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Introduction

four-body decay→ a goldmine of
observables!

all-charged final state exclusive
mode→ LHCb!

charge-conjugated mode
B0 → K ∗0(→ K +π−)µ+µ−

→ self-tagging & sensitive to CP
violation!

[Bobeth, Hiller, Piranishvili (2008); Egede, Hurth,

Matias, Ramon, Reece (2008)]

Massless, neutral particles in the
final states→ transparent study of Z
peguin effects.

Super-B facilities make the
measurement realistic
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The Structure of this talk

Motivation&Introduction
B → K ∗(→ Kπ)µ+µ−

I Theory (Observables etc.)
I SM predictions
I New Physics effects (MSSM scenarios)

B → K ∗(→ Kπ)νν̄ (B → Kνν̄ and B → XSνν̄)
I Theory (Observables etc.)
I SM predictions
I New Physics effects (Model independent analysis, generic bsZ couplings,

invisible scalars)

Conclusions

Michael Wick (TU München) B → K∗µ+µ− & B → K∗νν̄ IMPRS Colloquium (Munich) 2 / 15



Part I: B → K ∗µ+µ−ν

Part I: B → K ∗µ+µ−
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B → K ∗(→ Kπ)µ+µ− Angular Decay Distribution

The decay B̄0 → K̄ ∗0(→ K−π+)µ+µ−
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B → K ∗(→ Kπ)µ+µ− Angular Decay Distribution

d4Γ

dq2 d cos θl d cos θK∗ dφ

=
9

32π
I(q2, θl , θK∗ , φ)

q2 = (pµ− + pµ+ )2

[Krüger, Sehgal, Sinha, Sinha (1999)]

I(q2, θl , θK∗ , φ) = Is
1 sin2 θK∗ + Ic

1 cos2 θK∗ + (Is
2 sin2 θK∗ + Ic

2 cos2 θK∗) cos 2θl

+ I3 sin2 θK∗ sin2 θl cos 2φ+ I4 sin 2θK∗ sin 2θl cosφ
+ I5 sin 2θK∗ sin θl cosφ

+ (Is
6 sin2 θK∗ + Ic

6 cos2 θK∗) cos θl + I7 sin 2θK∗ sin θl sinφ

+ I8 sin 2θK∗ sin 2θl sinφ+ I9 sin2 θK∗ sin2 θl sin 2φ .

Angular coefficient functions I(a)
i (q2) measurable by full angular fit to d4Γ!
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B → K ∗(→ Kπ)µ+µ− Angular Decay Distribution

d4Γ̄

dq2 d cos θl d cos θK∗ dφ

=
9

32π
Ī(q2, θl , θK∗ , φ)

q2 = (pµ− + pµ+ )2

[Krüger, Sehgal, Sinha, Sinha (1999)]

Ī(q2, θl , θK∗ , φ) = Īs
1 sin2 θK∗ + Īc

1 cos2 θK∗ + (̄Is
2 sin2 θK∗ + Īc

2 cos2 θK∗) cos 2θl

+ Ī3 sin2 θK∗ sin2 θl cos 2φ+ Ī4 sin 2θK∗ sin 2θl cosφ

− Ī5 sin 2θK∗ sin θl cosφ

− (̄Is
6 sin2 θK∗ + Īc

6 cos2 θK∗) cos θl + Ī7 sin 2θK∗ sin θl sinφ

− Ī8 sin 2θK∗ sin 2θl sinφ− Ī9 sin2 θK∗ sin2 θl sin 2φ .

Angular coefficient functions Ī(a)
i (q2) measurable by full angular fit to d4Γ̄!
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Angular Observables

We have:
I 12 angular coefficient functions I(a)

i (q2) from B̄0 → K̄ ∗0(→ K−π+)µ+µ−

I 12 angular coefficient functions Ī(a)
i (q2) from B0 → K ∗0(→ K +π−)µ+µ−

We want:
I Separation of CP violating and CP conserving NP effects
I Minimization of theoretical and experimental uncertainties→ ratios!

