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Motivation for B0 ➝ K*0 μ+ μ− analysis
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B0 ➝ K*0 μ+ μ− described within the SM as 
flavor changing neutral current process ➜ 
(a)smal l SM rates (b)smal l theoret ica l 
uncertainties (c)new physics predictions that 
differ from SM (d)experimental accessibility ➜ 
good candidate for indirect searches for 
new phenomena

The decay is fully described with three angles (θl, 
θK , Φ) and q2 = m2(μμ)

Example of angular observables theoretically 
predicted with relatively small uncertainties at low 
q2: μμ forward-backward asymmetry (AFB)

Useful resonant control channels:
B0 ➝ J/ψ (μ+ μ−) K*0

B0 ➝ ψ(2S) (μ+ μ−) K*0
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Assuming equal numbers of B0 and B0bar

4

Interesting / accessible observables

Complete description of the decay rate:
11 variables !

1 Introduction1

The B0 ! K⇤0µ+µ� decay,1 where K⇤0 ! K+⇡�, is a b ! s flavour changing neutral2

current process that is mediated by electroweak box and penguin type diagrams in the3

Standard Model (SM). The angular distribution of the K+⇡�µ+µ� system o↵ers particular4

sensitivity to contributions from new particles in extensions to the SM. The di↵erential5

branching fraction of the decay also provides information on the contribution from those6

new particles but typically su↵ers from larger theoretical uncertainties due to hadronic7

form factors.8

The angular distribution of the decay can be described by three angles (✓
`

, ✓
K

and9

�) and by the invariant mass squared of the dimuon system (q2). The B0! K⇤0µ+µ�
10

decay is self-tagging through the charge of the kaon and so there is some freedom in the11

choice of the angular basis that is used to describe the decay. In this paper, the angle12

✓
`

is defined as the angle between the direction of the µ+ (µ�) in the dimuon rest frame13

and the direction of the dimuon in the B0 (B0) rest frame. The angle ✓
K

is defined as14

the angle between the direction of the kaon in the K⇤0 (K⇤0) rest frame and the direction15

of the K⇤0 (K⇤0) in the B0 (B0) rest frame. The angle � is the angle between the plane16

containing the µ+ and µ� and the plane containing the kaon and pion from the K⇤0. A17

detailed description of the angular basis is given in Appendix A. In this basis, the angular18

definition for the B0 decay is a CP transformation of that for the B0 decay.19

Using the notation of Ref. [1], and assuming equal numbers of B0 and B0 decays, the20

di↵erential decay rate corresponds to21

1

d�/dq2
d4�

dq2 d cos ✓
`

d cos ✓
K

d�
=

9

32⇡

h
Ss

1

sin2 ✓
K

+ Sc

1

cos2 ✓
K

+

Ss

2

sin2 ✓
K

cos 2✓
`

+ Sc

2

cos2 ✓
K

cos 2✓
`

+

S
3

sin2 ✓
K

sin2 ✓
`

cos 2�+ S
4

sin 2✓
K

sin 2✓
`

cos� +

S
5

sin 2✓
K

sin ✓
`

cos�+ S
6

sin2 ✓
K

cos ✓
`

+

S
7

sin 2✓
K

sin ✓
`

sin�+ S
8

sin 2✓
K

sin 2✓
`

sin� +

S
9

sin2 ✓
K

sin2 ✓
`

sin 2�
i
,

(1)

22

where the S
i

terms are CP averages between B0 and B0 of bilinear combinations of K⇤0
23

decay amplitudes that vary with q2. The terms S
7

, S
8

and S
9

are suppressed by the small24

size of the strong phase di↵erence between the amplitudes involved and are expected to25

be close to zero across the full q2 range not only in the SM but also in most extensions.26

To reveal the e↵ect of new particles, it is better to look instead at the corresponding CP27

asymmetries A
7

, A
8

and A
9

, between B0 and B0, which are not suppressed by the size of28

1Charge conjugation is implied throughout this paper unless stated otherwise.

1
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Interesting / accessible observables
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where the S
i

terms are CP averages between B0 and B0 of bilinear combinations of K⇤0
23

decay amplitudes that vary with q2. The terms S
7

, S
8

and S
9

are suppressed by the small24

size of the strong phase di↵erence between the amplitudes involved and are expected to25

be close to zero across the full q2 range not only in the SM but also in most extensions.26

To reveal the e↵ect of new particles, it is better to look instead at the corresponding CP27

asymmetries A
7

, A
8

and A
9

, between B0 and B0, which are not suppressed by the size of28

1Charge conjugation is implied throughout this paper unless stated otherwise.

1

For q2 ≫ 4m2μ:

Sc1 = −Sc2 = FL

3/4 • Ss1 = 4 • Ss2 = (1−FL)

Φ → Φ for B0; Φ → −Φ for B0bar ➜ S9 becomes 
A9 which is not suppressed by the small size of 
the strong phase (look at CP-asymmetries)

A9

Folding Φ = Φ if Φ > 0; Φ = Φ + π if Φ ≤ 0
AFB = −3/4 • S6

^ ^
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^ ^
7 Angular analysis242

The B0! K⇤0µ+µ� angular distribution is reduced to243

1

d�/dq2
d4�

dq2 d cos ✓
`

d cos ✓
K

d�̂
=

9

16⇡
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F
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`
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i

(4)

after requiring that q2 � 4m2

µ

and applying the transformation from � ! �̂ described by244

Eq. 2. The parameters A
FB

, F
L

, S
3

and A
9

must satisfy the constraints245

|A
FB

|  3

4
(1� F

L

) , |A
9

|  1

2
(1� F

L

) and |S
3

|  1

2
(1� F

L

)

for Eq. 4 to remain positive in all regions of the allowed phase space. These relationships246

are automatically taken into account in the transformations247

A
FB

=
3

4
(1� F

L

)ARe

T

and S
3

=
1

2
(1� F

L

)A2

T

,

which map A
FB

and S
3

to the theoretically cleaner transverse observables, ARe

T

and A2

T

.248

There are less trivial relationships between S
3

, A
9

and A
FB

, which all depend on the249

same underlying decay amplitudes (see for example Ref. [33]). These relationships are not250

reproduced here.251

In each of the q2 bins, A
FB

(ARe

T

), F
L

, S
3

(A2

T

) and A
9

are estimated by performing252

an unbinned maximum likelihood fit to the cos ✓
`

, cos ✓
K

and �̂ distributions of the253

B0 ! K⇤0µ+µ� candidates. The K+⇡�µ+µ� invariant mass of the candidates is also254

included in the fit to separate between signal- and background-like candidates. The255

background angular distribution is described using the product of three second-order256

Chebychev polynomials under the assumption that the background can be factorised into257

three single angle distributions. This assumption has been validated on the data sidebands258

