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Overview
In the Standard Model,  “b→s”  transition only occurs at a loop level, 
which then, is sensitive to new physics.
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Many b→s processes were measured by several experiments. 
 

In particular, LHCb collaboration has improved their results.
Today, I will show you summary of  experimental results.



For more details, I summarize the following processes: 

Overview

From the above observables, new physics is constrained in terms of  
 

Wilson coefficients, which are so called as C7, C9, C10

Figure 1: Constraints in the Re(C7)�Re(C0
7) plane (left), the Re(C10)�Re(C0

10) plane (center), and the Re(C9)�
Re(C0

9) plane (right). Individual ��2 = 1 constraints are shown for BR(B ! Xs�) (yellow), SK⇤� (purple), FL

(orange), S5 (green), BR(B ! Kµ+µ�) (blue), BR(Bs ! µ+µ�) (gray), and AFB (cyan). Combined ��2 = 1, 4
contours are shown in red.

O9 and O10 as well as in their chirality flipped counterparts O0
7, O

0
9, and O0

10

O
(0)
7 =

mb

e
(s̄�µ⌫PR(L)b)F

µ⌫ , (2)

O
(0)
9 = (s̄�µPL(R)b)(µ̄�

µµ) , (3)

O
(0)
10 = (s̄�µPL(R)b)(µ̄�

µ�5µ) . (4)

We do not consider NP e↵ects in scalar, pseudo-scalar, or tensor operators, here. The distinct
q2 dependence of the discrepant B ! K⇤µ+µ� observable S5 originates from the interference of
contributions from the dipole operators and from the semileptonic operators. New Physics in
either of them can bring S5 in agreement with the data.

However, finding a consistent explanation of the discrepancy in terms of NP is non-trivial.
All the observables in B ! K⇤µ+µ� as well as the in the Bs ! µ+µ�, B ! Kµ+µ� and
B ! Xs� decays, depend on the same Wilson coe�cients. Therefore, a global analysis of
model-independent constraints is required 7. Here, we discuss results from our fit in 5, where
details on the methodology and the used experimental data can be found. We mention that
the latest B ! K⇤ form factor results from the lattice 8 as well as the latest LHCb results on
the B ! Kµ+µ� and B+ ! K⇤+µ+µ� branching ratios 9 are not yet included in this analysis.
Other recent model independent analyses can be found in 10.

We discuss three scenarios: (i) real NP contributions to C7 and C 0
7, (ii) real NP contributions

to C10 and C 0
10, and (iii) real NP contributions to C9 and C 0

9. We find that NP in C7 and C 0
7 only

cannot fully address the observed discrepancy. As shown in the left plot of Fig. 1, the branching
ratio of the B ! Xs� decay as well as the time dependent CP asymmetry in B ! K⇤�, SK⇤� ,
strongly constrain NP in C7 and C 0

7 and the tension in S5 can only be improved slightly in
scenario (i). Scenario (ii) is strongly constrained by the combination of experimental data on
the B ! Kµ+µ� and Bs ! µ+µ� branching ratios as shown in the middle plot of Fig. 1. The
tension in S5 cannot be explained by NP in C10 and C 0

10. Finally, in scenario (iii), we find that
a consistent explanation of the discrepancy is possible. As shown in the right plot of Fig. 1,
NP in the Wilson coe�cient C9 corresponding to CNP

9 ⇠ �1.5 (approximately �35% of the
SM contribution) can account for the observed S5. The constraint from BR(B ! Kµ+µ�) can
be completely avoided by a NP contribution to C 0

9 of the same size but of opposite sign. An
important constraint comes from the forward backward asymmetry in B ! K⇤µ+µ� (shown in
cyan) that limits the allowed NP e↵ects in C9. The best fit values for the Wilson coe�cients
read

CNP
9 = �1.0± 0.3 , C 0

9 = +1.0± 0.5 . (5)

Slightly better fits can be obtained by considering NP in all Wilson coe�cients simultaneously

b ! s� : B ! Xs� B ! K⇤�

b ! s`` : B ! Xsµ
+µ� B ! K(⇤)µ+µ� Bs ! µ+µ�



Effective operators

Traditionally, these operators are defined as follows

Le↵ ⌘ 2
p
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(CiOi + C 0
iO0

i) + h.c.

*     ：Wilson coefficient (“effective vertex”)C(0)
i

*     ：effective operatorO(0)
i

(O0
i : PR $ PL)

Effective Lagrangian relevant for                and                        is given byb ! s� b ! s`+`�

*Today, we don’t consider
 scalar & tensor type operators

b ! s� : O7 =
mb

e
(s̄�µ⌫PRb)F

µ⌫

b ! s`` : O9 = (s̄�µPLb)
�
¯̀�µ`

� O10 = (s̄�µPLb)
�
¯̀�µ�5`

�

b ! s+ others : O1⇠6,8



SM prediction with NNLL accuracy:

SM contributions are calculated and obtained as follows:

Ci ⌘ CSM
i + CNP

i (i = 7, 9, 10)

µ = mb = 4.6GeV

CSM
7 (µ) = �0.304, CSM

9 (µ) = 4.211, CSM
10 (µ) = �4.103

C 0 SM
7 (µ) = C 0 SM

9 (µ) = C 0 SM
10 (µ) ' 0 at scale

Note that          can contribute to                        process:   O(0)
7 b ! s`+`�

sb

�

`+

`�

1

q2

C(0)
7

O7 is sensitive in low q^2 region

q2 = (p`+ + p`�)
2



B ! Xs�

B : meson which contain    together with u or db

Xs : sum of all meson which contain    (inclusive mode)s

Processes

Observable: Branching ratio

Belle +BABAR +CLEO     

BR (B ! Xs�)SM = (3.15± 0.23)⇥ 10�4

BR (B ! Xs�)
exp.

= (3.55± 0.26)⇥ 10�4

NNLO

NP sensitivity:  C7, C
0
7 BR (B ! Xs�) / |C7 + C 0

7|
2

Status: SM prediction is consistent with exp. within 2σ region 



B ! K⇤�

A collective term for                and B0 ! K⇤0� B̄0 ! K̄⇤0�

B0 (db̄), B̄0 (d̄b), K⇤0 (ds̄), K̄⇤0 (d̄s) K* = vector meson      

Observable: Time-dependent CP asymmetry

�(

¯B0
(t) ! ¯K⇤0�)� �(B0

(t) ! K⇤0�)

�(

¯B0
(t) ! ¯K⇤0�) + �(B0

(t) ! K⇤0�)
⌘ SK⇤� sin(�Mdt)� CK⇤� cos(�Mdt)

SSM
K⇤� ' �2

ms

mb
sin(2�) = �0.023± 0.016

Sexp.