We define:
I CP-averaged angular coefficients

S(a)
i (q2) =

“
I(a)
i (q2) + Ī(a)

i (q2)
”ffid(Γ + Γ̄)

dq2

I CP asymmetries [Krüger, Sehgal, Sinha, Sinha (1999); Bobeth, Hiller, Piranishvili (2008)]

A(a)
i (q2) =

“
I(a)
i (q2)− Ī(a)

i (q2)
”ffid(Γ + Γ̄)

dq2 .

S(a)
i and A(a)

i can be extracted from d4(Γ± Γ̄)!
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New Physics Impact on S4, S5 and Ss
6
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In the SM, S4, S5 and Ss
6 each have a zero in q2

Ss
6 is the well-known forward-backward asymmetry: Ss

6 ∼
4
3 AFB

Flavour-blind MSSM: tanβ = 40, At̃ = 900 GeV, Arg(µAt̃ ) = 50◦

[Altmannshofer, Buras, Paradisi (2008)]

MSSM with complex (δd )LR
32 mass insertion→ complex C′7

MSSM with complex (δd,u)LR
32 mass insertions→ complex C(′)

7 ,C10

Pattern of effects highly model-dependent!

* (All points compatible with BR(B → Xsγ), BR(B → Xs`+`−), ∆Ms,d , . . . )
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New Physics Impact on A7, A8 and A9
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All CP asymmetries A(a)
i tiny in the SM

A7, A8 and A9 are not suppressed by small strong phases→ can be
O(1) with New Physics! [Bobeth, Hiller, Piranishvili (2008)]

Flavour-blind MSSM: tanβ = 40, At̃ = 900 GeV, Arg(µAt̃ ) = 50◦

MSSM with complex (δd )LR
32 mass insertion→ complex C′7

MSSM with complex (δu)LR
32 mass insertion→ complex C(′)

7 ,C10
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Part II: B → K ∗νν̄

Part II: B → K ∗νν̄
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double differential decay distribution of B → K ∗νν̄

B → K ∗(→ Kπ)µ+µ−

d4Γ̄

dq2 d cos θl d cos θK∗ dφ

= Is
1 sin2 θK∗ + Ic

1 cos2 θK∗

+ (Is
2 sin2 θK∗ + Ic

2 cos2 θK∗) cos 2θl

+ I3 sin2 θK∗ sin2 θl cos 2φ
+ I4 sin 2θK∗ sin 2θl cosφ
+ I5 sin 2θK∗ sin θl cosφ

+ (Is
6 sin2 θK∗ + Ic

6 cos2 θK∗) cos θl

+ I7 sin 2θK∗ sin θl sinφ
+ I8 sin 2θK∗ sin 2θl sinφ

+ I9 sin2 θK∗ sin2 θl sin 2φ .

B → K ∗νν̄

d2Γ

dsBdcosθK∗

=
3
4

dΓT

dq2 sin2 θK∗ +
3
2

dΓL

dq2 cos2 θK∗

Differences
neutrinos escape the detector
unmeasured
there are no strong phases→ no
CP asymmetries

Michael Wick (TU München) B → K∗µ+µ− & B → K∗νν̄ IMPRS Colloquium (Munich) 8 / 15



double differential decay distribution of B → K ∗νν̄

B → K ∗(→ Kπ)µ+µ−

d4Γ̄

dq2 d cos θl d cos θK∗ dφ

= Is
1 sin2 θK∗ + Ic

1 cos2 θK∗

+ (Is
2 sin2 θK∗ + Ic

2 cos2 θK∗) cos 2θl

+ I3 sin2 θK∗ sin2 θl cos 2φ
+ I4 sin 2θK∗ sin 2θl cosφ
+ I5 sin 2θK∗ sin θl cosφ

+ (Is
6 sin2 θK∗ + Ic

6 cos2 θK∗) cos θl

+ I7 sin 2θK∗ sin θl sinφ
+ I8 sin 2θK∗ sin 2θl sinφ

+ I9 sin2 θK∗ sin2 θl sin 2φ .