(5350 < m(K+⇡�µ+µ�) < 5600MeV/c2). A dilution factor (D = 1 � 2!) is included in259

the likelihood fit for A
FB

and A
9

, to account at first order for the small probability (!) for260

a decay B0! K⇤0µ+µ� to be misidentified as B0! K⇤0µ+µ�. The value of ! is fixed to261

0.85% in the fit (see Sec. 4).262

Two fits to the dataset are performed: one, with the signal angular distribution263

described by Eq. 4, to measure F
L

, A
FB

, S
3

and A
9

and a second replacing A
FB

and S
3

264

10

4 variables !
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Figure 16: The observables S3 and A9 in the SM (blue band) and the two GMSSM scenarios
GMSSMI,II with large complex contributions to C 0

7 as described in the text.
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Figure 17: Several observables in the SM (blue band) and two selected GMSSM scenarios that
show large non-standard behaviour. See text for details.
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SM vs plausible SM extensions:
JHEP 01 (2009) 019

General MSSM
Flavor Blind MSSM

Dramatic change of trends versus q2
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three FBMSSM scenarios as described in the text. Right plot: correlation between the integrated
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square: FBMSSMII , orange triangle: FBMSSMIII.
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Figure 10: The observables S4, S5 and Ss
6 in the SM (blue band) and the three FBMSSM scenar-

ios FBMSSMI,II,III.

would signal the presence of additional imaginary parts in eitherC0
7

orC(0)
9

andC(0)
10

.
In the CP-averaged angular coe± cients we find significant departures from the SM in
S s , c

1, 2, S 4, S 5, S
s
6

and also in S c
6

, while eÆ ects in S
3

, S
7

, S
8

and S
9

can hardly be distin-
guished from the SM. Although in the FBMSSM the BR(B s ! µ + µ °) can be close to its
experimental upper bound, the eÆ ects in S c

6

are smaller than the maximal eÆ ects found in
the model-independent discussion of section 6.2.3, because the large imaginary part inC

7

implies a large phase for the relevant Wilson coe± cientCS . Concerning S s , c
1, 2, we find that

while |S s
1, 2| is enhanced, |S c

1, 2| is suppressed with respect to the SM results. For S
4

, S
5

and
the forward-backward asymmetry S s

6

we find significant shifts in their zero towards values
of q 2 lower than the SM prediction or we even find no zero at all. These eÆ ects are shown
in figure 10 and are much larger than those possible in the MFV MSSM (see figure 7). The
reason for these large shifts are the large values of Im(C

7

) in the scenarios considered, as
discussed in section 6.2.2.

One finds that the strict correlation between the zeros and BR(B ! X s ∞ ) is lost in
the FBMSSM. This is shown in the upper plots of figure 11. However, as the additional
contributions to b ! s ∞ from the imaginary part ofC

7

can only enhance the branching
ratio, one still finds an upper bound on the zeros for a given value of BR(B ! X s ∞ ). In
addition, in the lower plots of figure 11 we show the zeros q 2

0

(S
4

), q 2
0

(S
5

) and q 2
0

(S s
6

) against

– 40 –
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Comparisons

Marcella Bona, Mauro Dinardo, Nicola Serra

Analysis performed with 2011 data:
LHCb collected ~1 fb−1
Atlas collected ~4.9 fb−1
CMS collected ~5.2 fb−1
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Comparison of detector performance

LHCb Atlas CMS

P s e u d o r a p i d i t y 
coverage 2 < η < 5 |η| < 2.5 |η| < 2.5

( t r a n s v e r s e ) 
m o m e n t u m 
resolution

0.4 − 0.6% from 5 to 
100 GeV/c

4 − 8% from 4 to 10 
GeV/c and 4% for > 

10 GeV/c
1.5% up to 100 GeV/c

Impact parameter 
resolution 20 μm 12 μm 15 μm

Mass resolution J/ψ 
→ μμ 13 MeV/c2 46 MeV/c2 28 MeV/c2

K − π ID
( B0 ➝ K*0(K+ π−) μ+ μ− )

RICH: separation in 
range 2 − 100 GeV/c

No detector for 
particle ID

No detector for 
particle ID

Marcella Bona, Mauro Dinardo, Nicola Serra
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LHCb event selection

Trigger
at least one μ with pT(μ) > 1.5 GeV/c
at least one hadron with pT(h) > 1.5 GeV/c
tracks impact parameter “big” w.r.t. PV

kinematic properties B0 candidates
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F i g u r e 1 : Distribution of µ+µ� versus K+ ⇡ �µ+µ� invariant mass of selected B0! K⇤0µ+µ�

candidates. The vertical lines indicate a ±50MeV/c2 signal mass window around the nominal
B0 mass. The horizontal lines indicate the two veto regions that are used to remove J/ and
 (2S)! µ+µ� decays. The B0 ! K⇤0µ+µ� signal is clearly visible outside of the J/ and
 (2S)! µ+µ� windows.

fi t�2 of th e f ou r tr a c k s . F i n a l l y th e B DT i n c l u d e s i n f or m a ti on f r om th e R I C H a n d m u on106

s y s te m s on th e l i k e l i h ood th a tth e k a on , p i on a n d m u on s a r e c or r e c tl y i d e n ti fi e d . C a r e h a s107

b e e n ta k e n , u s i n g s i m u l a te d e v e n ts , toe n s u r e th a tth e B DT d oe s n otp r e f e r e n ti a l l y s e l e c t108

r e g i on s of q2 , K+⇡�µ+µ� i n v a r i a n tm a s s or of th e K+⇡�µ+µ� a n g u l a r d i s tr i b u ti on . T h e109

m u l ti v a r i a te s e l e c ti on r e m ov e s 8 8 % of th e b a c k g r ou n d th a tr e m a i n s a f te r th e p r e - s e l e c ti on110

a n d r e ta i n s 7 8 % of th e s i g n a l .111

F i g u r e 1 s h ow s th e µ+µ� v e r s u s K+⇡�µ+µ� i n v a r i a n tm a s s of th e s e l e c te d c a n d i d a te s .112

T h e B0! K⇤0µ+µ� s i g n a l , w h i c h p e a k s i n K+⇡�µ+µ� i n v a r i a n tm a s s , a n d p op u l a te s th e113

f u l l r a n g e of th e d i m u on i n v a r i a n tm a s s r a n g e , i s c l e a r l y v i s i b l e .114

4 Exclusive and partially reconstructed backgrounds115

S e v e r a l s ou r c e s of p e a k i n g b a c k g r ou n d h a v e b e e n s tu d i e d u s i n g s a m p l e s of s i m u l a te d116

e v e n ts , c or r e c te d tor e fl e c tth e d i ↵ e r e n c e i n p a r ti c l e i d e n ti fi c a ti on ( a n d m i s i d e n ti fi c a ti on )117

p e r f or m a n c e b e tw e e n th e d a ta a n d s i m u l a ti on . S ou r c e s of b a c k g r ou n d th a ta r e n otr e d u c e d118

toa n e g l i g i b l e l e v e l b y th e p r e - a n d m u l ti v a r i a te - s e l e c ti on s a r e d e s c r i b e d b e l ow .119

T h e d e c a y s B0 ! K⇤0J/ a n d B0 ! K⇤0 ( 2 S ) , w h e r e J/ a n d  ( 2 S ) ! µ+µ� ,120

a r e r e m ov e d b y r e j e c ti n g c a n d i d a te s w i th 2 9 4 6 < m ( µ+µ� ) < 3 1 7 6 M e V /c2 a n d121

4

(a) Cut-based selection:

B0 selections
separation between B0 vtx. and Primary Vtx. (PV)
B0 impact parameter “small” w.r.t. PV
B0 α “small” (angle between B0 momentum and line 
of flight PV−B0 vtx.)

