly flat, with no appreciable phase shifts compared to the LD part. Therefore the resonance phase shift
around the τ pole integrates the interference contribution almost to zero (it is of the order of 10−11 for B → Kνν̄).

Because the rare B+ decay modes can be used either to measure B+ → τ+ντ or to probe FCNC transitions, one
has to decide how to deal with them on a case-by-case basis.

Experimentally, the mode B+ → π+ν�ν̄� has been observed and used to extract the B+ → τ+ντ rate. This appears
to be safe since compared to B+ → K+ν�ν̄�, the SD amplitude is Cabibbo-suppressed while the tree-level amplitude is
Cabibbo-favoured, resulting in a relative enhancement of LD with respect to SD by a factor sin−4 θc ≈ 400. However,
note that the τ pole contribution is only about 97% of the total B+ → π+ν�ν̄� rate in the SM. If the SD piece were
enhanced by NP contributions, it would show up as a discrepancy between the Br(B+ → τ+ντ ) measured using
τ+ → π+ν̄τ and other τ decay channels like τ+ → e+νeν̄τ or τ+ → µ+νµν̄τ where there is no issue of entanglement
with a SD contribution (still, the number of final state neutrinos is not measured so processes with identical charged
leptons and hadrons but different numbers of neutrinos may be difficult to disentangle experimentally).

On the other hand, the B+ → K(∗)+ν�ν̄� modes should not be used to measure the B+ → τ+ντ rate. In fact, one
would rather want to remove the τ contribution as it is obscuring the interesting short-distance physics, and potential
signals of NP. This is however difficult. Compared to the D decays discussed in the previous section, there is no way
to cut away the τ pole contribution using the invisible invariant mass q2 in B → K(∗)νν̄ decays, as can be seen from
Fig. 2. The best one can do is to cut away the low q2 region (or high K(∗) momentum) where the τ pole effect is the
strongest, but a sizeable residual τ contribution is unavoidable.

The kinematical configurations of the B+ → K(∗)+ν�ν̄� decays are actually the worst possible to disentangle the
SD and LD contributions. In Fig. 3 is shown the maximal kinematically allowed q2 together with q2

cut of Eq. (6)
for a generic B+ → Xν�ν̄� decay, as a function of the invariant mass of the X state. It is only when this invariant
mass is sufficiently large that the τ pole contribution can be cut away while still leaving a significant portion of
phase-space to probe the SD contribution. In the extreme situation where the X invariant mass is larger than mτ , the
τ can never be on-shell and its contribution is negligible. Of course, for such a large invariant mass, experimentally
reconstructing the decay is probably too difficult, while the SD contribution is significantly suppressed by the smaller
matrix elements for B → X. Therefore, the feasibility of this strategy remains to be seen, and for the time being, the
τ pole contribution has to be considered as an irreducible background when probing the FCNC transition b → sνν̄
with charged B decays.1

Finally, it should be mentioned that the τ pole contribution suffers from significant parametric uncertainties due
to our poor knowledge of Vub and fB . Fortunately, this uncertainty can be reduced in the SM by normalizing the

1 Alternatively, one could probe the b→ sνν̄ transition with B+
c → D+

s νν̄ for which the τ can never be on-shell. With a branching ratio
around 10−6 [13], the non-resonant τ contribution can be safely neglected.
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Figure 1: The tree-level charged-current process and the Z penguin FCNC process (the W box is understood) contributing to
the rare charged meson decays, shown for B+ → K(∗)+νν̄ for definiteness.

lepton width Γ� has to be accounted for to regulate the divergence when the lepton pole is inside the phase-space,
and is introduced using the usual substitution m2

� → m2
� − im�Γ�.

This contribution is formally of order G4
F , i.e. of the same weak order as the loop-level FCNC contributions (see

Fig. 1). However, the Z penguin is dominated by the quadratic SU(2)L breaking, leading to an effective dimension-six
operator, hence to an a priori larger contribution of O(G2

F α2) to the total rate. This näıve counting does not hold if
the intermediate lepton can be on-shell, since the rate is then given to an excellent approximation by

Γ(P+ → P �+ν�ν̄�)Tree =
��G2

F VijV ∗
klfP fP �

��2

256π3m3
P

2πm�(m2
P � −m2

�)
2(m2

P −m2
�)

2

Γ�
+O(Γ0

�) . (3)

With Γ� of order G2
F , the tree-level contribution is of order G2

F and could become dominant.
The relative strength of the tree and loop contributions is very different in the case of the K, D or B meson decays,

and we will now discuss them in turn.

The rare decay K+ → π+νν̄

Since the P+ → �+ν� process is helicity-suppressed, i.e. the amplitude is proportional to m�, one could think that
the τ lepton would give the largest contribution, the two mτ factors from the vertices cancelling the m2

τ of the τ
propagator. However, for off-shell τ , the helicity suppression is no longer effective: the τ momentum pτ occurs instead
of mτ , and since pτ ∼ O(mK)� mτ , the amplitude is suppressed by O(m2

K/m2
τ ):

M
�
K+ (p)→ π+ (k) ντ (pν) ν̄τ (pν̄)

�
Tree

= G2
F V ∗

usVudfKfπ
p2

τ

p2
τ −m2

τ

uν �k (1− γ5) vν̄ . (4)

This amplitude can be seen as deriving from an effective dimension-ten operator suppressed by M4
W m2

τ . Numerically,
this leads to a tiny Br(K+ → π+ντ ν̄τ )Tree ∼ 10−18 (using PDG values for the masses and decay constants [4]), to
be compared to the SD contribution from the Z penguin and W box of (8.51± 0.73) × 10−11 in the SM [6, 9]. The
interference with the short-distance contribution is larger but still negligible, Br(K+ → π+νν̄)Int. ∼ 10−15.