B → K ∗νν̄

d2Γ

dsBdcosθK∗

=
3
4

dΓT

dq2 sin2 θK∗ +
3
2

dΓL

dq2 cos2 θK∗

Differences
neutrinos escape the detector
unmeasured
there are no strong phases→ no
CP asymmetries

Michael Wick (TU München) B → K∗µ+µ− & B → K∗νν̄ IMPRS Colloquium (Munich) 8 / 15



double differential decay distribution of B → K ∗νν̄

B → K ∗(→ Kπ)µ+µ−

d4Γ̄

dq2 d cos θl d cos θK∗ dφ

= Is
1 sin2 θK∗ + Ic

1 cos2 θK∗

+ (Is
2 sin2 θK∗ + Ic

2 cos2 θK∗) cos 2θl

+ I3 sin2 θK∗ sin2 θl cos 2φ
+ I4 sin 2θK∗ sin 2θl cosφ
+ I5 sin 2θK∗ sin θl cosφ

+ (Is
6 sin2 θK∗ + Ic

6 cos2 θK∗) cos θl

+ I7 sin 2θK∗ sin θl sinφ
+ I8 sin 2θK∗ sin 2θl sinφ

+ I9 sin2 θK∗ sin2 θl sin 2φ .

B → K ∗νν̄

d2Γ

dsBdcosθK∗

=
3
4

dΓT

dq2 sin2 θK∗ +
3
2

dΓL

dq2 cos2 θK∗

Differences
neutrinos escape the detector
unmeasured
there are no strong phases→ no
CP asymmetries

Michael Wick (TU München) B → K∗µ+µ− & B → K∗νν̄ IMPRS Colloquium (Munich) 8 / 15



double differential decay distribution of B → K ∗νν̄
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d4Γ̄

dq2 d cos θl d cos θK∗ dφ

= Is
1 sin2 θK∗ + Ic

1 cos2 θK∗

+ (Is
2 sin2 θK∗ + Ic

2 cos2 θK∗) cos 2θl
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+ I5 sin 2θK∗ sin θl cosφ

+ (Is
6 sin2 θK∗ + Ic

6 cos2 θK∗) cos θl

+ I7 sin 2θK∗ sin θl sinφ
+ I8 sin 2θK∗ sin 2θl sinφ

+ I9 sin2 θK∗ sin2 θl sin 2φ .

B → K ∗νν̄

d2Γ

dsBdcosθK∗

=
3
4

dΓT

dq2 sin2 θK∗ +
3
2

dΓL

dq2 cos2 θK∗

polarization fractions

FL,T =
dΓL,T/dsB

dΓ/dsB
, FL = 1− FT .

sB = q2

dΓ
dsB

= dΓL
dsB

+ dΓT
dsB
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Effective Hamiltonian

Effective Hamiltonian for b → sνν transistions

Heff = −4 GF√
2

VtbV ∗ts (Cν
LOνL + Cν

ROνR) + h.c. ,

OνR,L =
e2

16π2 (s̄γµPR,Lb)(ν̄γµ(1− γ5)ν) .

Standard Model: (Cν
L )SM = −6.38± 0.06 and (Cν

R)SM = 0
B decays:

I B → Xsνν̄
I B → Kνν̄
I B → K ∗νν̄
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B → Xsνν̄ and B → K ∗νν̄

dΓ(B → Kνν̄)

dsB
∝
[
f K
+ (sB)

]2 |Cν
L + Cν

R |
2
.

dΓ(B → Xsνν̄)

dsb
∝ m5

bκ(0)(|Cν
L |2 + |Cν

R |2)

sb = q2/m2
b, where q2 is the invariant mass of the neutrino-antineutrino

pair
problem: theoretical uncertainties, in particular from m5

b

common approach: normalization to the inclusive semileptonic decay
rate Γ(B → Xceν̄e)

our approach: use the mb in the 1S scheme [Hoang,Ligeti, Manohar ’98,Hoang

’00], which is known to 1 % precision,→ reduction of the error
uncertainty in the branching ratio to less than 10 %
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Our SM predictions & Experiment