K⇤� = �0.16± 0.22 Belle + BABAR     

LCSR     

SK⇤� '
2Im

�
e�2i�C7C 0

7

�

|C7|2 + |C 0
7|2

NP sensitivity:  C7, C
0
7

Status: both are consistent with 0 and have large exp. error 



B ! Xs`
+`�

Note:
distribution can be measured, but charmonium (       )cc̄

resonance exists around                                                           . 6(GeV)2 < q2 < 14.4(GeV)2

q2 = (p`+ + p`�)
2

Observable: Partial BR

BR
�
B ! Xs`

+`�
�
SM

���
highq2

= (2.3± 0.7)⇥ 10�7

BR
�
B ! Xs`

+`�
�
SM

���
lowq2

= (1.59± 0.11)⇥ 10�6

BR
�
B ! Xs`

+`�
�
exp.

���
highq2

= (4.3± 1.2)⇥ 10�7

BR
�
B ! Xs`

+`�
�
exp.

���
lowq2

= (1.63± 0.50)⇥ 10�6

q2 < 6(GeV)2

14.4(GeV)2 < q2

Status: SM prediction is consistent with exp. within 2σ region 

NP sensitivity:             and      for low    regionC(0)
7C(0)

9 , C(0)
10 q2



・Charmonium resonance also exists in      distributionq2

・K* is identified using                       , so final particles are K⇤ ! K⇡ (K⇡`+`�)
　which are all directly measured.

All the angular distributions are available！ (9 observables)

・Charge conjugated mode is also available  

# of the observables get twice！ (18 observables)

Note:

d4�(B̄0 ! K̄⇤0(! K�⇡+)`+`�)

dq2 d✓1 d✓2 d✓3
⌘ F (q2, ✓1, ✓2, ✓3) ⌘

9X

i=1

Ii(q
2)fi(✓1, ✓2, ✓3)

Rough definition:

B ! K⇤µ+µ� K* = vector meson      



Precise definition:

3. Angular analysis of B0 ! K⇤0µ+µ�
decays 8/20

B0! K ⇤0µ+µ� angular analysis

B0!K*µµ 

04"

•  Flavour changing neutral current ! loop  

•  Sensitive to interference between O7!, 
O9,10 and their primed counterparts 

•  Exclusive decay ! theory uncertainty 
from form factors 

•  Decay described by three angles, Gl, GK 
and ', and q2 = m2

µµ , self-tagging ! 
angular analysis allows to probe helicity 

•  Multitude of angular observables in which 
uncertainties cancel to some extent e.g. 
AFB – asymmetry in Gl distribution 

Angular analysis of B0! K ⇤0µ+µ�

allows separation between C
7

, C
9

and C
10

.

More degrees of freedom compared to B! Kµ+µ�, analysis
complicated:

Three angles, ✓l , ✓k and �.

If m` = 0 and narrow width approximation, have 16 observables.

FPCP 2014 Patrick Owen Exclusive electroweak penguin decays

d4�( ¯B0 ! ¯K⇤0
(! K�⇡+

)`+`�)

dq2 d cos ✓` d cos ✓K⇤ d�
⌘ F (q2, ✓`, ✓K⇤ ,�) ⌘

9X

i=1

Ii(q
2
)fi(✓`, ✓K⇤ ,�)

d4�(B0 ! K⇤0
(! K+⇡�

)`+`�)

dq2 d cos ✓` d cos ✓K⇤ d�
⌘ ¯F (q2, ✓`, ✓K⇤ ,�) ⌘

9X

i=1

¯Ii(q
2
)fi(✓`, ✓K⇤ ,�)

where [5]

|DK∗(k2)|2 = g2K∗Kπ

π

mK∗ΓK∗

δ(k2 −m2
K∗) =

48π2

β3m2
K∗

δ(k2 −m2
K∗), (3.7)

W µ = Kµ −
m2

K −m2
π

k2
kµ, kµ = kµ

1 + kµ
2 , Kµ = kµ

1 − kµ
2 . (3.8)

With an on-shell K∗, the decay is completely described by four independent kinematical
variables: the dilepton invariant mass squared q2 and the three angles θK∗, θl and φ as defined
in App. A. Squaring the matrix element, summing over spins of the final state particles and
making use of the kinematical identities sketched in App. A, one obtains the full angular
decay distribution of B̄0 → K̄∗0(→ K−π+)µ+µ−:

d4Γ

dq2 d cos θl d cos θK∗ dφ
=

9

32π
I(q2, θl, θK∗,φ) , (3.9)

where

I(q2, θl, θK∗,φ) = Is1 sin
2 θK∗ + Ic1 cos

2 θK∗ + (Is2 sin
2 θK∗ + Ic2 cos

2 θK∗) cos 2θl

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

+ I5 sin 2θK∗ sin θl cosφ

+ (Is6 sin
2 θK∗ + Ic6 cos

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

+ I8 sin 2θK∗ sin 2θl sinφ+ I9 sin
2 θK∗ sin2 θl sin 2φ . (3.10)

The corresponding expression for the CP-conjugated mode B0 → K∗0(→ K+π−)µ+µ− is

d4Γ̄

dq2 d cos θl d cos θK∗ dφ
=

9

32π
Ī(q2, θl, θK∗,φ) . (3.11)

The function Ī(q2, θl, θK∗,φ) is obtained from (3.10) by the replacements [5]

I(a)1,2,3,4,7 −→ Ī(a)1,2,3,4,7 , I(a)5,6,8,9 −→ −Ī
(a)
5,6,8,9 , (3.12)

where Ī(a)i equals I(a)i with all weak phases conjugated. The minus sign in (3.12) is a result of
our convention that, while θK∗ is the angle between the K̄∗0 and the K− flight direction or
between theK∗0 and theK+, respectively, the angle θl is measured between the K̄∗0 (K∗0) and
the lepton µ− in both modes. Thus, a CP transformation interchanging lepton and antilepton
leads to the transformations θl → θl − π and φ → −φ, as can be seen from Eqs. (A.1) and
(A.2). This convention agrees with Refs. [5, 20, 45], but is different from the convention used
in some experimental publications [10], where θl is defined as the angle between K∗0 and µ+

in the B0 decay, but between K̄∗0 and µ− in the B̄0 decay.
The angular coefficients I(a)i , which are functions of q2 only, are usually expressed in terms

of K̄∗ transversity amplitudes. Since we want to explicitly keep lepton-mass effects and
include also contributions from scalar and pseudoscalar operators, this step deserves a closer
look.