On the other hand, the contributions from the light leptons are not suppressed by a large mass scale. These
effects where considered in Ref. [6], along with chiral loop corrections, and amount to a small correction usually
incorporated in δPu,c in the SM prediction for K+ → π+νν̄. The tree-level exchanges are thus much smaller than the
SD contributions. In fact, even the residual up-quark contribution to the Z penguin gives a larger effect, see Ref. [6]
for details.

The rare decays D+
(s) → π+νν̄ and D+

(s) → K+νν̄

The GIM suppression is very effective for D+ → π+νν̄ and D+
s → K+νν̄, and makes their loop-level FCNC

contributions extremely small. Further, the Z penguin does not contribute to D+ → K+νν̄ and D+
s → π+νν̄. Even

including the LD contributions from vector mesons, the branching ratios for all these modes are tiny, typically below
the 10−14 level [7]. On the other hand, compared to K → πνν̄, the τ can now be on-shell and gives a large tree-level
contribution. In fact, all the other contributions are so suppressed that D+ → π+νν̄ and D+

s → π+νν̄ are used to
measure the corresponding leptonic decays D+ → τ+ντ and D+

s → τ+ντ , since Eq. (3) can be written as

Γ(D+
(s) → π+ντ ν̄τ )Tree =

1
Γτ

Γ(D+
(s) → τ+ντ )Γ

�
τ+ → π+ν̄τ

�
+O(Γ0

τ ) . (5)

B(B+ → K+νν̄)SM = 5.1(0.8)× 10−6

B(B+ → K∗+νν̄)SM = 8.4(1.4)× 10−6

B(B0 → K∗0νν̄)SM = 6.8(1.1)× 10−6
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FIGURE 2. Left: Hypothetical constraints on the ε-η-plane, assuming all four b → sνν̄ observables
have been measured with infinite precision. The error bands include the uncertainties due to the form
factors in the case of the exclusive decays and the uncertainties of the CKM elements as well as the
uncertainty in the SM Wilson coeffcient. The green band (dashed line) represents BR(B → K

∗νν̄), the
black band (solid line) BR(B → Kνν̄), the red band (dotted line) BR(B → Xsνν̄) and the orange band
(dot-dashed line) �FL�. The shaded area is ruled out experimentally at the 90% confidence level. The
red and green areas are the projected sensitivity at SuperB with 75ab

−1 integrated luminosity [11] .
Right: dependence of FL on the momentum transfer for different values of η , from top to bottom:
η = 0.5,0,−0.2,−0.4,−0.45.

with the operators

O
ν
L =

e
2

16π2 (s̄γµPLb)(ν̄γµ(1− γ5)ν) , O
ν
R =

e
2

16π2 (s̄γµPRb)(ν̄γµ(1− γ5)ν) . (3)

The quark level transition b → sνν̄ gives rise to three B decays with a total of four
observables. These are the three branching ratios and one additional polarization ratio
in the case of B → K

∗νν̄ , measuring the fraction FL of longitudinally polarized K
∗

mesons [4]. This polarization fraction can be extracted from the angular distribution
in the invariant mass of the neutrino-antineutrino pair and the angle between the K

∗

flight direction in the B rest frame and the K flight direction in the Kπ rest frame.
A major source of uncertainties of the b → sνν̄ based decays are the QCD/hadronic
ingredients entering the calculation. A well known problem in the inclusive decay is the
mb dependence, which leads to considerable uncertainties. The traditional approach is to
normalize the decay rate to the semileptonic inclusive b → c decay. On the other hand,
this introduces again uncertainties through the dependence of the semileptonic phase
space factor on the charm quark mass. Instead of this normalization, we use the b mass
evaluated in the 1S scheme [10], being known at a precision of 1%. For the B → Kνν̄ 1

decay we use the form factors given in [8], being valid in the full physical range, while
we use the already mentioned set of [1] for the decay B → K

∗νν̄ . These improvements
combined with an up to date top mass [9] lead to a significantly lower prediction for
BR(B → K

∗νν̄) and a considerably more accurate prediction for BR(B → Xsνν̄), than
the ones present in the literature.

In table 1 we give a summary of our SM predictions. The four observables accessible
in the three different b → sνν̄ decays are dependent on the two in principle complex
Wilson coefficients C

ν
L

and C
ν
R

. However, only two real combinations of these complex

1 For a recent reconsideration of this mode see [13] and [14].

• Parametrize SM+NP in OPE:

• Only two independent combinations measurable with present observables

• important feature of FL: only depends on η 

• Any deviation from SM would imply presence of right-handed currents
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With the theoretical predictions for ∆Sf used in
Table V, the golden b → s penguin modes for this
NP search are B0 → η�K0 and B0 → K0

SK
0
SK

0
S , to-

gether with B0 → f0
0K

0
S for which the calculation of

the SM uncertainty is however less accurate. Some
interesting three-body modes, notably B0 → φK0

Sπ
0

and B0 → π0π0K0
S , presently lack an assessment of

the theoretical uncertainty.
One can see from the table that it is possible to

discover NP if there is a deviation of 0.02 from SM
expectations of sin2β as measured in tree decays. It is
possible to observe a deviation of 5σ or more of about
0.1 in sin2βeff from b → s transitions in the golden
modes. It is worth noting however that these conclu-
sions may change depending on the models used for
computing ∆Sf . Indeed not all sources of theoreti-
cal error are under control in these estimates and in
some case even the sign of the correction can be model
dependent. On the other hand, theoretical estimates
not explicitly data-driven also rely on experimental in-
formation to some extent and and could benefit from
the SuperB large data set. This improvement has not
be taken into account in Table V. Clearly, if SuperB
will find significant deviations in these measurements,
further theoretical and phenomenological work will be
required to pin down the SM value of ∆Sf and firmly
establish the presence of NP. In the absence a theoret-
ical leap in the understanding of non-leptonic decays,
data-driven methods are expected to play a prominent
role. In this respect, the opportunity of measuring sev-
eral modes with different theoretical uncertainties, but
possibly correlated NP contributions, is a unique ad-
vantage of SuperB.