Four observables in B → K ∗νν̄, B → K ∗νν̄ and B → Xsνν̄:

Observable Our SM prediction Experiment
BR(B → K ∗νν̄) (6.8+1.0

−1.1)× 10−6 < 80× 10−6

BR(B+ → K +νν̄) (4.5± 0.7)× 10−6 < 14× 10−6

BR(B → Xsνν̄) (2.7± 0.2)× 10−5 < 64× 10−5

〈FL(B → K ∗νν̄)〉 0.54± 0.01 –
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Model-independent constraints on Wilson coefficients

Only 2 combinations of the complex Cν
L and Cν

R enter the 4 observables:

ε =

√
|Cν

L |2 + |Cν
R |2

|(Cν
L )SM|

, η =
−Re (Cν

L Cν∗
R )

|Cν
L |2 + |Cν

R |2
. (ε, η)SM = (1,0)

BR(B → K ∗νν̄) = 6.8× 10−6 (1 + 1.31 η)ε2

BR(B → Kνν̄) = 4.5× 10−6 (1− 2 η)ε2

BR(B → Xsνν̄) = 2.7× 10−5 (1 + 0.09 η)ε2

〈FL〉 = 0.54
(1 + 2 η)

(1 + 1.31 η)

where 〈FL〉 = ΓL(B → K ∗νν̄)/Γ(B → K ∗νν̄)
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Only 2 combinations of the complex Cν
L and Cν

R enter the 4 observables:

ε =

√
|Cν

L |2 + |Cν
R |2

|(Cν
L )SM|

, η =
−Re (Cν

L Cν∗
R )

|Cν
L |2 + |Cν

R |2
. (ε, η)SM = (1,0)

BR(B → Xsνν̄)
BR(B → Kνν̄)
BR(B → K ∗νν̄)
〈FL〉
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Model-independent constraints on Wilson coefficients

Only 2 combinations of the complex Cν
L and Cν

R enter the 4 observables:

ε =

√
|Cν

L |2 + |Cν
R |2

|(Cν
L )SM|

, η =
−Re (Cν

L Cν∗
R )

|Cν
L |2 + |Cν

R |2
. (ε, η)SM = (1,0)

BR(B → Xsνν̄)
BR(B → Kνν̄)
BR(B → K ∗νν̄)
〈FL〉
projected sensitivity at

SuperBwith 75ab−1 . [Talk of F.

Renga@SuperBPhysics Workshop in

Warwick]
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Modified Z penguins

Effective flavour violating b̄sZ coupling

Lb̄sZ
eff =

GF√
2

e
π2 m2

Z cw sw V ∗tbVts Zµ
(
ZL b̄γµPLs + ZR b̄γµPRs

)
,

[Buchalla, Hiller, Isidori (2001)]

Motivation: In many models beyond the SM, NP effects in the Wilson
coefficients Cν

L,R are dominated by Z penguins. This couplings enter in:
Cν

L,R

Bs mixing
BR(B → Xs`

+`−)

BR(Bs → µ+µ−)

⇒ interesting correlations
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Decay to Invisible Scalars

effective Hamiltonian for flavour-changing quark-scalar

Heff = CS
L

mb

2
(s̄PLb)S2 + CS

R
mb

2
(s̄PRb)S2 .

dΓ(B → Xs /E)

dsb
=

dΓ(B → Xsνν̄)

dsb
+

dΓ(B → XsSS)

dsb
,
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Decay to Invisible Scalars

effective Hamiltonian for flavour-changing quark-scalar

Heff = CS
L

mb

2
(s̄PLb)S2 + CS

R
mb

2
(s̄PRb)S2 .
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characteristic kinematical edges in the spectra
I model-dependence of cuts!

observables no longer described in terms of (ε, η)!
〈FL〉 displays the invalidity of extracting ε and η
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Conclusions

Part I:
I The decay B → K ∗(→ Kπ)µ+µ− gives access to 24 observables

sensitive to New Physics!
F Theoretical and experimental uncertainties are minimized by choosing 12 CP

averaged observables S(a)
i and 12 CP asymmetries A(a)

i
I Excellent channel for LHCb!