14

Complicated！

F (q2, ✓`, ✓K⇤ ,�)

B ! K⇤µ+µ�



B ! K⇤µ+µ�

Observable(1): FB asymmetry
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Figure 4: Fraction of longitudinal polarisation of the K⇤0, F
L

, dimuon system forward-backward
asymmetry, A

FB

and the angular observables S
3

and A
9

from the B0! K⇤0µ+µ� decay as a
function of the dimuon invariant mass squared, q2. The lowest q2 bin has been corrected for
the threshold behaviour described in Sec. 7.2. The experimental data points overlay the SM
prediction described in the text. A rate average of the SM prediction across each q2 bin is
indicated by the dark (purple) rectangular regions. No theory prediction is included for A

9

,
which is vanishingly small in the SM.

7.2 Angular distribution at large recoil

In the previous section, when fitting the angular distribution, it was assumed that the
muon mass was small compared to that of the dimuon system. Whilst this assumption is
valid for q2 > 2GeV2/c4, it breaks down in the 0.1 < q2 < 2.0GeV2/c4 bin. In this bin,
the angular terms receive an additional q2 dependence, proportional to

1� 4m2

µ

/q2

1 + 2m2

µ

/q2
or

(1� 4m2

µ

/q2)1/2

1 + 2m2

µ

/q2
, (6)

depending on the angular term I
j

[1].
As q2 tends to zero, these threshold terms become small and reduce the sensitivity

to the angular observables. Neglecting these terms leads to a bias in the measurement
of the angular observables. Previous analyses by LHCb, BaBar, Belle and CDF have not

14

LHCb,  arXiv:1304.6235

NP sensitivity:  C7, C9

AFB(q
2
) =

Z
d cos ✓K⇤d�

✓Z 1

0
�
Z 0

�1

◆
d cos ✓`

�
F � ¯F

�
,

d�+ d¯�

dq2

3. Angular analysis of B0 ! K⇤0µ+µ�
decays 9/20

B0! K ⇤0µ+µ� angular results
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Most precise results found at [arXiv:1304.8045] (1 fb�1), no deviations
from SM predictions.

FPCP 2014 Patrick Owen Exclusive electroweak penguin decays

: SM prediction (distribution)

3. Angular analysis of B0 ! K⇤0µ+µ�
decays 9/20

B0! K ⇤0µ+µ� angular results
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FPCP 2014 Patrick Owen Exclusive electroweak penguin decays

: SM prediction (bin)

No data due to charmonium resonances 

Status: SM and data are consistent with each other



B ! K⇤µ+µ�

Observable(2): K* polarization
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Figure 4: Fraction of longitudinal polarisation of the K⇤0, F
L

, dimuon system forward-backward
asymmetry, A

FB

and the angular observables S
3

and A
9

from the B0! K⇤0µ+µ� decay as a
function of the dimuon invariant mass squared, q2. The lowest q2 bin has been corrected for
the threshold behaviour described in Sec. 7.2. The experimental data points overlay the SM
prediction described in the text. A rate average of the SM prediction across each q2 bin is
indicated by the dark (purple) rectangular regions. No theory prediction is included for A

9

,
which is vanishingly small in the SM.

7.2 Angular distribution at large recoil

In the previous section, when fitting the angular distribution, it was assumed that the
muon mass was small compared to that of the dimuon system. Whilst this assumption is
valid for q2 > 2GeV2/c4, it breaks down in the 0.1 < q2 < 2.0GeV2/c4 bin. In this bin,
the angular terms receive an additional q2 dependence, proportional to
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or
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depending on the angular term I
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[1].
As q2 tends to zero, these threshold terms become small and reduce the sensitivity

to the angular observables. Neglecting these terms leads to a bias in the measurement
of the angular observables. Previous analyses by LHCb, BaBar, Belle and CDF have not
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FL(q
2) =

⇣
Ic2(q

2)� Īc2(q
2)
⌘,d�+ d�̄

dq2

C(0)
7 , C(0)

9 , C(0)
10

LHCb,  arXiv:1304.6235

NP sensitivity:  

“Other SM prediction” 

Status: Two SM predictions which result in different status
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Figure 1: The CP averaged angular observables A
FB

, FL, S3

, S
4

, and S
5

as a function of the
di-muon invariant mass squared q2. Di↵erential (binned) SM predictions are shown
with light blue bands (purple boxes). The combined experimental data is represented
by the black crosses. The black, brown, and red curves correspond to NP scenarios
that reproduce the value of S

5

at low q2 measured by LHCb.

5

“same data”

(The paper chose this)



B ! K⇤µ+µ�

Observable(3): “optimized” quantity

S5(q
2
) = �4

3

Z
d cos ✓`

✓Z 1

0
�
Z 0

�1

◆
d cos ✓K⇤

 Z 3⇡/2

⇡/2
�
Z ⇡/2

0
�
Z 3⇡/2

2⇡

!
d�
�
F � ¯F

�
,

d�+ d¯�

dq2

The presence of a K+⇡� system in an S-
wave configuration, due to a non-resonant con-
tribution or to feed-down from K+⇡� scalar
resonances, results in additional terms in the
di↵erential angular distribution. Denoting the
right-hand side of Eq. 1 by WP, the di↵erential
decay rate takes the form

(1� FS)WP +
9

32⇡
(WS +WSP) , (7)

where

WS =
2

3
FS sin

2 ✓
`

(8)

and WSP is given by

4

3
AS sin

2 ✓
`

cos ✓
K

+ A(4)
S sin ✓

K

sin 2✓
`

cos�+

A(5)
S sin ✓

K

sin ✓
`

cos�+ A(7)
S sin ✓

K

sin ✓
`

sin�

+A(8)
S sin ✓

K

sin 2✓
`

sin� .
(9)

The factor FS is the fraction of the S-wave
component in the K⇤0 mass window, and WSP

contains all the interference terms, A(i)
S , of the

S-wave with the K⇤0 transversity amplitudes
as defined in Ref. [26]. In Ref. [7], FS was mea-
sured to be less than 0.07 at 68% confidence
level. The maximum value that the quanti-
ties A(i)

S can assume is a function of FS and
FL [11]. The S-wave contribution is neglected
in the fit to data, but its e↵ect is evaluated
and assigned as a systematic uncertainty us-
ing pseudo-experiments. A large number of
pseudo-experiments with FS = 0.07 and with
the interference terms set to their maximum
allowed values are generated. All other param-
eters, including the angular observables, are set
to their measured values in data. The pseudo-
experiments are fitted ignoring S-wave and in-
terference contributions. The corresponding
bias in the measurement of the angular observ-
ables is assigned as a systematic uncertainty.
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Figure 1: Measured values of P 0
4 and P 0

5 (black
points) compared with SM predictions from
Ref. [11] (blue bands).