The golden b → d process is B0 → J/ψπ0 from
an experimental perspective. Yet current theoretical
understanding indicates that the measurements of Sf

for b → d modes are theoretically limited.

B. Theoretical aspects of rare decays

1. New physics in B → K(∗)νν̄ decays

Rare B decays with a νν̄ pair in the final state are in-
teresting probes of new physics, since they allow one to
transparently study Z penguin and other electroweak
penguin effects in the absence of dipole operator and
Higgs penguin contributions, which are often more im-
portant than Z contributions in b → s�+�− decays.
Moreover, since the neutrinos escape the detector un-
measured, the B → K(∗)+Emiss channel can also con-
tain contributions from other light SM-singlet particles
substituting the neutrinos in the decay.

The inclusive decay B̄ → Xsνν̄ is the theoretically
cleanest b → sνν̄ decay due to the absence of form
factor uncertainties, but is experimentally very chal-

lenging to measure. The exclusive decay B → Kνν̄
currently provides most stringent constraints on NP
with an experimental upper bound only a factor of
three above the SM prediction. The B → K∗νν̄ decay
has the advantage that, in addition to its differential
decay rate, it in principle provides access to an addi-
tional observable via the angular distribution of the
K∗ decay products K±π∓: the K∗ longitudinal po-
larization fraction FL(q2), which is theoretically very
clean since form factor uncertainties cancel to a large
extent [63].

The SM predictions and current experimental up-
per bounds are summarized in table VI. However, for
the modes involving a charged B in the initial state,
it should be noted that the bounds in the rightmost
column do not take into account an important back-
ground from B → τν decays with the τ subsequently
decaying to aK orK∗ and a (anti-)neutrino, which has
been recently pointed out in [64]. This contribution is
expected to be small at SuperB (roughly 15–30% of
the SM value for B+ → K+νν̄). With data available
at SuperB it will be possible to accurately determine
the background contribution from B(B → τν) decays
and on doing so increase the precision with which we
can extract the signal. The sensitivities quoted in the
table are conservative for this reason.

The b → sνν̄ transition is governed by the effective
Hamiltonian

Heff = −4GF√
2

VtbV
∗
ts (C

ν
LOν

L + Cν
ROν

R) + h.c. , (6)

where the operators are Oν
L,R =

e2

8π2 (s̄γµPL,Rb)(ν̄PLν), and the Cν
L,R are the corre-

sponding Wilson coefficients. In the SM, Cν
L ≈ −6.38

and the right-handed Wilson coefficient vanishes. In
models beyond the SM, both Cν

L and Cν
R can be

non-zero and complex; however, the two exclusive and
the inclusive decay rates as well as FL only depend
on two independent combinations of these Wilson
coefficients, which can be written as

� =

�
|Cν

L|2 + |Cν
R|2

|(Cν
L)

SM| , η =
−Re (Cν

LC
ν∗
R )

|Cν
L|2 + |Cν

R|2
, (7)

implying (�, η)SM = (1, 0). This allows one to express
the observables of b → sνν̄ decays in a general NP
model as

R(B → K∗νν̄) = (1 + 1.31 η)�2, (8)

R(B → Kνν̄) = (1− 2 η)�2, (9)

R(B̄ → Xsνν̄) = (1 + 0.09 η)�2, (10)

�FL�/�FL�SM =
(1 + 2 η)

(1 + 1.31 η)
, (11)

where R(X) = B(X)/B(X)SM and �FL� refers to FL

appropriately integrated over the neutrino invariant
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With the theoretical predictions for ∆Sf used in
Table V, the golden b → s penguin modes for this
NP search are B0 → η�K0 and B0 → K0

SK
0
SK

0
S , to-

gether with B0 → f0
0K

0
S for which the calculation of

the SM uncertainty is however less accurate. Some
interesting three-body modes, notably B0 → φK0

Sπ
0

and B0 → π0π0K0
S , presently lack an assessment of

the theoretical uncertainty.
One can see from the table that it is possible to

discover NP if there is a deviation of 0.02 from SM
expectations of sin2β as measured in tree decays. It is
possible to observe a deviation of 5σ or more of about
0.1 in sin2βeff from b → s transitions in the golden
modes. It is worth noting however that these conclu-
sions may change depending on the models used for
computing ∆Sf . Indeed not all sources of theoreti-
cal error are under control in these estimates and in
some case even the sign of the correction can be model
dependent. On the other hand, theoretical estimates
not explicitly data-driven also rely on experimental in-
formation to some extent and and could benefit from
the SuperB large data set. This improvement has not
be taken into account in Table V. Clearly, if SuperB
will find significant deviations in these measurements,
further theoretical and phenomenological work will be
required to pin down the SM value of ∆Sf and firmly
establish the presence of NP. In the absence a theoret-
ical leap in the understanding of non-leptonic decays,
data-driven methods are expected to play a prominent
role. In this respect, the opportunity of measuring sev-
eral modes with different theoretical uncertainties, but
possibly correlated NP contributions, is a unique ad-
vantage of SuperB.

The golden b → d process is B0 → J/ψπ0 from
an experimental perspective. Yet current theoretical
understanding indicates that the measurements of Sf

for b → d modes are theoretically limited.