Kπ selections
CP-state assignment: RICH detector
| m(Kπ) − m(K*0PDG) | < 100 MeV/c2

J/ψ

ψ(2S)

Marcella Bona, Mauro Dinardo, Nicola Serra
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LHCb event selection
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F i g u r e 1 : Distribution of µ+µ� versus K+ ⇡ �µ+µ� invariant mass of selected B0! K⇤0µ+µ�

candidates. The vertical lines indicate a ±50MeV/c2 signal mass window around the nominal
B0 mass. The horizontal lines indicate the two veto regions that are used to remove J/ and
 (2S)! µ+µ� decays. The B0 ! K⇤0µ+µ� signal is clearly visible outside of the J/ and
 (2S)! µ+µ� windows.

fi t�2 of th e f ou r tr a c k s . F i n a l l y th e B DT i n c l u d e s i n f or m a ti on f r om th e R I C H a n d m u on106

s y s te m s on th e l i k e l i h ood th a tth e k a on , p i on a n d m u on s a r e c or r e c tl y i d e n ti fi e d . C a r e h a s107

b e e n ta k e n , u s i n g s i m u l a te d e v e n ts , toe n s u r e th a tth e B DT d oe s n otp r e f e r e n ti a l l y s e l e c t108

r e g i on s of q2 , K+⇡�µ+µ� i n v a r i a n tm a s s or of th e K+⇡�µ+µ� a n g u l a r d i s tr i b u ti on . T h e109

m u l ti v a r i a te s e l e c ti on r e m ov e s 8 8 % of th e b a c k g r ou n d th a tr e m a i n s a f te r th e p r e - s e l e c ti on110

a n d r e ta i n s 7 8 % of th e s i g n a l .111

F i g u r e 1 s h ow s th e µ+µ� v e r s u s K+⇡�µ+µ� i n v a r i a n tm a s s of th e s e l e c te d c a n d i d a te s .112

T h e B0! K⇤0µ+µ� s i g n a l , w h i c h p e a k s i n K+⇡�µ+µ� i n v a r i a n tm a s s , a n d p op u l a te s th e113

f u l l r a n g e of th e d i m u on i n v a r i a n tm a s s r a n g e , i s c l e a r l y v i s i b l e .114

4 Exclusive and partially reconstructed backgrounds115

S e v e r a l s ou r c e s of p e a k i n g b a c k g r ou n d h a v e b e e n s tu d i e d u s i n g s a m p l e s of s i m u l a te d116

e v e n ts , c or r e c te d tor e fl e c tth e d i ↵ e r e n c e i n p a r ti c l e i d e n ti fi c a ti on ( a n d m i s i d e n ti fi c a ti on )117

p e r f or m a n c e b e tw e e n th e d a ta a n d s i m u l a ti on . S ou r c e s of b a c k g r ou n d th a ta r e n otr e d u c e d118

toa n e g l i g i b l e l e v e l b y th e p r e - a n d m u l ti v a r i a te - s e l e c ti on s a r e d e s c r i b e d b e l ow .119

T h e d e c a y s B0 ! K⇤0J/ a n d B0 ! K⇤0 ( 2 S ) , w h e r e J/ a n d  ( 2 S ) ! µ+µ� ,120

a r e r e m ov e d b y r e j e c ti n g c a n d i d a te s w i th 2 9 4 6 < m ( µ+µ� ) < 3 1 7 6 M e V /c2 a n d121

4

training on 36 pb−1 of data: B0 → J/ψ (μμ) K*0 
(representative of signal) and 5350 < m(Kπμμ) < 
5600 MeV/c2 (representative of background)
containing cut-based variables, quality B0 vtx., Χ2 
tracks, likelihood K−π separation

Resonant channels rejection

2946 < m(μμ) < 3176 MeV/c2 and 3586 < m(μμ) < 3766 MeV/c2 or
2796 < m(μμ) < 3176 MeV/c2 and 3436 < m(μμ) < 3766 MeV/c2 for m(Kπμμ) in left-hand tail or
2946 < m(μμ) < 3201 MeV/c2 and 3586 < m(μμ) < 3791 MeV/c2 for m(Kπμμ) in right-hand tail

(b) BDT-based selection:

J/ψ

ψ(2S)

Marcella Bona, Mauro Dinardo, Nicola Serra



Muon-based trigger

two μ with pT(μ) > 4 GeV/c or pT(μ1) > 6 
GeV/c and pT(μ2) > 4 GeV/c
prescale

Dedicated muon-based trigger

μμ vtx. L / σ > 3 (transverse)
1 < m(μμ) < 4.8 GeV/c2

pT(μ) > 3, 4, 4.5, 5 GeV/c (depending on 
trigger)
μμ vtx. CL > 5%, 15% (depending on trigger)

12

Atlas vs CMS event selection

Track selections
offline μ no need match trigger μ
μμ vtx. Χ2/dof < 10
tracks pT > 0.5 GeV/c

Kπ selections
CP-state assignment:

closest distance K*0PDG mass
| m(Kπ) − m(K*0PDG) | < 46 MeV/c2

pT(Kπ) > 3 GeV/c

Track selections
offline μ-match trigger μ, hadron fail μ-ID
pT(h) > 0.75 GeV/c

impact parameter(h) / σ > 1.3 (transverse)

Kπ selections
CP-state assignment:

reject event if both K*0 and K*0 

masses within ~1Γ from PDG mass
closest distance K*0PDG mass

| m(Kπ) − m(K*0PDG) | < 80 MeV/c2

Atlas CMS

Marcella Bona, Mauro Dinardo, Nicola Serra
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Atlas vs CMS event selection

B0 selections
B0 τ/στ > 12.75

B0 vtx. Χ2/dof < 2
B0 cos(α) > 0.999 (angle between B0 momentum 
and line of flight PV−B0 vtx.)