F roughly 4000 signal events expected with
R
L = 2 fb−1 [Egede (2007)]

I Correlations between the observables are highly model-dependent and
thus allow to distinguish between different models of New Physics!

Part II:
I Theoretical uncertainties in the branching ratios of B → K ∗νν̄, B → Kνν̄

and B → Xsνν̄ are comparable to or smaller than projected
experimental uncertainties at SuperB

I The angular observable FL in B → K ∗νν̄ probes right-handed currents
I Introduction of an elegant way of visualization of constraints of the Wilson

coefficients in the (ε, η) plane.
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Backup

Backup
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Effective Hamiltonian

Heff = −4 GF√
2

(
λtH(t)

eff + λuH(u)
eff

)
with the CKM combination λi = VibV ∗is and

H(t)
eff = C1Oc

1 + C2Oc
2 +

6∑
i=3

CiOi +
∑

i=7,8,9,10,P,S

(CiOi + C′iO′i ) ,

H(u)
eff = C1(Oc

1 −Ou
1 ) + C2(Oc

2 −Ou
2 ) .
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Effective Hamiltonian – operator basis

O7 =
e
g2 mb(s̄σµνPRb)Fµν , O′7 =

e
g2 mb(s̄σµνPLb)Fµν ,

O8 =
1
g

mb(s̄σµνT aPRb)Gµν a, O′8 =
1
g

mb(s̄σµνT aPLb)Gµν a,

O9 =
e2

g2 (s̄γµPLb)(µ̄γµµ), O′9 =
e2

g2 (s̄γµPRb)(µ̄γµµ),

O10 =
e2

g2 (s̄γµPLb)(µ̄γµγ5µ), O′10 =
e2

g2 (s̄γµPRb)(µ̄γµγ5µ),

OS =
e2

16π2 mb(s̄PRb)(µ̄µ), O′S =
e2

16π2 mb(s̄PLb)(µ̄µ),

OP =
e2

16π2 mb(s̄PRb)(µ̄γ5µ), O′P =
e2

16π2 mb(s̄PLb)(µ̄γ5µ),
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B → K ∗ form factors

〈K̄ ∗(k)|s̄γµ(1− γ5)b|B̄(p)〉 =

− iε∗µ(mB + mK∗)A1(q2) + i(2p − q)µ(ε∗ · q)
A2(q2)

mB + mK∗

+ iqµ(ε∗ · q)
2mK∗

q2

[
A3(q2)− A0(q2)

]
+ εµνρσε

∗νpρkσ
2V (q2)

mB + mK∗
,

〈K̄ ∗(k)|s̄σµνqν(1 + γ5)b|B̄(p)〉 = iεµνρσε∗νpρkσ 2T1(q2)

+ T2(q2)
[
ε∗µ(m2

B −m2
K∗)− (ε∗ · q) (2p − q)µ

]
+ T3(q2)(ε∗ · q)

[
qµ −

q2

m2
B −m2

K∗
(2p − q)µ

]
,

〈K̄ ∗|∂µAµ|B̄〉 = (mb + ms)〈K̄ ∗|s̄iγ5b|B̄〉 = 2mK∗(ε
∗ · q)A0(q2). (1)
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B → K ∗(→ Kπ)µ+µ− amplitude

M =
GFα√

2π
VtbV ∗ts

{[
〈Kπ|s̄γµ(Ceff

9 PL + C′eff
9 PR)b|B̄〉

− 2mb

q2 〈Kπ|s̄iσµνqν(Ceff
7 PR + C′eff

7 PL)b|B̄〉
]

(µ̄γµµ)