B. Theoretical aspects of rare decays

1. New physics in B → K(∗)νν̄ decays

Rare B decays with a νν̄ pair in the final state are in-
teresting probes of new physics, since they allow one to
transparently study Z penguin and other electroweak
penguin effects in the absence of dipole operator and
Higgs penguin contributions, which are often more im-
portant than Z contributions in b → s�+�− decays.
Moreover, since the neutrinos escape the detector un-
measured, the B → K(∗)+Emiss channel can also con-
tain contributions from other light SM-singlet particles
substituting the neutrinos in the decay.

The inclusive decay B̄ → Xsνν̄ is the theoretically
cleanest b → sνν̄ decay due to the absence of form
factor uncertainties, but is experimentally very chal-

lenging to measure. The exclusive decay B → Kνν̄
currently provides most stringent constraints on NP
with an experimental upper bound only a factor of
three above the SM prediction. The B → K∗νν̄ decay
has the advantage that, in addition to its differential
decay rate, it in principle provides access to an addi-
tional observable via the angular distribution of the
K∗ decay products K±π∓: the K∗ longitudinal po-
larization fraction FL(q2), which is theoretically very
clean since form factor uncertainties cancel to a large
extent [63].

The SM predictions and current experimental up-
per bounds are summarized in table VI. However, for
the modes involving a charged B in the initial state,
it should be noted that the bounds in the rightmost
column do not take into account an important back-
ground from B → τν decays with the τ subsequently
decaying to aK orK∗ and a (anti-)neutrino, which has
been recently pointed out in [64]. This contribution is
expected to be small at SuperB (roughly 15–30% of
the SM value for B+ → K+νν̄). With data available
at SuperB it will be possible to accurately determine
the background contribution from B(B → τν) decays
and on doing so increase the precision with which we
can extract the signal. The sensitivities quoted in the
table are conservative for this reason.

The b → sνν̄ transition is governed by the effective
Hamiltonian

Heff = −4GF√
2

VtbV
∗
ts (C

ν
LOν

L + Cν
ROν

R) + h.c. , (6)

where the operators are Oν
L,R =

e2

8π2 (s̄γµPL,Rb)(ν̄PLν), and the Cν
L,R are the corre-

sponding Wilson coefficients. In the SM, Cν
L ≈ −6.38

and the right-handed Wilson coefficient vanishes. In
models beyond the SM, both Cν

L and Cν
R can be

non-zero and complex; however, the two exclusive and
the inclusive decay rates as well as FL only depend
on two independent combinations of these Wilson
coefficients, which can be written as

� =
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R|2

|(Cν
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SM| , η =
−Re (Cν
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ν∗
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L|2 + |Cν
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, (7)

implying (�, η)SM = (1, 0). This allows one to express
the observables of b → sνν̄ decays in a general NP
model as

R(B → K∗νν̄) = (1 + 1.31 η)�2, (8)

R(B → Kνν̄) = (1− 2 η)�2, (9)

R(B̄ → Xsνν̄) = (1 + 0.09 η)�2, (10)

�FL�/�FL�SM =
(1 + 2 η)

(1 + 1.31 η)
, (11)

where R(X) = B(X)/B(X)SM and �FL� refers to FL

appropriately integrated over the neutrino invariant
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With the theoretical predictions for ∆Sf used in
Table V, the golden b → s penguin modes for this
NP search are B0 → η�K0 and B0 → K0

SK
0
SK

0
S , to-

gether with B0 → f0
0K

0
S for which the calculation of

the SM uncertainty is however less accurate. Some
interesting three-body modes, notably B0 → φK0

Sπ
0

and B0 → π0π0K0
S , presently lack an assessment of

the theoretical uncertainty.
One can see from the table that it is possible to

discover NP if there is a deviation of 0.02 from SM
expectations of sin2β as measured in tree decays. It is
possible to observe a deviation of 5σ or more of about
0.1 in sin2βeff from b → s transitions in the golden
modes. It is worth noting however that these conclu-
sions may change depending on the models used for
computing ∆Sf . Indeed not all sources of theoreti-
cal error are under control in these estimates and in
some case even the sign of the correction can be model
dependent. On the other hand, theoretical estimates
not explicitly data-driven also rely on experimental in-
formation to some extent and and could benefit from
the SuperB large data set. This improvement has not
be taken into account in Table V. Clearly, if SuperB
will find significant deviations in these measurements,
further theoretical and phenomenological work will be
required to pin down the SM value of ∆Sf and firmly
establish the presence of NP. In the absence a theoret-
ical leap in the understanding of non-leptonic decays,
data-driven methods are expected to play a prominent
role. In this respect, the opportunity of measuring sev-
eral modes with different theoretical uncertainties, but
possibly correlated NP contributions, is a unique ad-
vantage of SuperB.

The golden b → d process is B0 → J/ψπ0 from
an experimental perspective. Yet current theoretical
understanding indicates that the measurements of Sf

for b → d modes are theoretically limited.

B. Theoretical aspects of rare decays

1. New physics in B → K(∗)νν̄ decays

Rare B decays with a νν̄ pair in the final state are in-
teresting probes of new physics, since they allow one to
transparently study Z penguin and other electroweak
penguin effects in the absence of dipole operator and
Higgs penguin contributions, which are often more im-
portant than Z contributions in b → s�+�− decays.
Moreover, since the neutrinos escape the detector un-
measured, the B → K(∗)+Emiss channel can also con-
tain contributions from other light SM-singlet particles
substituting the neutrinos in the decay.

The inclusive decay B̄ → Xsνν̄ is the theoretically
cleanest b → sνν̄ decay due to the absence of form
factor uncertainties, but is experimentally very chal-

lenging to measure. The exclusive decay B → Kνν̄
currently provides most stringent constraints on NP
with an experimental upper bound only a factor of
three above the SM prediction. The B → K∗νν̄ decay
has the advantage that, in addition to its differential
decay rate, it in principle provides access to an addi-
tional observable via the angular distribution of the
K∗ decay products K±π∓: the K∗ longitudinal po-
larization fraction FL(q2), which is theoretically very
clean since form factor uncertainties cancel to a large
extent [63].