Resonant channels rejection
| m(μμ) − m(J/ψPDG) | > 3σ and | m(μμ) − m(ψ(2S)PDG) | > 3σ
| m(B0RECO) − m(B0PDG) − (m(μμRECO) − m(J/ψPDG | ψ(2S)PDG)) | < 130 MeV/c2

B0 selections
B0 vtx. L / σ > 12 (transverse)
B0 vtx. CL > 9%

B0 cos(α) > 0.9994 (angle between B0 momentum 
and line of flight)

Resonant channels rejection
m(μμ) < m(J/ψPDG) − 5σ or m(μμ) > m(J/ψPDG) + 3σ and | m(μμ) − m(ψ(2S)PDG) | > 3σ

Atlas CMS

Atlas

CMS

Quantities referred to beam spot ➜ pileup 
insensitive

Quantities referred to PV with higher pT

Marcella Bona, Mauro Dinardo, Nicola Serra



LHCb Atlas CMS

Bs → Φ μμ Cut on KK mass w.r.t. 
Φ(1020)

Considered negligible 
Cut on KK mass w.r.t. 

Φ(1020)

Λb → Λ*(1520) μμ Cut on pK mass w.r.t. 
Λ*(1520)

Considered negligible Considered negligible 

Bs → K*0 μμ 1% considered as syst. 
uncertainty

Considered negligible Considered negligible 

B0 → J/ψ K*0 (μ 
mis-ID as K or π)

3036 < (m(Kμ) or 
m(πμ)) < 3156 MeV/c2 Considered negligible Considered negligible 

B0 → ψ(2S) K*0 (μ 
mis-ID as K or π)

Similar to B0 → J/ψ K*0 Considered negligible Considered negligible 

B+ → K+ μμ (π 
from other B decays)

5230 < m(Kμμ) < 5330 
MeV/c2

Syst. uncertainty: 
remove evt. if m(Kμμ) 

compatible with B0
Considered negligible 

14

Peaking backgrounds

Marcella Bona, Mauro Dinardo, Nicola Serra
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Figure 2: Invariant mass distributions of K+⇡�µ+µ� candidates in the six q2 bins used in the
analysis. The candidates have been weighted to account for the detector acceptance (see text).
Contributions from exclusive (peaking) backgrounds are negligible after applying the vetoes
described in Sec. 4.
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Figure 2: Invariant mass distributions of K+⇡�µ+µ� candidates in the six q2 bins used in the
analysis. The candidates have been weighted to account for the detector acceptance (see text).
Contributions from exclusive (peaking) backgrounds are negligible after applying the vetoes
described in Sec. 4.
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Figure 2: Invariant mass distributions of K+⇡�µ+µ� candidates in the six q2 bins used in the
analysis. The candidates have been weighted to account for the detector acceptance (see text).
Contributions from exclusive (peaking) backgrounds are negligible after applying the vetoes
described in Sec. 4.
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Figure 2: Invariant mass distributions of K+⇡�µ+µ� candidates in the six q2 bins used in the
analysis. The candidates have been weighted to account for the detector acceptance (see text).
Contributions from exclusive (peaking) backgrounds are negligible after applying the vetoes
described in Sec. 4.
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Signal yield: 271±19
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q2 dependence of Kπμμ-mass range due 
to feedthrough from resonant channels

) [MeV]µµπ(Km
5100 5150 5200 5250 5300 5350 5400 5450

Ev
en

ts
 / 

17
 M

eV

0

5

10

15

20

25

30

35 ATLAS Preliminary  = 7 TeVs
-1 Ldt = 4.9 fb∫2 < 12.86 GeV2 < q210.09 GeV

Data
Signal fit
Background fit
Total fit

Lθcos
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Ev
en

ts
 / 

0.
2

0

10

20

30

40

50

60 ATLAS Preliminary  = 7 TeVs
-1 Ldt = 4.9 fb∫2 < 12.86 GeV2 < q210.09 GeV

Data
Signal fit
Background fit
Total fit

Kθcos
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Ev
en

ts
 / 

0.
2

0

10

20

30

40

50

60 ATLAS Preliminary  = 7 TeVs
-1 Ldt = 4.9 fb∫2 < 12.86 GeV2 < q210.09 GeV

Data
Signal fit
Background fit
Total fit

Figure 8: Mass fit (top), angular fit in cos ✓
L

(middle) and in cos ✓
K

(bottom) for the q

2 region between
10.09 GeV2 and 12.86 GeV2, where the data points show the statistical uncertainty, the solid blue (dark)
line is the corresponding fit with the green solid line (light) the signal contribution and the red dotted line
the background contribution.
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Signal yield: 138±31
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Figure 7: Mass fit (top), angular fit in cos ✓
L

(middle) and in cos ✓
K

(bottom) for the q

2 region between
4.3 GeV2 and 8.68 GeV2, where the data points show the statistical uncertainty, the solid blue (dark) line
is the corresponding fit with the green solid line (light) the signal contribution and the red dotted line the
background contribution.
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Signal yield: 88±17
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Figure 2: Invariant mass distributions of K+⇡�µ+µ� candidates in the six q2 bins used in the
analysis. The candidates have been weighted to account for the detector acceptance (see text).
Contributions from exclusive (peaking) backgrounds are negligible after applying the vetoes
described in Sec. 4.
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Figure 2: Invariant mass distributions of K+⇡�µ+µ� candidates in the six q2 bins used in the
analysis. The candidates have been weighted to account for the detector acceptance (see text).
Contributions from exclusive (peaking) backgrounds are negligible after applying the vetoes
described in Sec. 4.
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Figure 9: Mass fit (top), angular fit in cos ✓
L

(middle) and in cos ✓
K

(bottom) for the q

2 region between
14.18 GeV2 and 16.00 GeV2, where the data points show the statistical uncertainty, the solid blue (dark)
line is the corresponding fit with the green solid line (light) the signal contribution and the red dotted line
the background contribution.
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Signal yield: 32±14
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Figure 10: Mass fit (top), angular fit in cos ✓
L

(middle) and in cos ✓
K

(bottom) for the q

2 region between
16.00 GeV2 and 19.00 GeV2, where the data points show the statistical uncertainty, the solid blue (dark)
line is the corresponding fit with the green solid line (light) the signal contribution and the red dotted line
the background contribution.
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Signal yield: 149±24
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7 Angular analysis242

The B0! K⇤0µ+µ� angular distribution is reduced to243
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after requiring that q2 � 4m2

µ

and applying the transformation from � ! �̂ described by244
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3

to the theoretically cleaner transverse observables, ARe
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and A2

T

.248

There are less trivial relationships between S
3

, A
9

and A
FB

, which all depend on the249

same underlying decay amplitudes (see for example Ref. [33]). These relationships are not250

reproduced here.251

In each of the q2 bins, A
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) and A
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are estimated by performing252

an unbinned maximum likelihood fit to the cos ✓
`

, cos ✓
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and �̂ distributions of the253

B0 ! K⇤0µ+µ� candidates. The K+⇡�µ+µ� invariant mass of the candidates is also254

included in the fit to separate between signal- and background-like candidates. The255

background angular distribution is described using the product of three second-order256