The results of the angular fits to the data are
presented in Table 1. The statistical uncertain-
ties are determined using the Feldman-Cousins
method [27]. The systematic uncertainty takes
into account the limited knowledge of the angu-
lar acceptance, uncertainties in the signal and
background invariant mass models, the angu-
lar model for the background, and the impact
of a possible S-wave amplitude. E↵ects due
to B0/B0 production asymmetry have been
considered and found negligibly small. The
comparison between the measurements and the
theoretical predictions from Ref. [11] are shown
in Fig. 1 for the observables P 0

4 and P 0
5. The

observables P 0
6 and P 0

8 (as well as S7 and S8)
are suppressed by the small size of the strong
phase di↵erence between the decay amplitudes,
and therefore are expected to be close to zero

4

C(0)
7 , C9, C

0
10

LHCb,  arXiv:1308.1707

NP sensitivity:  

: SM prediction (bin)

3. Angular analysis of B0 ! K⇤0µ+µ�
decays 10/20

B0! K ⇤0µ+µ� angular results [arXiv:1308.1707]

Last summer, publish several “optimised“ observables [arXiv:1202.4266]

with 1 fb�1.

Designed to reduced form factor uncertainties.

The presence of a K+�� system in an S-
wave configuration, due to a non-resonant con-
tribution or to feed-down from K+�� scalar
resonances, results in additional terms in the
di�erential angular distribution. Denoting the
right-hand side of Eq. 1 by WP, the di�erential
decay rate takes the form

(1 � FS)WP +
9

32�
(WS + WSP) , (7)

where

WS =
2

3
FS sin2 �` (8)

and WSP is given by

4

3
AS sin2 �` cos �K + A(4)

S sin �K sin 2�` cos �+

A(5)
S sin �K sin �` cos � + A(7)

S sin �K sin �` sin �

+A(8)
S sin �K sin 2�` sin � .

(9)

The factor FS is the fraction of the S-wave
component in the K⇤0 mass window, and WSP

contains all the interference terms, A(i)
S , of the

S-wave with the K⇤0 transversity amplitudes
as defined in Ref. [26]. In Ref. [7], FS was mea-
sured to be less than 0.07 at 68% confidence
level. The maximum value that the quanti-
ties A(i)

S can assume is a function of FS and
FL [11]. The S-wave contribution is neglected
in the fit to data, but its e�ect is evaluated
and assigned as a systematic uncertainty us-
ing pseudo-experiments. A large number of
pseudo-experiments with FS = 0.07 and with
the interference terms set to their maximum
allowed values are generated. All other param-
eters, including the angular observables, are set
to their measured values in data. The pseudo-
experiments are fitted ignoring S-wave and in-
terference contributions. The corresponding
bias in the measurement of the angular observ-
ables is assigned as a systematic uncertainty.
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Figure 1: Measured values of P 0
4 and P 0

5 (black
points) compared with SM predictions from
Ref. [11] (blue bands).

The results of the angular fits to the data are
presented in Table 1. The statistical uncertain-
ties are determined using the Feldman-Cousins
method [27]. The systematic uncertainty takes
into account the limited knowledge of the angu-
lar acceptance, uncertainties in the signal and
background invariant mass models, the angu-
lar model for the background, and the impact
of a possible S-wave amplitude. E�ects due
to B0/B0 production asymmetry have been
considered and found negligibly small. The
comparison between the measurements and the
theoretical predictions from Ref. [11] are shown
in Fig. 1 for the observables P 0

4 and P 0
5. The

observables P 0
6 and P 0

8 (as well as S7 and S8)
are suppressed by the small size of the strong
phase di�erence between the decay amplitudes,
and therefore are expected to be close to zero

4

Large local deviation found in one bin of the observable P 0
5

.

FPCP 2014 Patrick Owen Exclusive electroweak penguin decays

Status: Large deviation in low q^2 region？



B ! K⇤µ+µ�

Observable(4): q^2 distribution of BR LHCb,  arXiv:1403.8044
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Figure 2: Di↵erential branching fraction results for the B+! K+µ+µ�, B0! K0µ+µ� and
B+ ! K⇤+µ+µ� decays. The uncertainties shown on the data points are the quadratic sum
of the statistical and systematic uncertainties. The shaded regions illustrate the theoretical
predictions and their uncertainties from light cone sum rule and lattice QCD calculations.

Table 3: Integrated branching fractions (10�8) in the high q2 region. For the B ! Kµ+µ�

modes the region is defined as 15� 22GeV2/c4, while for B+! K⇤+µ+µ� it is 15� 19GeV2/c4.
Predictions are obtained using the form factors calculated in lattice QCD over the same q2

regions. For the measurements, the first uncertainty is statistical and the second systematic.

Decay mode Measurement Prediction

B+! K+µ+µ� 8.5± 0.3± 0.4 10.7± 1.2

B0! K0µ+µ� 6.7± 1.1± 0.4 9.8± 1.0

B+! K⇤+µ+µ� 15.8 +3.2

�2.9

± 1.1 26.8± 3.6

measurements are all individually consistent with their respective predictions, they all
have values below those.

9

Recent update

Status: Small deviation from SM？
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Figure 2: Di↵erential branching fraction results for the B+! K+µ+µ�, B0! K0µ+µ� and
B+ ! K⇤+µ+µ� decays. The uncertainties shown on the data points are the quadratic sum
of the statistical and systematic uncertainties. The shaded regions illustrate the theoretical
predictions and their uncertainties from light cone sum rule and lattice QCD calculations.

Table 3: Integrated branching fractions (10�8) in the high q2 region. For the B ! Kµ+µ�

modes the region is defined as 15� 22GeV2/c4, while for B+! K⇤+µ+µ� it is 15� 19GeV2/c4.
Predictions are obtained using the form factors calculated in lattice QCD over the same q2

regions. For the measurements, the first uncertainty is statistical and the second systematic.

Decay mode Measurement Prediction

B+! K+µ+µ� 8.5± 0.3± 0.4 10.7± 1.2

B0! K0µ+µ� 6.7± 1.1± 0.4 9.8± 1.0

B+! K⇤+µ+µ� 15.8 +3.2

�2.9

± 1.1 26.8± 3.6

measurements are all individually consistent with their respective predictions, they all
have values below those.
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: SM from QCD sum rule
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Figure 2: Di↵erential branching fraction results for the B+! K+µ+µ�, B0! K0µ+µ� and
B+ ! K⇤+µ+µ� decays. The uncertainties shown on the data points are the quadratic sum
of the statistical and systematic uncertainties. The shaded regions illustrate the theoretical
predictions and their uncertainties from light cone sum rule and lattice QCD calculations.