The SM predictions and current experimental up-
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NP in b ! s/d νν

2. Exclusive and inclusive b → sνν̄ decays

In this section we summarize the effective Hamiltonian for b→ sνν̄ transitions and collect
all B decays probing this quark level transition. Our focus is on the decay B → K∗νν̄

which, due to its additional polarization observable, offers a richer source of information
than the two other decays B → Kνν̄ and B → Xsνν̄. Combining all decays we end up
with four observables which are functions of the invariant mass of the neutrino-antineutrino
pair.

2.1 Effective Hamiltonian

The effective Hamiltonian for b→ sνν̄ transitions is generally given by

Heff = −4 GF√
2

VtbV
∗
ts (Cν

LOν
L + Cν

ROν
R) + h.c. , (2.1)

with the operators

Oν
L =

e2

16π2
(s̄γµPLb)(ν̄γµ(1− γ5)ν) , Oν

R =
e2

16π2
(s̄γµPRb)(ν̄γµ(1− γ5)ν) . (2.2)

In the SM, Cν
R is negligible while Cν

L = −X(xt)/ sin2 θw, where xt = m2
t /m2

W and the
function X(xt) can be found in ref. [10, 11] at the next-to-leading order in QCD.

Taking into account the latest top mass measurement from the Tevatron [12], we obtain

(Cν
L)SM = −6.38± 0.06 , (2.3)

where the error is dominated by the top mass uncertainty. The corresponding operator
is not renormalized by QCD, so the only renormalization scale dependence enters X(xt)
through the running top quark mass, which is however largely cancelled through NLO QCD
corrections. The residual scale dependence is taken into account in the error in eq. (2.3).

2.2 B → K∗νν̄

The decay B → K∗νν̄ has the virtue that the angular distribution of the K∗ decay products
allows to extract information about the polarization of the K∗, just like in B → K∗µ+µ−

decays. Since the neutrinos escape the detector unmeasured, the experimental information
that can be obtained from the process B → K∗(→ Kπ)νν̄ with an on-shell K∗ is completely
described by the double differential decay distribution in terms of the two kinematical
variables sB = q2/m2

B, where q2 is the invariant mass of the neutrino-antineutrino pair, and
θ, the angle between the K∗ flight direction in the B rest frame and the K flight direction
in the Kπ rest frame. The normalized invariant mass sB ranges from 0 to the kinematical
endpoint (1 − �mK∗)2 ≈ 0.69, where here and in the following we use �mi = mi/mB, while
θ ranges from 0 to π.

The spectrum can be expressed in terms of B → K∗ transversity amplitudes A⊥,�,0,
which are given in terms of form factors and Wilson coefficients as

A⊥(sB) = 2N
√

2λ1/2(1, �m2
K∗ , sB)(Cν

L + Cν
R)

V (sB)
(1 + �mK∗)

, (2.4)
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Warning: very preliminary results
Still need to quantify the effect of:

! Bwd-EMC on background rejection
! SuperB machine backgrounds rates

BR(B→Kνν) BR(B→K*νν)

Current Status

68% prob

95% prob

Theo error

SM (1,0)

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

S/
√(

S+
B

)

S/
√(

S+
B

)

With 51ab-1 expects 
18% precision

With 51ab-1 expects 
20% precision

0,$1.2.*-,30,$1.2.*-,30,$1.2.*-,30,$1.2.*-,3

0,$1.2.*-,30,$1.2.*-,3

SuperB, 50 ab-1
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NP in b → s/d Emiss

• Neutrinos not detected in experiments probing b → s/d νν

• Various NP contributions can mimic experimental signature

• Failure of the individual constraints on the ε-η plane meeting at a single point

• Kinematical distributions modified - need to be taken into account when 
interpreting experimental searches

• kinematical cuts to suppress backgrounds 

• reconstruction efficiencies depend on final state kaon/pion momenta

C. Bird, et al., hep-ph/0401195.

R. Adhikari & B. Mukhopadhyaya, 
hep-ph/9411347. 

H. K. Dreiner et al., 0905.2051.

G. Hiller, hep-ph/0404220.

H. Davoudiasl and E. Ponton, 0903.3410.

T. M. Aliev, et al., 0705.4542

very light scalar dark matter
light neutralinos
light NMSSM pseudoscalar Higgs
light radions
unparticles
...

NP in b → s/d Emiss

• Example: pair of invisible massive fermions in B→K Emiss

• the resulting final state kaon momentum distributions will differ
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INVISIBLE SPIN 1/2 FERMIONS

In dealing with invisible fermions we impose EW gauge invariance on the SM field operators, while we assume the

invisible fermions are not charged under the SM gauge group and split their contributions between vector and axial

current components. For the effective interaction Hamiltonian we then obtain

H1/2 =
c
1/2
11

Λ2
(Q̄γµQ)(ψ̄γµψ) +

c̃
1/2
11

Λ2
(Q̄γµQ)(ψ̄γµγ5ψ) +

c
1/2
12

Λ2
(D̄γµD)(ψ̄γµψ) +

c̃
1/2
12

Λ2
(D̄γµD)(ψ̄γµγ5ψ)

+
c
1/2
01

Λ3
H(D̄Q)(ψ̄ψ) +

c̃
1/2
01

Λ3
H(D̄Q)(ψ̄γ5ψ) +

c
1/2
02

Λ3
H

†
(Q̄D)(ψ̄ψ) +

c̃
1/2
02

Λ3
H

†
(Q̄D)(ψ̄γ5ψ)

+
c
1/2
21

Λ3
H(D̄σµνQ)(ψ̄σµνψ) +

c̃
1/2
21

Λ3
H(D̄σµνQ)(ψ̄σµνγ5ψ)