Chebychev polynomials under the assumption that the background can be factorised into257

three single angle distributions. This assumption has been validated on the data sidebands258

(5350 < m(K+⇡�µ+µ�) < 5600MeV/c2). A dilution factor (D = 1 � 2!) is included in259

the likelihood fit for A
FB

and A
9

, to account at first order for the small probability (!) for260

a decay B0! K⇤0µ+µ� to be misidentified as B0! K⇤0µ+µ�. The value of ! is fixed to261

0.85% in the fit (see Sec. 4).262

Two fits to the dataset are performed: one, with the signal angular distribution263

described by Eq. 4, to measure F
L

, A
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, S
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and A
9

and a second replacing A
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and S
3

264
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Fit strategies

LHCb: simultaneous fit to all observables
Fit Kπμμ-mass + (θK, θl, Φ): measure FL, AFB, S3, A9

Fit Kπμμ-mass: measure yield ➜ dBF/dq2

Atlas: sequential fit to partial 
decay rates

Fit Kπμμ-mass: determine shape and yields
Fit θK: measure FL

Fit θl: measure AFB
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Figure 1: Sketch showing the definition of the angular observables for the decay B0!K⇤0µ+µ�.

The main results of the analysis are extracted from unbinned extended maximum likelihood
fits to three variables: the B0 invariant mass and the two angular variables qk and ql . For each
q2 bin, the p.d.f. has the following mathematical expression:

p.d.f.(m, cos qk, cos ql) = YS S(m) · S(cos qk, cos ql) · e(cos qk, cos ql)

+ Yc
B Bc(m) · Bc(cos qk) · Bc(cos ql)

+ Yp
B Bp(m) · Bp(cos qk) · Bp(cos ql).

(2)

The signal yield is given by the free parameter YS and the signal shape is described by the135

function S(m) in the invariant mass variable and the product of the theoretical signal shape136

in the two angular variables, S(cos qk, cos ql), and the efficiency in the two angular variables,137

e(cos qk, cos ql). The signal mass shape S(m) is a double Gaussian with a common mean. While138

the mean is free to float, the two resolution parameters and the relative fraction are fixed to139

the result from a fit to the simulated events. The signal angular function S(cos qk, cos ql) is140

given by Eq. 1. The efficiency function e(cos qk, cos ql) is a polynomial in cos ql and cos qk and is141

obtained by fitting two-dimensional efficiency histograms (6 cos qk bins and 5 cos ql bins). The142

cos qk polynomial is degree 3 while the cos ql polynomial is degree 6 (with 1st and 5th orders143

removed). For some q2 bins, simpler polynomials are used as they are sufficient to describe the144

data. There are two contributions to the background, with yields given by Yp
B for the “peaking”145

background and Yc
B for the “combinatorial” background. The peaking background is due to146

the remaining B0 ! K⇤0J/y and B0 ! K⇤0y0 decays, not removed by the normalized dimuon147

mass cut or the q2 cut. For these events, the dimuon mass is reconstructed far from the true148

mass, which results in a reconstructed B0 mass similarly displaced from the true B0 mass. The149

shapes of this background in the mass, Bp(m), and angular variables, Bp(cos qk) and Bp(cos ql),150

are obtained from simulation of B0 ! K⇤0J/y and B0 ! K⇤0y0 events, fit to double Gaussians151

) [MeV]µµπ(Km
4900 5000 5100 5200 5300 5400 5500 5600 5700

Ev
en

ts
 / 

40
 M

eV
 

0
20
40
60
80

100
120
140
160
180
200
220 ATLAS Preliminary  = 7 TeVs

-1 Ldt = 4.9 fb∫2 < 19.00 GeV2 < q20.04 GeV

Data
Signal fit
Background fit
Total fit

Figure 2: Invariant mass distribution of B

0
d

! K

⇤0µ+µ� candidates as data points after the full signal
selection. The solid blue (dark) line denotes the mass likelihood fit with the background component as
dotted red line and the signal component as solid green (light) line.
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where Nsig and Nbckg are the number of signal and background events, andMsig andMbckg the probability
density functions for signal and background, respectively, and N

sig + N

bckg is the Poisson distributed
expected number of total events. The probability density function for the signal is modelled as a Gaussian
function with mass m

i

and per-candidate error �
m

i

and the probability density function for the background
as an exponential. Fitting the invariant mass distribution using the entire q

2 space (see Figure 2), the fit
for the invariant mass region of 4900 MeV < m(K⇡µµ) < 5700 MeV gives an estimate for the number
of signal events N

sig = 466 ± 34 and the number of background events N

bckg = 1132 ± 43. Since the
cut on �m removing radiative decays shows a significant influence on the sidebands in the central q

2

bin, the corresponding mass fit region is reduced to 5100 MeV < m(K⇡µµ) < 5450 MeV, and in the bin
14.18 GeV2 < q

2 < 16 GeV2 to 4900 MeV < m(K⇡µµ) < 5450 MeV. Due to kinematic constraints in
the bin 16 GeV2 < q

2 < 19 GeV2 the mass region is set to 5100 MeV < m(K⇡µµ) < 5700 MeV. Since
the trigger acceptance limits the statistics at low values of q

2, no measurement is performed in the lowest
bin used by Belle, 0.04 GeV2 < q

2 < 2 GeV2.
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Fixing the parameters obtained in the invariant mass fit, the likelihood function for the angular distribu-
tions is written as
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L,i) · AK,bckg(cos ✓
K,i)], (4)

where the A’s denote the probability density functions of the angular distributions of cos ✓
K

and cos ✓
L

for the signal and the background. The angular distributions of the signal are given by Equations (2)
and (3). To take into account angular detector e�ciencies due to trigger, event reconstruction, detector
e↵ects and the selection cuts, the angular signal distributions are weighted by acceptance maps ↵

K

and
↵

L

, determined for cos ✓
K

and cos ✓
L

, respectively. The maps are constructed using Monte Carlo with
full detector simulation of reconstruction B

0
d

! K

⇤0µ+µ� decays uniformly distributed in the helicity
angles. The rate of mis-reconstruction of the K

⇤0 candidate due to swapping the kaon and pion leading
to cos ✓

L

! cos(⇡ � ✓
L

) = � cos ✓
L

is also determined using full Monte Carlo simulation and found
to be ⌘

K⇡ = (12.5 ± 0.3)%. Taking this into account in the likelihood fit, the linear term in Equation
(2) changes: A

FB

(q2) ! (1 � 2⌘
K⇡)AFB

(q2). The angular background distributions are modelled using
second order Chebyshev polynomials for both distributions of cos ✓

L

and cos ✓
K

.