Table 3: Integrated branching fractions (10�8) in the high q2 region. For the B ! Kµ+µ�

modes the region is defined as 15� 22GeV2/c4, while for B+! K⇤+µ+µ� it is 15� 19GeV2/c4.
Predictions are obtained using the form factors calculated in lattice QCD over the same q2

regions. For the measurements, the first uncertainty is statistical and the second systematic.

Decay mode Measurement Prediction

B+! K+µ+µ� 8.5± 0.3± 0.4 10.7± 1.2

B0! K0µ+µ� 6.7± 1.1± 0.4 9.8± 1.0

B+! K⇤+µ+µ� 15.8 +3.2

�2.9

± 1.1 26.8± 3.6

measurements are all individually consistent with their respective predictions, they all
have values below those.

9

: SM from Lattice study

“Recent update” is not included in the analysis which I will show

Note:



B ! Kµ+µ� Recent update

　due to their spin property, thus,         never contributes

K = pseudo-scalar meson      

・Full angular analysis can be done, 
　but for now, only q^2 distribution has been measured

Note:

・In the B→K transition, γ cannot intermediate

O
(0)
7

LHCb,  arXiv:1403.8044
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Figure 2: Di↵erential branching fraction results for the B+! K+µ+µ�, B0! K0µ+µ� and
B+ ! K⇤+µ+µ� decays. The uncertainties shown on the data points are the quadratic sum
of the statistical and systematic uncertainties. The shaded regions illustrate the theoretical
predictions and their uncertainties from light cone sum rule and lattice QCD calculations.

Table 3: Integrated branching fractions (10�8) in the high q2 region. For the B ! Kµ+µ�

modes the region is defined as 15� 22GeV2/c4, while for B+! K⇤+µ+µ� it is 15� 19GeV2/c4.
Predictions are obtained using the form factors calculated in lattice QCD over the same q2

regions. For the measurements, the first uncertainty is statistical and the second systematic.

Decay mode Measurement Prediction

B+! K+µ+µ� 8.5± 0.3± 0.4 10.7± 1.2

B0! K0µ+µ� 6.7± 1.1± 0.4 9.8± 1.0

B+! K⇤+µ+µ� 15.8 +3.2

�2.9

± 1.1 26.8± 3.6

measurements are all individually consistent with their respective predictions, they all
have values below those.

9

Observable: q^2 distribution of BR

Status: Data all have lower values than SM predictions 



Bs ! µ+µ�

・This mode was finally observed in 2013 

Note:

・        cannot contribute as well as B→K transitionO
(0)
7

・Because of  “pseudo-scalar → vacuum” transition,
　only axial vector current (       ) can contribute to this modeO

(0)
10

B(Bs ! µ+µ�)SM = (3.23± 0.27)⇥ 10�9

B(Bs ! µ+µ�)
exp

= (2.9± 0.7)⇥ 10�9

Observable: Branching Ratio

NP sensitivity:  C(0)
10

NLO by Buras et.al.

LHCb + CMS

Status: SM prediction is consistent with exp. within 1σ region



Summary of  status:

B ! Xs�

B ! K⇤�

B ! Xs`
+`�

B ! K⇤µ+µ�

B ! Kµ+µ�

Bs ! µ+µ�

Process             Observable                  SM vs DATA

Branching Ratio (BR)        consistent (<2σ)

CP asymmetry                 consistent with 0

Partial BR                      consistent (<2σ)

FB asymmetry                 consistent 

BR                            small deviation*

BR                            consistent (<1σ)

BR                            small deviation*

K* polarization               deviation
S5                             large deviation

(* = The most recent update)



In this paper, several constraints on the Wilson coefficients are evaluated.
To visualize the bound, they consider three cases as follows:

Constraints

Analysis in arXiv:1308.1501

1. NP only in                               : constraint on  O(0)
7 =

mb

e

�
s̄�µ⌫PR(L)b

�
Fµ⌫ C(0)

7

3. NP only in                               : constraint on  O(0)
9 =

�
s̄�µPL(R)b

� �
¯̀�µ`

�
C(0)

9

O(0)
10 =

�
s̄�µPL(R)b

� �
¯̀�µ�5`

�
2. NP only in                               : constraint on  C(0)

10

Considered processes:

b ! s� : B ! Xs� B ! K⇤�

b ! s`` : B ! Xsµ
+µ� B ! K(⇤)µ+µ� Bs ! µ+µ�



Results of        fit to data:

Comment:

2. Case2 is strongly constrained by the combination of data
   on B→Kµµ and Bs→µµ, and cannot reduce the tension in S5 & FL

1. Case1 is strongly constrained by data on B   Xsγ, K*γ
    and the tension in S5 can only be improved, but not in FL

→

3. Case3 gives a consistent explanation of the discrepancy
　　　　　　　　　　　　　　　　　　　→ Let’s see for more detail

Figure 1: Constraints in the Re(C7)�Re(C0
7) plane (left), the Re(C10)�Re(C0

10) plane (center), and the Re(C9)�
Re(C0

9) plane (right). Individual ��2 = 1 constraints are shown for BR(B ! Xs�) (yellow), SK⇤� (purple), FL

(orange), S5 (green), BR(B ! Kµ+µ�) (blue), BR(Bs ! µ+µ�) (gray), and AFB (cyan). Combined ��2 = 1, 4
contours are shown in red.

O9 and O10 as well as in their chirality flipped counterparts O0
7, O

0
9, and O0

10

O
(0)
7 =

mb

e
(s̄�µ⌫PR(L)b)F

µ⌫ , (2)

O
(0)
9 = (s̄�µPL(R)b)(µ̄�

µµ) , (3)

O
(0)
10 = (s̄�µPL(R)b)(µ̄�

µ�5µ) . (4)

We do not consider NP e↵ects in scalar, pseudo-scalar, or tensor operators, here. The distinct
q2 dependence of the discrepant B ! K⇤µ+µ� observable S5 originates from the interference of
contributions from the dipole operators and from the semileptonic operators. New Physics in
either of them can bring S5 in agreement with the data.

However, finding a consistent explanation of the discrepancy in terms of NP is non-trivial.
All the observables in B ! K⇤µ+µ� as well as the in the Bs ! µ+µ�, B ! Kµ+µ� and
B ! Xs� decays, depend on the same Wilson coe�cients. Therefore, a global analysis of
model-independent constraints is required 7. Here, we discuss results from our fit in 5, where
details on the methodology and the used experimental data can be found. We mention that
the latest B ! K⇤ form factor results from the lattice 8 as well as the latest LHCb results on
the B ! Kµ+µ� and B+ ! K⇤+µ+µ� branching ratios 9 are not yet included in this analysis.
Other recent model independent analyses can be found in 10.