+
c
1/2
22

Λ3
H

†
(Q̄σµνD)(ψ̄σµνψ) +

c̃
1/2
22

Λ3
H

†
(Q̄σµνD)(ψ̄σµνγ5ψ) . (1)

INVISIBLE SPIN 3/2 FERMIONS

Spin 3/2 particles are described by Rarita-Schwinger fields (ψµ). The corresponding Lagrangian kinetic term can

be written as [? ]

Lkin = −1

2
�µνρσψ̄µγ5γν∂ρψσ −

1

4
mψψ̄µ[γµ

, γν
]ψν . (2)

In addition, these fields are also subject to the following three conditions (spin 3/2 projection, Dirac equation and

Lorenz condition)

/ψ = 0 , (/∂ + mψ) ψµ
= 0 , ∂µψµ

= 0 . (3)

Spin summation of these fields is of the form

�

s

u(p)
s
µū(p)

s
ν = − (/p + mψ)

�
gµν −

pµpν

m
2
ψ

�
− 1

3

�
γµ +

pµ

mψ

�
(/p−mψ)

�
γν +

pν

mψ

�
. (4)

Next we construct effective operators for pair production of these fields, taking into account the above stated

conditions. In particular, any insertions of /∂ψµ
can always be replaced with ψµ

by using the Dirac equation, while

insertions of ∂µψµ
yield identically zero via the Lorenz condition.

We differentiate the possible operators via the Lorenz structure of the invisible sector into scalar, vector and tensor

operators. We find the following lowest dimensional distinct scalar contributions to the effective Hamiltonian

ψ̄µψµ , ψ̄µγ5ψµ , �µνρσψ̄µγ5γν∂ρψσ , . . . (5)

The first two operators are of dimension 3, while the third is already of dimension 4 and we omit it. We obtain

H
(0)
3/2 =

c
3/2
01

Λ3
H(DQ)(ψ̄µψµ) +

c
3/2
02

Λ3
H

†
(Q̄D̄)(ψ̄µψµ) +

c̃
3/2
01

Λ3
H(DQ)(ψ̄µγ5ψµ) +

c̃
3/2
02

Λ3
H

†
(Q̄D̄)(ψ̄µγ5ψµ) . (6)

Similarly, we obtain a single distinct vectorial contribution

ψ̄ργµψρ , ψ̄ργµγ5ψρ , . . . (7)

We do not consider the operator �µνρσψ̄νγ5γρψσ since it can be reduced to the other using the Chrishom identity. We

obtain

H
(1)
3/2 =

c
3/2
11

Λ2
(Q̄γµQ)(ψ̄ργµψρ) +

c
3/2
12

Λ2
(D̄γµD̄)(ψ̄ργµψρ) +

c̃
3/2
11

Λ2
(Q̄γµQ)(ψ̄ργµγ5ψρ) +

c̃
3/2
12

Λ2
(D̄γµD̄)(ψ̄ργµγ5ψρ) .(8)

Finally we consider the following lowest dimensionality tensorial structures

ψ̄µψν
, ψ̄µγ5ψ

ν
, ψ̄ρσ

µνψρ
, ψ̄ρσ

µνγ5ψ
ρ
, �µνσρψ̄σγ5ψρ , . . . (9)
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obtain

H
(1)
3/2 =

c
3/2
11

Λ2
(Q̄γµQ)(ψ̄ργµψρ) +

c
3/2
12

Λ2
(D̄γµD̄)(ψ̄ργµψρ) +

c̃
3/2
11

Λ2
(Q̄γµQ)(ψ̄ργµγ5ψρ) +

c̃
3/2
12

Λ2
(D̄γµD̄)(ψ̄ργµγ5ψρ) .(8)

Finally we consider the following lowest dimensionality tensorial structures

ψ̄µψν
, ψ̄µγ5ψ

ν
, ψ̄ρσ

µνψρ
, ψ̄ρσ

µνγ5ψ
ρ
, �µνσρψ̄σγ5ψρ , . . . (9)

axial, vector, chiral couplings
mψ=0, 1, 2 GeV

SM-like

(1)

(0)

(1) (0)←Exp. cuts→ ←Exp. cuts→
Belle, 0707.0138Belle, 0707.0138

similar conclusions for two scalars in
Altmannshofer et al.,  0902.0160

Momentum of visible 

SIGNAL

BB background‾

Continuum

b -> s/d EMiss

[Kamenik, Smith, Chen]

19

Freitag, 10. September 2010



Perturbative corrections: Summary

• New Corrections are at NNLO level in αs and/or
ΛQCD

mb

• Almost at the theoretical limit

• New perturbative corrections ∼ 1% for Γ(B̄ → Xsγ)

CKM 2010 - Theory of Inclusive Radiative B Decays - Gil Paz 15

Resolved Photon Contributions

Top line: Q7γ −Q8g

Bottom left: Q8g −Q8g

Bottom right: Q1 −Q7γ

• Q1 −Q8g and Q1 −Q1 give a 1/m2
b effect

CKM 2010 - Theory of Inclusive Radiative B Decays - Gil Paz 19

new: Q7 - Q8 at tree-level !
=> irreducible 5% uncertainty

Can we improve on the 
Non-perturbative error?