3.2 Systematic Uncertainties

Various sources of systematic uncertainties are taken into account, evaluated for each q

2 bin separately.
The choice of the estimator in the signal selection procedure, scaling and combining the Monte

Carlo samples used, primary vertex selection, variations of the mass background description in the fit and
possible bias from fitting the two probability density functionsA in Equation (4), and thus neglecting the
correlations between the angles, were found to have no influence on the angular measurement. A small
systematic uncertainty due to variation of the angular description of the background has been determined.

The uncertainty due to the fitting procedure was estimated by comparing the sequential mass and
angular unbinned maximum likelihood fit with the combined mass-angular fit. Due to the low statistics
in the lowest q

2 bin 2.00 GeV2 < q

2 < 4.30 GeV2 this uncertainty is dominant in this bin. In the other
bins this uncertainty is negligible.

The cut �m < 130 MeV removes significant amounts of sideband data especially in the central bin
10.09 GeV2 < q

2 < 12.86 GeV2, but also the other q

2 bins are a↵ected. Deviations in the B

0
d

invariant
mass fit due to this cut are accounted for by varying the B

0
d

mass fit region, resulting in a systematic
uncertainty dominating the central q

2 bin.
The systematic e↵ect of an S-wave contribution to the K⇡ system, i.e. B

0
d

! K

+⇡�µ+µ� decays, was
found negligible, assuming an 8% S-wave contribution (estimated by BaBar [12]). Contamination of the
signal by B

± ! K

±µ+µ� decays was conservatively estimated by removing all potential B

± candidates
under the hypothesis, that the di-muon pair associated with either charged hadron were originated in a
B

± ! K

±µ+µ� decay. The impact on the fit result is taken into account as systematic uncertainty. The
background due to B

0
s

! �µ+µ� is negligible.
Several possible e↵ects in the angular acceptance functions were studied. Firstly the statistics of

the Monte Carlo sample used and thus the corresponding variations of the angular acceptance functions,

5

CMS: ~simultaneous fit and S-wave contribution
Fit Kπμμ-mass + (θK, θl) in control channel 
B0 ➝ J/ψ K*0: measure FL, AFB, Fs, As

Fit Kπμμ-mass + (θK, θl): measure FL, AFB

Fit Kπμμ-mass: measure yield ➜ dBF/dq2
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Acceptance Correction 

•  Correct angular and q2 distributions for 
the effect of the detector and selection  

•  Use a binned acceptance correction 
derived from LHCb simulation 

•  Simulation quality verified with range of 
control channels which are selected 
from the data (B0→K*J/ψ, J/ψ→µµ, 
D*→D0(Kπ)π) 
–  Tracking efficiency 
–  Hadron (mis-)identification probabilities 
–  Muon (mis-)identification  
–  Overall momentum and η distributions 
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Data
Corrected MC

Preliminary
LHCb

B0→K*J/ψ!

LHCb:
from MC after data/MC reweighing, factorize 
contributions: ε(cosθl)•ε(cosθK)•ε(Φ)
fine q2 binning:

q2 width 0.1 for q2 < 1 GeV2/c4

q2 width 0.2 for 1 < q2 < 6 GeV2/c4

q2 width 0.5 for 6 < q2 GeV2/c4

binned only vs. q2, applied as event-by-event weight

19

Corrections for instrumental effects

Atlas:
en t i re l y f rom MC , f a c to r i z e 
contributions: ε(cosθl)•ε(cosθK)
binned in all variables, described with 
continuous 1D function vs. angles, 
applied in likelihood

CMS:
entirely from MC, account for 
correlations: ε(cosθl,cosθK)
binned in all variables, described with 
continuous 2D function vs. angles, 
applied in likelihood
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Evaluation of the statistical uncertainty
LHCb (potential bias from even-weights and p.d.f. boundaries): pseudo-experiments
Atlas (potential bias from p.d.f. boundaries): symmetric errors out of the fit
CMS (potential bias from p.d.f. boundaries): a-symmetric errors out of the fit

Relative importance of 
systematic uncertainties

LHCb Atlas CMS

Efficiency shape Major Relevant Relevant dBF/dq2

F e e d - t h r o u g h f r o m 
resonant channels

N.A. Major Small

Peaking background Small Relevant
Considered 
negligible

Background angular shape Small Small Major

S-wave contribution Relevant Negligible Small

Fit procedure Negligible Major q2 bin #1 AFB Relevant dBF/dq2

Wrong K−π assignment Small (0.85% CP-
mistag)

Small (12.5% CP-
mistag)

Small (10% CP-
mistag)

20

Statistical and systematic uncertainties

In all experiments total uncertainty dominated by statistical error
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Measurement comparison
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Cyan region: standard model properly averaged 
over the bin (Phys. Rev. D 87 (2013) 034016)
LHCb: arXiv 1304.6325
Atlas: ATLAS-CONF-2013-038 (data points are 
slightly shifted along q2 for readability purposes)
CMS: CMS PAS BPH-11-009

J/ψ ψ(2S) J/ψ ψ(2S)

J/ψ ψ(2S)
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Measurement comparison]4c/2 [GeV2q
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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 recoil299

Equation 4 assumes that q2 � 4m2

µ

, where m
µ

is the muon mass. This assumption is300

valid for q2 >⇠ 1GeV2/c4 but breaks down in the largest recoil, lowest q2 bin. In the301

0.1 < q2 < 2.0GeV2/c4 range, the angular terms contain an additional q2 dependence [1],302

proportional to303

1� 4m2

µ

/q2

1 + 2m2

µ

/q2
or

(1� 4m2

µ

/q2)1/2

1 + 2m2

µ

/q2
(5)

depending on the angular term.304

As q2 tends to zero, these threshold terms dilute the influence of the observables on305

the angular distribution. This dilution leads to a discrepancy between the experimental306

definition of the observables, where this additional q2 dependence is neglected, and the307
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]4c/2 [GeV2q
0 5 10 15 20

L
F

0

0.2

0.4

0.6

0.8

1

Theory Binned
LHCb

LHCb

]4c/2 [GeV2q
0 5 10 15 20

FB
A

-1

-0.5

0

0.5

1

LHCb

Theory Binned
LHCb

]4c/2 [GeV2q
0 5 10 15 20

3
S

-0.4

-0.2

0

0.2

0.4 LHCb

Theory Binned
LHCb

]4c/2 [GeV2q
0 5 10 15 20

9
A

-0.4

-0.2

0

0.2

0.4

LHCb

LHCb

Figure 4: Fraction of longitudinal polarisation of the K ⇤0, FL , dimuon system forward-backward
asymmetry, AFB and the angular observables S3 and A9 from the B 0! 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 A9,
which is vanishingly small in the SM.