We discuss three scenarios: (i) real NP contributions to C7 and C 0
7, (ii) real NP contributions

to C10 and C 0
10, and (iii) real NP contributions to C9 and C 0

9. We find that NP in C7 and C 0
7 only

cannot fully address the observed discrepancy. As shown in the left plot of Fig. 1, the branching
ratio of the B ! Xs� decay as well as the time dependent CP asymmetry in B ! K⇤�, SK⇤� ,
strongly constrain NP in C7 and C 0

7 and the tension in S5 can only be improved slightly in
scenario (i). Scenario (ii) is strongly constrained by the combination of experimental data on
the B ! Kµ+µ� and Bs ! µ+µ� branching ratios as shown in the middle plot of Fig. 1. The
tension in S5 cannot be explained by NP in C10 and C 0

10. Finally, in scenario (iii), we find that
a consistent explanation of the discrepancy is possible. As shown in the right plot of Fig. 1,
NP in the Wilson coe�cient C9 corresponding to CNP

9 ⇠ �1.5 (approximately �35% of the
SM contribution) can account for the observed S5. The constraint from BR(B ! Kµ+µ�) can
be completely avoided by a NP contribution to C 0

9 of the same size but of opposite sign. An
important constraint comes from the forward backward asymmetry in B ! K⇤µ+µ� (shown in
cyan) that limits the allowed NP e↵ects in C9. The best fit values for the Wilson coe�cients
read

CNP
9 = �1.0± 0.3 , C 0

9 = +1.0± 0.5 . (5)

Slightly better fits can be obtained by considering NP in all Wilson coe�cients simultaneously

Case1                       Case2                       Case3

‰2



Detailed comment on “case3”:

・             can account for the observed value of S5,

　which correspond to -35% of the SM contribution:

CNP
9 ⇠ �1.5

CSM
9 = 4.2

・The bound from B→Kµµ can be completely avoided

・The best fit values are CNP
9 = �1.0± 0.3, C 0

9 = 1.0± 0.5,

・The best fit values correspond to a NP scale as follows:

　where we define

⇤

(0)
9 ' 35TeV as for a tree level contribution

⇤

(0)
9 ' 3TeV as for 1-loop level contribution

He↵ = �
X

i

O9/⇤
2
9

Figure 1: Constraints in the Re(C7)�Re(C0
7) plane (left), the Re(C10)�Re(C0

10) plane (center), and the Re(C9)�
Re(C0

9) plane (right). Individual ��2 = 1 constraints are shown for BR(B ! Xs�) (yellow), SK⇤� (purple), FL

(orange), S5 (green), BR(B ! Kµ+µ�) (blue), BR(Bs ! µ+µ�) (gray), and AFB (cyan). Combined ��2 = 1, 4
contours are shown in red.
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We do not consider NP e↵ects in scalar, pseudo-scalar, or tensor operators, here. The distinct
q2 dependence of the discrepant B ! K⇤µ+µ� observable S5 originates from the interference of
contributions from the dipole operators and from the semileptonic operators. New Physics in
either of them can bring S5 in agreement with the data.

However, finding a consistent explanation of the discrepancy in terms of NP is non-trivial.
All the observables in B ! K⇤µ+µ� as well as the in the Bs ! µ+µ�, B ! Kµ+µ� and
B ! Xs� decays, depend on the same Wilson coe�cients. Therefore, a global analysis of
model-independent constraints is required 7. Here, we discuss results from our fit in 5, where
details on the methodology and the used experimental data can be found. We mention that
the latest B ! K⇤ form factor results from the lattice 8 as well as the latest LHCb results on
the B ! Kµ+µ� and B+ ! K⇤+µ+µ� branching ratios 9 are not yet included in this analysis.
Other recent model independent analyses can be found in 10.

We discuss three scenarios: (i) real NP contributions to C7 and C 0
7, (ii) real NP contributions

to C10 and C 0
10, and (iii) real NP contributions to C9 and C 0

9. We find that NP in C7 and C 0
7 only

cannot fully address the observed discrepancy. As shown in the left plot of Fig. 1, the branching
ratio of the B ! Xs� decay as well as the time dependent CP asymmetry in B ! K⇤�, SK⇤� ,
strongly constrain NP in C7 and C 0

7 and the tension in S5 can only be improved slightly in
scenario (i). Scenario (ii) is strongly constrained by the combination of experimental data on
the B ! Kµ+µ� and Bs ! µ+µ� branching ratios as shown in the middle plot of Fig. 1. The
tension in S5 cannot be explained by NP in C10 and C 0

10. Finally, in scenario (iii), we find that
a consistent explanation of the discrepancy is possible. As shown in the right plot of Fig. 1,
NP in the Wilson coe�cient C9 corresponding to CNP

9 ⇠ �1.5 (approximately �35% of the
SM contribution) can account for the observed S5. The constraint from BR(B ! Kµ+µ�) can
be completely avoided by a NP contribution to C 0

9 of the same size but of opposite sign. An
important constraint comes from the forward backward asymmetry in B ! K⇤µ+µ� (shown in
cyan) that limits the allowed NP e↵ects in C9. The best fit values for the Wilson coe�cients
read

CNP
9 = �1.0± 0.3 , C 0

9 = +1.0± 0.5 . (5)

Slightly better fits can be obtained by considering NP in all Wilson coe�cients simultaneously



Conclusion of  this analysis:

Recent LHCb results on the B→K*μμ decay show a discrepancy  
with SM predictions. A consistent explanation of this discrepancy  
in terms of new physics is possible if NP of O9 operator with an 
appropriate value of the coupling is involved, as is confirmed by 
various model independent analyses (which I did not show). 

If the observed discrepancy in the B→K*μμ decay will be 
confirmed by an experimental analysis of the full LHCb data set, 
future precision measurement related to b→sγ and sll will be 
invaluable in identifying a possible underlying new physics.

Figure 1: Constraints in the Re(C7)�Re(C0
7) plane (left), the Re(C10)�Re(C0

10) plane (center), and the Re(C9)�
Re(C0

9) plane (right). Individual ��2 = 1 constraints are shown for BR(B ! Xs�) (yellow), SK⇤� (purple), FL

(orange), S5 (green), BR(B ! Kµ+µ�) (blue), BR(Bs ! µ+µ�) (gray), and AFB (cyan). Combined ��2 = 1, 4
contours are shown in red.
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q2 dependence of the discrepant B ! K⇤µ+µ� observable S5 originates from the interference of
contributions from the dipole operators and from the semileptonic operators. New Physics in
either of them can bring S5 in agreement with the data.