SCET analysis [Benzke, Lee, Neubert, Paz]

Γ(b→ sγ)

• Since

Γ(B̄ → Xsγ) = Γ(b→ sγ) +O
ΛQCD

mb

Current effort: complete Γ(b→ sγ) at NNLO

For details see Greub CKM 2008

• Out of 3 ingrediants

– Matching at µ ∼MW �
– Running from µ ∼MW to µ ∼ mb �
– Matrix elements at O(α2

s) almost done

• Current (2006) value Misiak et. al. ’06:

Γ(b→ sγ) = (3.15± 0.23)× 10−4, Eγ > 1.6 GeV

Four types of uncertainties:

– nonperturbative (5%) from O
ΛQCD

mb

– parametric (3%)

– higher-order (3%)

– mc-interpolation ambiguity (3%)

CKM 2010 - Theory of Inclusive Radiative B Decays - Gil Paz 11

• SM prediction at NNLO

B -> Xs gamma - Theory
[Paz]

20
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W. F. Wang CKM2010--University of Warwick-09/08/2010 10 

!! Continuum Control Region: 

 OnPeak         On – Off Data:  

  1825      => -100 ± 138 events 

!! B! Control Region: 

 OnPeak     On – Off Data – BB MC  

 3.6!104  =>1252 ± 272 ± 841  

                       (1.4" IF no signal) 

 a tail of signal ~100-400 (models) 

!!0.9-1.3" 

Babar  Preliminary 

!!Control region checks show good understanding of backgrounds. 

!!ACP is insensitive to photon energy cut, statistical optimization 

      =>  (2.1-2.8) GeV for the ACP .  

21

B -> Xs gamma - Experiment 
[Wang]

W. F. Wang CKM2010--University of Warwick-09/08/2010 6 

Babar: B!Xs" (New, preliminary)  

Xs(d) Bsig 

Btag 

e,! 

 γ      347 fb-1  Y(4S) Data and 36 fb-1 Off resonance Data 

!!Signal signature: 

One isolated High Energy photon (!HE), 

do not reconstruct the hadronic system. 

Veto !HE from "0/#. 

!!Lepton tag and event topology criteria used 

    to suppress continuum.  

!!Measurements 

" !Branching fraction 

     Does not distinguish Xs and Xd ,  ~4% Xd subtracted at the end. 

" ! CP asymmetry ACP (B!Xs+d"): Lepton charge identifies B flavor. 

" !Spectral moments. 

X 

Present 
today 

Freitag, 10. September 2010
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ACP (B!Xs+d")   preliminary   

W. F. Wang CKM2010--University of Warwick-09/08/2010 12 

!!No significant asymmetry is observed, most precise to date. 
!!Consistent with SM and previous measurements.  
!!All measurements dominated by statistical uncertainty. 

Babar l-tag 

Babar B-tag 

CLEO l-tag 

Babar 

preliminary 

N(l+) = 2623±158 

N(l!) = 2397±151 

Babar preliminary 

ACP = 0.056±0.060±0.018 

B -> Xs gamma - Experiment - ACP

[Wang]

Freitag, 10. September 2010
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B -> Xs gamma - Experiment - Branching Fraction
[Wang, Ciuchini]

  b!s" Branching Fractions 

CKM2010--University of Warwick-09/08/2010 

!!Good agreement with SM prediction.  

!!Provide stringent constraints on NP: e.g. MH+>295GeV@95%CL. 

!!Babar lepton tag (New) results will come soon.  

!!Important to measure the B!Xs" with reduce error in future! 

17 W. F. Wang 

Emin (GeV) B(Eγ
B>Emin) (!10"4) 

CLEO (2001) 2.0 3.06±0.41±0.26 

Belle Σ exclusive (2001) 2.24 3.36±0.53±0.42+0.50
-0.54

 

Babar Σ exclusive(2005) 1.9 3.27±0.18+0.56
-0.41

+0.04
-0.09 

Babar l-tag (2006) 1.9 3.67±0.29±0.34±0.29 

Babar B-tag (2008) 1.9 3.66±0.85±0.60 

Bell inclusive (2009) 1.7 3.45±0.15±0.40 

HFAG average (2010) 1.6 3.55±0.24±0.09 

SM NNLL 1.6 3.15±0.23 
1.2σ 

! !

Marco Ciuchini Page 6CKM 2010 – University of Warwick - 7 September 2010
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SM
Expt

BR

mH+

BR

E gamma

(extrap.)

BR

• Given power of this, still important to 
improve expt’al error... ? 

Freitag, 10. September 2010
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K → πνν̄ : Branching Ratios

Br
�
K+

→ π+νν̄
�
= κ+

ν

���λt Xt + Reλc

�
Pc + δPc,u

����
2

CKM
53%

parametric
18%

κ+

2%

δPcu

14%

Pc
6%

Xt

7%

Numbers

◦ 7 events at E787/949

Brexp = 1.73+1.15
−1.05 × 10−10

Brthe = 8.22+0.74
−0.65 ± 0.29× 10−10

[Brod, Gorbahn, ES 10]

◦ NA62 aims at O(100) events!

Improved theory prediction

K+ → π+νν̄ vs. KL → π0νν̄
K -> pinunu - Theory 

[Stamou, Straub]

• Sensitive to new physics

• Precise theory prediction

K+ -> pi+nunu - error budget 

Freitag, 10. September 2010



6 Tbe NA62 experiment – T. Spadaro – CKM 2010, University of Warwick, 9 September 2010 

Final results from E787/E949 (2008)!
Combined results, from E787 (1995-8 runs) & E949 (12-weeks run in 2001) 

Prob. all 7 obs. evts are bkg is ~10-3 

Unvetoed 
K!2 

Same 
central 
value, 
100 evts Plots 

from 
utfit.org 

BR(K+ " !+## ) = (1.73 +1.15
-1.05 ) $ 10-10 

25

K+ -> pi+nunu - Experiment 
[Spadaro]

Freitag, 10. September 2010
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K+ -> pi+nunu - Experiment 
[Spadaro]

9 Tbe NA62 experiment – T. Spadaro – CKM 2010, University of Warwick, 9 September 2010 

The in-flight approach: NA62 @ CERN!