7.2 Angular distribution at large recoil299

Equat ion 4 assumes that q2 � 4m2
µ

, wherem
µ

is the muon mass. This assumpt ion is300

valid for q2 >⇠ 1GeV2/c4 but breaks down in the largest recoil, lowest q2 bin. In the301

0.1< q2 < 2.0GeV2/c4 range, the angular terms contain an addit ional q2 dependence [1],302

proport ional to303

1� 4m2
µ

/q2

1+ 2m2
µ

/q2
or

(1� 4m2
µ

/q2)1/2

1+ 2m2
µ

/q2
(5)

depending on the angular term.304

As q2 tends to zero, these threshold terms dilute the influence of the observables on305

the angular dist ribut ion. This dilut ion leads to a discrepancy between the experimental306

definit ion of the observables, where this addit ional q2 dependence is neglected, and the307

13

Reference to decay rates:
JHEP 01 (2009) 019
Phys. Rev. D 71, 094009 (2005)
Phys. Rev. D 87, 034016 (2013)
JHEP 03 (2013) 027

No SM prediction included 
since it’s vanishingly small

LHCb: AFB zero crossing point (1 < q2 < 7.8 GeV2/c4):
q20 = 4.9 ± 0.9 GeV2/c4

SM predictions: q20 = 4.36 +0.33/−0.31 GeV2/c4

Best theoretical predictions:
1 < q2 < 6 GeV2/c4

LHCb Atlas CMS

FL 0.65+0.08/−0.07±0.03 0.18±0.15±0.03 0.68±0.10±0.02

AFB −0.17±0.06±0.04 0.07±0.20±0.07 −0.07±0.12±0.01

dBF/dq2 3.4±0.3+0.4/−0.5 Not measured 4.4±0.6±0.7
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Discussion
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LHCb prospects for 2012 data analysis

During 2012 LHCb collected ~2 fb−1

Overall LHCb should have ~4000 signal events in 2011+2012
Statistical error still dominant uncertainty

LHCb plans to measure:
full set of observables (       variables have never been measured as of now)
full set of CP-asymmetry variables (Φ → Φ for B0; Φ → −Φ for B0bar ➜ Sx becomes Ax): 
A3, A4, A5, A6, A7, and A8 (in addition to A9)

1 Introduction1

The B0 ! K⇤0µ+µ� decay,1 where K⇤0 ! K+⇡�, is a b ! s flavour changing neutral2

current process that is mediated by electroweak box and penguin type diagrams in the3

Standard Model (SM). The angular distribution of the K+⇡�µ+µ� system o↵ers particular4

sensitivity to contributions from new particles in extensions to the SM. The di↵erential5

branching fraction of the decay also provides information on the contribution from those6

new particles but typically su↵ers from larger theoretical uncertainties due to hadronic7

form factors.8

The angular distribution of the decay can be described by three angles (✓
`

, ✓
K

and9

�) and by the invariant mass squared of the dimuon system (q2). The B0! K⇤0µ+µ�
10

decay is self-tagging through the charge of the kaon and so there is some freedom in the11

choice of the angular basis that is used to describe the decay. In this paper, the angle12

✓
`

is defined as the angle between the direction of the µ+ (µ�) in the dimuon rest frame13

and the direction of the dimuon in the B0 (B0) rest frame. The angle ✓
K

is defined as14

the angle between the direction of the kaon in the K⇤0 (K⇤0) rest frame and the direction15

of the K⇤0 (K⇤0) in the B0 (B0) rest frame. The angle � is the angle between the plane16

containing the µ+ and µ� and the plane containing the kaon and pion from the K⇤0. A17

detailed description of the angular basis is given in Appendix A. In this basis, the angular18

definition for the B0 decay is a CP transformation of that for the B0 decay.19

Using the notation of Ref. [1], and assuming equal numbers of B0 and B0 decays, the20

di↵erential decay rate corresponds to21

1

d�/dq2
d4�

dq2 d cos ✓
`

d cos ✓
K

d�
=

9

32⇡

h
Ss

1

sin2 ✓
K

+ Sc

1

cos2 ✓
K

+

Ss

2

sin2 ✓
K

cos 2✓
`

+ Sc

2

cos2 ✓
K

cos 2✓
`

+

S
3

sin2 ✓
K

sin2 ✓
`

cos 2�+ S
4

sin 2✓
K

sin 2✓
`

cos� +

S
5

sin 2✓
K

sin ✓
`

cos�+ S
6

sin2 ✓
K

cos ✓
`

+

S
7

sin 2✓
K

sin ✓
`

sin�+ S
8

sin 2✓
K

sin 2✓
`

sin� +

S
9

sin2 ✓
K

sin2 ✓
`

sin 2�
i
,

(1)

22

where the S
i

terms are CP averages between B0 and B0 of bilinear combinations of K⇤0
23

decay amplitudes that vary with q2. The terms S
7

, S
8

and S
9

are suppressed by the small24

size of the strong phase di↵erence between the amplitudes involved and are expected to25

be close to zero across the full q2 range not only in the SM but also in most extensions.26

To reveal the e↵ect of new particles, it is better to look instead at the corresponding CP27

asymmetries A
7

, A
8

and A
9

, between B0 and B0, which are not suppressed by the size of28

1Charge conjugation is implied throughout this paper unless stated otherwise.

1

σ(pp ➝ b-bar):
from 238 μb @ 7 TeV to 270 μb @ 8 TeV
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Atlas prospects for 2012 data analysis

During 2012 Atlas collected ~22 fb−1

Statistical error still dominant uncertainty
Modification to the analysis:

use EvtGen to describe the decay
move to MVA and improve choice of PV (based on B0 impact parameter)
dedicated trigger(s) for most of 2012
simultaneous fit Kπμμ-mass and angles

Atlas plans to re-measure:
AFB, FL

Atlas foresees also to measure:
dBF/dq2, S3, and A9

7 Angular analysis242

The B0! K⇤0µ+µ� angular distribution is reduced to243

1

d�/dq2
d4�

dq2 d cos ✓
`

d cos ✓
K

d�̂
=

9

16⇡


F
L

cos2 ✓
K

+
3

4
(1� F

L

)(1� cos2 ✓
K

) �

F
L

cos2 ✓
K

(2 cos2 ✓
`

� 1) +

1

4
(1� F

L

)(1� cos2 ✓
K

)(2 cos2 ✓
`

� 1) +

S
3

(1� cos2 ✓
K

)(1� cos2 ✓
`

) cos 2�̂ +

4

3
A

FB

(1� cos2 ✓
K

) cos ✓
`

+

A
9

(1� cos2 ✓
K

)(1� cos2 ✓
`

) sin 2�̂
i

(4)

after requiring that q2 � 4m2

µ

and applying the transformation from � ! �̂ described by244

Eq. 2. The parameters A
FB

, F
L

, S
3

and A
9

must satisfy the constraints245

|A
FB

|  3

4
(1� F

L

) , |A
9

|  1

2
(1� F

L

) and |S
3

|  1

2
(1� F

L

)

for Eq. 4 to remain positive in all regions of the allowed phase space. These relationships246

are automatically taken into account in the transformations247

A
FB

=
3

4
(1� F

L

)ARe

T

and S
3

=
1

2
(1� F

L

)A2

T

,

which map A
FB

and S
3

to the theoretically cleaner transverse observables, ARe

T

and A2

T

.248

There are less trivial relationships between S
3

, A
9

and A
FB

, which all depend on the249

same underlying decay amplitudes (see for example Ref. [33]). These relationships are not250

reproduced here.251

In each of the q2 bins, A
FB

(ARe

T

), F
L

, S
3

(A2

T

) and A
9

are estimated by performing252

an unbinned maximum likelihood fit to the cos ✓
`

, cos ✓
K

and �̂ distributions of the253

B0 ! K⇤0µ+µ� candidates. The K+⇡�µ+µ� invariant mass of the candidates is also254

included in the fit to separate between signal- and background-like candidates. The255

background angular distribution is described using the product of three second-order256