However, finding a consistent explanation of the discrepancy in terms of NP is non-trivial.
All the observables in B ! K⇤µ+µ� as well as the in the Bs ! µ+µ�, B ! Kµ+µ� and
B ! Xs� decays, depend on the same Wilson coe�cients. Therefore, a global analysis of
model-independent constraints is required 7. Here, we discuss results from our fit in 5, where
details on the methodology and the used experimental data can be found. We mention that
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7, (ii) real NP contributions
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10, and (iii) real NP contributions to C9 and C 0

9. We find that NP in C7 and C 0
7 only

cannot fully address the observed discrepancy. As shown in the left plot of Fig. 1, the branching
ratio of the B ! Xs� decay as well as the time dependent CP asymmetry in B ! K⇤�, SK⇤� ,
strongly constrain NP in C7 and C 0

7 and the tension in S5 can only be improved slightly in
scenario (i). Scenario (ii) is strongly constrained by the combination of experimental data on
the B ! Kµ+µ� and Bs ! µ+µ� branching ratios as shown in the middle plot of Fig. 1. The
tension in S5 cannot be explained by NP in C10 and C 0

10. Finally, in scenario (iii), we find that
a consistent explanation of the discrepancy is possible. As shown in the right plot of Fig. 1,
NP in the Wilson coe�cient C9 corresponding to CNP

9 ⇠ �1.5 (approximately �35% of the
SM contribution) can account for the observed S5. The constraint from BR(B ! Kµ+µ�) can
be completely avoided by a NP contribution to C 0
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Candidate for NP model:

The presence of the operator O9 together with the absence of O10 
can be realized by the model with Z’ gauge bosons. 

(ex.)  U(1)’ gauge with vector like quarks
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Figure 2: Example diagrams that lead to flavor-changing couplings of the Lµ � L⌧ gauge boson to SM quarks.

and allowing also for CP violation. This however comes at the cost of a large number of free
parameters.

Focusing on the C9 �C 0
9 scenario, we can translate the best fit values for the Wilson coe�-

cients into a NP scale. Defining NP e↵ects to the e↵ective Hamiltonian by �He↵ = �P
iOi/⇤2

i ,
the best fit values correspond to a scale

|⇤9| ' |⇤0
9| ' 35 TeV . (6)

This is the scale of tree-level NP contributions with O(1) flavor changing b $ s couplings and
O(1) couplings to muons. If the NP e↵ect arises at the 1-loop level, the scale is smaller by
a factor of 4⇡. Assuming minimal flavor violation, the scale is smaller by another factor ofp
1/|V ⇤

tsVtb| ' 5.

3 An Explicit Z 0
Model for the B ! K⇤µ+µ�

Anomaly

The B ! K⇤µ+µ� anomaly is best explained by NP in the operators O9 and O0
9, that have

vector couplings to muons, (µ̄�µµ), see (3). The presence of such operators, together with the
absence of axial-vector and magnetic dipole operators, is intriguing as it cannot be realized in
well-known extensions of the SM, like the minimal supersymmetric standard model (MSSM)
or models with partial compositeness 5. Most NP explanations of the anomaly make use of
Z 0 gauge bosons. In particular, so-called 331 models have been discussed extensively 11. Other
promising candidates are Z 0 models based on the anomaly free U(1) gauge group associated with
the di↵erence between muon- and tau-lepton number, Lµ � L⌧

12, which automatically leads to
muonic vector-currents of the required type. Here we discuss the framework proposed in 6. In
order to give mass to the Z 0 boson, we introduce a scalar boson � that has Lµ �L⌧ charge and
breaks Lµ � L⌧ spontaneously once it develops a vev h�i = v�/

p
2. This leads to a Z 0 mass

mZ0 = g0v�, where g0 is the Lµ � L⌧ gauge coupling.
In order to contribute to the B ! K⇤µ+µ� decay, the Z 0 has to couple to quarks as well. The

required flavor changing couplings to quarks can be generated using an “e↵ective” approach 13.
We introduce one generation of heavy vector-like fermions Q, U , D, that are copies of the SM
quarks, but carry Lµ � L⌧ charge such that they can couple to the SM quarks and the scalar
�. Once � develops a vev, the SM quarks and the vector-like quarks mix and e↵ective flavor
changing Z 0 quark couplings can be generated as shown in the diagrams of Fig. 2.

Integrating out the Z 0 leads to the following contributions to B ! K⇤µ+µ�

C9 =
YQbY

⇤
Qs

2m2
Q

, C 0
9 = �YDbY

⇤
Ds

2m2
D

, (7)

where YQb, for example, denotes the Yukawa coupling that mixes the vector-like quark Q and
the left-handed bottom quark bL. Note that the Wilson coe�cients C9 and C 0

9 are independent
of the Z 0 mass and the U(1)0 gauge couplinga. In the following we assume a flavor structure

aThis is true as long as the Z0 is su�ciently heavy compared to the decaying B meson, such that the e↵ective
operator description in (1) is valid.
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Figure 3: Left: Constraints from Bs mixing on the U(1)0 breaking VEV, v�, in the plane of the vector-like
quark masses mQ and mD. The region inside the green solid contours is preferred by the explanation of the
B ! K⇤µ+µ� anomaly. The light gray region is excluded by experimental results on neutrino trident production.
Right: Constraints on the Z0 parameter space from various leptonic processes: the anomalous magnetic moment
of the muon “(g�2)µ”, leptonic tau decays “BR(⌧ ! µ⌫̄µ⌫⌧ )”, Z couplings to leptons and neutrinos “Z ! ``, ⌫⌫”,
the measurement of Z ! 4µ at the LHC “Z ! 4µ@LHC”, and neutrino trident production “CHARM-II + CCFR
+ NuTeV”. The allowed region is shown in white. The B ! K⇤µ+µ� anomaly can be accommodated everywhere
to the left of the gray bottom-right triangle without being in conflict with Bs mixing constraints. The dotted

lines in the allowed region indicate the expected NP e↵ects in Bs mixing.

for the mixing Yukawas YQs ⇠ YDb ⇠ 1 and YQs ⇠ YDs ⇠ �2, where � ' 0.23 is the Cabibbo
angle. With this structure, an explanation of the B ! K⇤µ+µ� anomaly fixes the mass of the
vector-like quarks to mQ ⇠ mD ⇠ 5 TeV.