K12 
beamline 

Differential !erenkov 
for K+-ID 

33 Tbe NA62 experiment – T. Spadaro – CKM 2010, University of Warwick, 9 September 2010 

NA62 expected sensitivity!
Decay Mode Events 

Signal: K+ ! "+## [ flux = 4.8!1012 decay/year]  55 evt/year 

K+ ! "+"0   ["#0 = 2!10-8 (3.5!10-8) ] 4.3% (7.5%) 

K+ ! µ+#$ 2.2% 

K+ ! e+"+"-#$ %3% 

Other 3 – track decays %1.5% 

K+ ! "+"0&$ ~2% 

K+ ! µ+#&$ ~0.7% 

K+ ! e+(µ+) "0#, others negligible 

Expected background %13.5% (%17%) 

Aim to obtain O(~10%) signal acceptance with <10% background 

year & running efficiency from NA48 story: ~100 days/year, 60% data taking efficiency 

5 Tbe NA62 experiment – T. Spadaro – CKM 2010, University of Warwick, 9 September 2010 

Experimental methods for K+ ! "##$
Main backgrounds to K+ ! "+##: 

K+ ! µ# with " ID for µ$

need excellent PID, especially µ/"$

K+ ! ""0(%) with %’s lost$

need excellent % vetoes$

Kinematic rejection for 2 body 

To reach 10-12, PID & vetoes also reject unclosed bkg (Kl3, Kl4, …) Freitag, 10. September 2010
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Theorists Point of  View on LFV, RPV and Invisible StatesConclusion

With the very rare       modes one naturally probes several NP effects:

R-parity violation:  Tree-level effects possible from             couplings.  

Within MFV,         couplings are negligible, and loop-level FCNC 
from        couplings are very suppressed (except maybe for     ). 

New invisible states:

I JP P′→ ν ν

Within MFV,                      and                      are both tightly
constrained by                 , making them too suppressed to be seen.

I JP P′→ ν ν I JP P′→ ! !
I J→ γ! !

Lepton flavor violation:

νν

1∆ =!

∆!
∆"

Competitive bounds if these states have flavor-breaking interactions,
or if they couple to top quarks (?), but not if they couple to light quarks.

P P′→ + missing energy

The main message: Let’s keep an open mind and look for the unexpected!

b s→

[Smith]

Freitag, 10. September 2010
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LFV and LNV Decays at B factories
[Mohanty]

8

Search for B+ !+!’+

09-09-2010

! "!
! "!

Both lepton flavor violating (LFV) and lepton number violating

in the SM
Due to the size of the CKM matrix elements involved, the B+
D !+!’+ decay will be the most sensitive
Belle has performed a first search of the decay, where the D+
decays to K + +, using 770!106 BB decays

9

Recent results from Belle

09-09-2010

Blind, counting analysis after a likelihood (based on event shape
variables) is employed to suppress contribution from the e+e
qq continuum background

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

"$ ! #!$$$$ 1%23 4%15" 4%16 2%7# 14!%
"$ ! #!$$&$ 1%63 4%56" 4%28 1%8# 14!%
"$ ! #!&$&$ 1%53 1%99" 4%96 1%1# 14!%

No evidence for a signal derive 90% CL upper limits on BF

"$ ! #!$$$$ "$ ! #!$$&$ "$ ! #!&$&$

Signal box

Preliminary

9

Recent results from Belle

09-09-2010

Blind, counting analysis after a likelihood (based on event shape
variables) is employed to suppress contribution from the e+e
qq continuum background

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

"$ ! #!$$$$ 1%23 4%15" 4%16 2%7# 14!%
"$ ! #!$$&$ 1%63 4%56" 4%28 1%8# 14!%
"$ ! #!&$&$ 1%53 1%99" 4%96 1%1# 14!%

No evidence for a signal derive 90% CL upper limits on BF

"$ ! #!$$$$ "$ ! #!$$&$ "$ ! #!&$&$

Signal box

Preliminary

8

Search for B+ !+!’+

09-09-2010

! "!
! "!

Both lepton flavor violating (LFV) and lepton number violating

in the SM
Due to the size of the CKM matrix elements involved, the B+
D !+!’+ decay will be the most sensitive
Belle has performed a first search of the decay, where the D+
decays to K + +, using 770!106 BB decays

Large number of tau LFV decay 
modes also limited... 

Freitag, 10. September 2010



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
−
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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)
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[Artuso et al 0801.1833]

Donnerstag, 9. September 2010
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B->mumu - Theory
[Jager]

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 
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Bs->mumu - Status and Future at Tevatron

Iain Bertram - CKM 2010 - 9 September

2011 and Beyond
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Iain Bertram - CKM 2010 - 9 September

Summary

• Results on search for FCNC at the Tevatron presented. 

• B→K*μμ (CDF 4.4 fb-1)

! First measurement of AFB in hadron collisions and 
competitive with B factories 
First observation of Bs→Φμμ (rarest Bs decay observed)

• B→μμ (D0 new result 6.1fb-1) B(Bs) < 51 x 10-9

! CDF World Best 3.7fb-1 B(Bs) < 43 x 10-9

! No evidence of Physics beyond the SM

• Additional data being collected, 8fb-1 on tape

! Expect 10fb-1 by Summer 2011, and possibly 16fb-1 in 2014.
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Bs->mumu - LHCb Prospects - road to a measurement
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Bs->mumu - LHC Prospects
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Conclusions

• Large number of interesting contributions to WGIII

• Seems that rare decays will remain an essential tool to 
understanding physics beyond the SM :

• Observables with precise (and improving) theoretical 
predictions
• Lots of scope for improved experimental measurements

• In the future, hope they will help us to discriminate between 
different new physics models

Freitag, 10. September 2010
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B -> K* ll - Experimental Status  

• Four-body final state with rich phenomenology
• Many observables: - AFB, FL,Isospin Asymmetry... 
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