Chebychev polynomials under the assumption that the background can be factorised into257

three single angle distributions. This assumption has been validated on the data sidebands258

(5350 < m(K+⇡�µ+µ�) < 5600MeV/c2). A dilution factor (D = 1 � 2!) is included in259

the likelihood fit for A
FB

and A
9

, to account at first order for the small probability (!) for260

a decay B0! K⇤0µ+µ� to be misidentified as B0! K⇤0µ+µ�. The value of ! is fixed to261

0.85% in the fit (see Sec. 4).262

Two fits to the dataset are performed: one, with the signal angular distribution263

described by Eq. 4, to measure F
L

, A
FB

, S
3

and A
9

and a second replacing A
FB

and S
3

264
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CMS prospects for 2012 data analysis

During 2012 CMS collected ~22 fb−1

Overall CMS should have ~2700 signal events in 2011+2012 
Statistical error still dominant uncertainty

CMS plans to re-measure:
AFB, FL, dBF/dq2

CMS foresees also to measure:
zero crossing point of AFB

remaining angular parameters: S3, S9 from a full fit
some CP-asymmetry parameters (e.g. A9 and in dBF/dq2)

7 Angular analysis242

The B0! K⇤0µ+µ� angular distribution is reduced to243

1
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after requiring that q2 � 4m2
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and applying the transformation from � ! �̂ described by244

Eq. 2. The parameters A
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L

, S
3

and A
9

must satisfy the constraints245
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for Eq. 4 to remain positive in all regions of the allowed phase space. These relationships246

are automatically taken into account in the transformations247

A
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=
3
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=
1

2
(1� F

L

)A2

T

,

which map A
FB

and S
3

to the theoretically cleaner transverse observables, ARe

T

and A2

T

.248

There are less trivial relationships between S
3

, A
9

and A
FB

, which all depend on the249

same underlying decay amplitudes (see for example Ref. [33]). These relationships are not250

reproduced here.251

In each of the q2 bins, A
FB

(ARe

T

), F
L

, S
3

(A2

T

) and A
9

are estimated by performing252

an unbinned maximum likelihood fit to the cos ✓
`

, cos ✓
K

and �̂ distributions of the253

B0 ! K⇤0µ+µ� candidates. The K+⇡�µ+µ� invariant mass of the candidates is also254

included in the fit to separate between signal- and background-like candidates. The255

background angular distribution is described using the product of three second-order256

Chebychev polynomials under the assumption that the background can be factorised into257

three single angle distributions. This assumption has been validated on the data sidebands258

(5350 < m(K+⇡�µ+µ�) < 5600MeV/c2). A dilution factor (D = 1 � 2!) is included in259

the likelihood fit for A
FB

and A
9

, to account at first order for the small probability (!) for260

a decay B0! K⇤0µ+µ� to be misidentified as B0! K⇤0µ+µ�. The value of ! is fixed to261

0.85% in the fit (see Sec. 4).262

Two fits to the dataset are performed: one, with the signal angular distribution263

described by Eq. 4, to measure F
L

, A
FB

, S
3

and A
9

and a second replacing A
FB

and S
3

264
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σ(pp ➝ b-bar):
from 238 μb @ 7 TeV to 270 μb @ 8 TeV

Marcella Bona, Mauro Dinardo, Nicola Serra



27

Backup
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LHCb detector

Pseudorapidity coverage: 2 < η < 5
Momentum resolution: 0.4 − 0.6% from 5 to 100 GeV/c tracks
Impact parameter resolution: 20 μm
Muon misidentification: ~0.5%
Mass resolution J/ψ → μμ: 13 MeV/c2

RICH detectors: kao-pion separation in momentum range 2 − 100 GeV/c

Muon ID:

track match with n μ-segments (pT dependent)
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Atlas detector

Pseudorapidity coverage: |η| < 2.5
Transverse momentum resolution: 4 − 8% from 4 to 10 GeV/c and 4% for > 10 GeV/c tracks
Impact parameter resolution: 12 μm
Muon misidentification: ~0.4%
Mass resolution J/ψ → μμ: 46 MeV/c2

No detector for particle ID

Muon ID:

track match with μ-segment

pixel hits > 1
SCT hits > 6
TRT hits > 9
pT > 3.5 GeV/c
|η| < 2.5

Marcella Bona, Mauro Dinardo, Nicola Serra



Pseudorapidity coverage: |η| < 2.5
Transverse momentum resolution: 1.5% up to 100 GeV/c tracks
Impact parameter resolution: 15 μm
Muon misidentification: ~0.2%
Mass resolution J/ψ → μμ: 28 MeV/c2

No detector for particle ID

30

CMS detector

Muon ID:

track match with at least 1 μ-segment

track fit Χ2/dof < 1.8
hits in tracker > 11, with > 2 in pixel detector
transverse (long.) impact param. < 3 cm (30 cm)

Marcella Bona, Mauro Dinardo, Nicola Serra



31

The FCNC (b ➝ s) decays are a goldmine for new physics searches

B+ ➝ K*+(π+ K0s (π+π−)) μμ
Γ~1/7 of B0 ➝ K*0 μμ (assumed 30% eff. due to K0s reco.)

Can help to improve statistics for B0 ➝ K*0 μμ studies

B+ ➝ K+ μμ ( and B0 ➝ K0 μ+ μ− )

Γ similar to ( Γ~1/3 of ) B0 ➝ K*0 μμ
Certain degree of complementarity with B0 ➝ K*0 μμ ➜ important probe of right-handed 
currents

Preliminary analysis by LHCb (arXiv: 1209.4284)

Λb ➝ Λ0 (pπ) μμ
Γ~1/5 of B0 ➝ K*0 μμ (assumed 1/3 K0s eff. due to soft π)
Λb and Λ0 are spin-1/2 particles ➜ unlike the B0 decay, this decay is sensitive to right-
handed couplings which are suppressed in SM ➜ also this decay is somewhat 
complementary to B0 ➝ K*0 μμ

Other FCNC b → s decays
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