Integrating out the Z 0 also induces corrections to 4 fermion operators that mediate neutral
meson mixing. Additional corrections can come from box diagrams involving the scalar � and
the vector-like quarks. However, with the assumed flavor structure of the mixing Yukawas,
the dominant contribution to meson mixing arises from tree-level exchange of the Z 0. The Z 0

contributions are proportional to v2�. Allowing for at most 15% NP in Bs mixing, and assuming
that the Z 0 explains the B ! K⇤µ+µ� anomaly, we find the upper bound v� . 1.8 TeV which
corresponds to a Z 0 mass of mZ0 . g0 · 1.8 TeV. The upper bound on v� in the mQ - mD plane
is shown in the left plot of Fig. 3.

Bounds from neutral Kaon and D-meson mixing restrict the couplings of the Z 0 to first
generation quarks to be very small. Consequently, direct production of the Z 0 at hadron col-
liders is strongly suppressed and Z 0 searches at Tevatron and the LHC do not lead to relevant
constraints.

However, the leptonic phenomenology of the Lµ � L⌧ gauge symmetry is rich and allows to
probe large parts of parameter space of the considered model. Important probes include the
g � 2 of the muon, the leptonic tau decays ⌧ ! µ⌫⌧ ⌫̄µ and ⌧ ! e⌫⌧ ⌫̄e, the couplings of the SM
Z boson to taus, muons and neutrinos, as well as the branching ratio of the SM Z boson to four
muons. A particularly powerful constraint on the Lµ � L⌧ gauge boson arises form neutrino
trident production, i.e. the production of a muon anti-muon pair in the scattering of muon
neutrinos on a target nucleus. Integrating out the Z 0, which is a valid approximation for Z 0
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Figure 2: Example diagrams that lead to flavor-changing couplings of the Lµ � L⌧ gauge boson to SM quarks.

and allowing also for CP violation. This however comes at the cost of a large number of free
parameters.

Focusing on the C9 �C 0
9 scenario, we can translate the best fit values for the Wilson coe�-

cients into a NP scale. Defining NP e↵ects to the e↵ective Hamiltonian by �He↵ = �P
iOi/⇤2

i ,
the best fit values correspond to a scale

|⇤9| ' |⇤0
9| ' 35 TeV . (6)

This is the scale of tree-level NP contributions with O(1) flavor changing b $ s couplings and
O(1) couplings to muons. If the NP e↵ect arises at the 1-loop level, the scale is smaller by
a factor of 4⇡. Assuming minimal flavor violation, the scale is smaller by another factor ofp
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The B ! K⇤µ+µ� anomaly is best explained by NP in the operators O9 and O0
9, that have

vector couplings to muons, (µ̄�µµ), see (3). The presence of such operators, together with the
absence of axial-vector and magnetic dipole operators, is intriguing as it cannot be realized in
well-known extensions of the SM, like the minimal supersymmetric standard model (MSSM)
or models with partial compositeness 5. Most NP explanations of the anomaly make use of
Z 0 gauge bosons. In particular, so-called 331 models have been discussed extensively 11. Other
promising candidates are Z 0 models based on the anomaly free U(1) gauge group associated with
the di↵erence between muon- and tau-lepton number, Lµ � L⌧

12, which automatically leads to
muonic vector-currents of the required type. Here we discuss the framework proposed in 6. In
order to give mass to the Z 0 boson, we introduce a scalar boson � that has Lµ �L⌧ charge and
breaks Lµ � L⌧ spontaneously once it develops a vev h�i = v�/

p
2. This leads to a Z 0 mass

mZ0 = g0v�, where g0 is the Lµ � L⌧ gauge coupling.
In order to contribute to the B ! K⇤µ+µ� decay, the Z 0 has to couple to quarks as well. The

required flavor changing couplings to quarks can be generated using an “e↵ective” approach 13.
We introduce one generation of heavy vector-like fermions Q, U , D, that are copies of the SM
quarks, but carry Lµ � L⌧ charge such that they can couple to the SM quarks and the scalar
�. Once � develops a vev, the SM quarks and the vector-like quarks mix and e↵ective flavor
changing Z 0 quark couplings can be generated as shown in the diagrams of Fig. 2.

Integrating out the Z 0 leads to the following contributions to B ! K⇤µ+µ�

C9 =
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⇤
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2m2
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, C 0
9 = �YDbY
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, (7)

where YQb, for example, denotes the Yukawa coupling that mixes the vector-like quark Q and
the left-handed bottom quark bL. Note that the Wilson coe�cients C9 and C 0

9 are independent
of the Z 0 mass and the U(1)0 gauge couplinga. In the following we assume a flavor structure

aThis is true as long as the Z0 is su�ciently heavy compared to the decaying B meson, such that the e↵ective
operator description in (1) is valid.
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to the left of the gray bottom-right triangle without being in conflict with Bs mixing constraints. The dotted

lines in the allowed region indicate the expected NP e↵ects in Bs mixing.

for the mixing Yukawas YQs ⇠ YDb ⇠ 1 and YQs ⇠ YDs ⇠ �2, where � ' 0.23 is the Cabibbo
angle. With this structure, an explanation of the B ! K⇤µ+µ� anomaly fixes the mass of the
vector-like quarks to mQ ⇠ mD ⇠ 5 TeV.

Integrating out the Z 0 also induces corrections to 4 fermion operators that mediate neutral
meson mixing. Additional corrections can come from box diagrams involving the scalar � and
the vector-like quarks. However, with the assumed flavor structure of the mixing Yukawas,
the dominant contribution to meson mixing arises from tree-level exchange of the Z 0. The Z 0

contributions are proportional to v2�. Allowing for at most 15% NP in Bs mixing, and assuming
that the Z 0 explains the B ! K⇤µ+µ� anomaly, we find the upper bound v� . 1.8 TeV which
corresponds to a Z 0 mass of mZ0 . g0 · 1.8 TeV. The upper bound on v� in the mQ - mD plane
is shown in the left plot of Fig. 3.

Bounds from neutral Kaon and D-meson mixing restrict the couplings of the Z 0 to first
generation quarks to be very small. Consequently, direct production of the Z 0 at hadron col-
liders is strongly suppressed and Z 0 searches at Tevatron and the LHC do not lead to relevant
constraints.

However, the leptonic phenomenology of the Lµ � L⌧ gauge symmetry is rich and allows to
probe large parts of parameter space of the considered model. Important probes include the
g � 2 of the muon, the leptonic tau decays ⌧ ! µ⌫⌧ ⌫̄µ and ⌧ ! e⌫⌧ ⌫̄e, the couplings of the SM
Z boson to taus, muons and neutrinos, as well as the branching ratio of the SM Z boson to four
muons. A particularly powerful constraint on the Lµ � L⌧ gauge boson arises form neutrino
trident production, i.e. the production of a muon anti-muon pair in the scattering of muon
neutrinos on a target nucleus. Integrating out the Z 0, which is a valid approximation for Z 0