+ 〈Kπ|s̄γµ(Ceff
10PL + C′eff

10 PR)b|B̄〉(µ̄γµγ5µ)

+〈Kπ|s̄(CSPR + C′SPL)b|B̄〉(µ̄µ)+〈Kπ|s̄(CPPR + C′PPL)b|B̄〉(µ̄γ5µ)

}
.
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Transversity amplitudes

A⊥L,R = N
√

2λ1/2
» h

(Ceff
9 + Ceff′

9 )∓ (Ceff
10 + Ceff′

10 )
i V (q2)

mB + mK∗

+
2mb

q2 (Ceff
7 + Ceff′

7 )T1(q2)

–
,

A‖L,R = −N
√

2(m2
B −m2

K∗)

» h
(Ceff

9 − Ceff′
9 )∓ (Ceff

10 − Ceff′
10 )
i A1(q2)

mB −mK∗

+
2mb

q2 (Ceff
7 − Ceff′

7 )T2(q2)

–
,

A0L,R = − N
2mK∗

p
q2

h
(Ceff

9 − Ceff′
9 )∓ (Ceff

10 − Ceff′
10 )
i

×
»

(m2
B −m2

K∗ − q2)(mB + mK∗)A1(q2)− λ A2(q2)

mB + mK∗

–
+ 2mb(Ceff

7 − Ceff′
7 )

»
(m2

B + 3m2
K∗ − q2)T2(q2)− λ

m2
B −m2

K∗
T3(q2)

–ff
,
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Transversity amplitudes

At =
N√
q2
λ1/2

[
2(Ceff

10 − Ceff′
10 ) +

q2

2mµ
(CP − C′P)

]
A0(q2),

AS = −Nλ1/2(CS − C′S)A0(q2),

N = VtbV ∗ts

[
G2

Fα
2

3 · 210π5m3
B

q2λ1/2βµ

]1/2

,

λ = m4
B + m4

K∗ + q4 − 2(m2
Bm2

K∗ + m2
K∗q

2 + m2
Bq2)

βµ =
√

1− 4m2
µ/q2
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Angular coefficients

Is
1 =

(2 + β2
µ)

4

[
|AL
⊥|2 + |AL

‖|
2 + (L→ R)

]
+

4m2
µ

q2 Re
(

AL
⊥AR
⊥
∗

+ AL
‖A

R
‖
∗)
,

Ic
1 = |AL

0|2 + |AR
0 |2 +

4m2
µ

q2

[
|At |2 + 2Re(AL

0AR
0
∗
)
]

+ β2
µ|AS|2,

Is
2 =

β2
µ

4

[
|AL
⊥|2 + |AL

‖|
2 + (L→ R)

]
,

Ic
2 = −β2

µ

[
|AL

0|2 + (L→ R)
]
,

I3 =
1
2
β2
µ

[
|AL
⊥|2 − |AL

‖|
2 + (L→ R)

]
,

I4 =
1√
2
β2
µ

[
Re(AL

0AL
‖
∗
) + (L→ R)

]
,

I5 =
√

2βµ

[
Re(AL

0AL
⊥
∗
)− (L→ R)− mµ√

q2
Re(AL

‖A
∗
S + AR

‖A∗S)

]
,
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Angular coefficients

Is
6 = 2βµ

[
Re(AL

‖A
L
⊥
∗
)− (L→ R)

]
,

Ic
6 = 4βµ

mµ√
q2

Re
[
AL

0A∗S + (L→ R)
]
,

I7 =
√

2βµ

[
Im(AL

0AL
‖
∗
)− (L→ R) +

mµ√
q2

Im(AL
⊥A∗S + AR

⊥A∗S)

]
,

I8 =
1√
2
β2
µ

[
Im(AL

0AL
⊥
∗
) + (L→ R)

]
,

I9 = β2
µ

[
Im(AL

‖
∗
AL
⊥) + (L→ R)

]
.
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S(a)
i and A(a)

i in the Standard Model
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