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Motivation

I Flavour-changing neutral current b ! s via loop (or box) in SM.
I Rate/angular observables affected by presence of virtual new particles

(if there are any).
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B0! K⇤0(! K+⇡�)µ+µ�

I Decay is P ! V V 0 (since K⇤
(892)

0 is JP
= 1

�).
I System fully described by q2 and three angles ~

⌦ = (cos ✓l, cos ✓K , �)

B0

K* 0

K+

π - μ -

μ+

θK
θℓ

φ
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B0! K⇤0(! K+⇡�)µ+µ�

I Decay is P ! V V 0 (since K⇤
(892)

0 is JP
= 1

�).
I System fully described by q2 and three angles ~

⌦ = (cos ✓l, cos ✓K , �)

I Angular distribution is sum of angular moments (fj) with coefficients (Ij)

d
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�[B0! K⇤0µ+µ�
]
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dq2 d~⌦
=

9

32⇡

X

j

¯Ij(q
2

)fj(~⌦) ,

I CP averaged coefficients (Sj), CP asymmetries (Aj):

Sj =

�
Ij + ¯Ij

�.✓
d�

dq2
+

d

¯

�

dq2

◆

Aj =

�
Ij � ¯Ij

�.✓
d�

dq2
+

d

¯

�

dq2

◆

I N.b Aj ’s never been measured before, full set of Sj ’s also never been
measured before.

[link to full thing in backup slides]
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B0! K⇤0(! K+⇡�)µ+µ�

just a little bit more nomenclature... sorry!

I The Ii are bilinear combinations of the decay amplitudes (AL,R
0,k,?).

Two examples (there are 12 total):

I
1c =

���AL
0

���
2

+

���AR
0

���
2

I
5

= Re
⇣
AL

0

AL⇤
? �AR

0

AR⇤
?

⌘

I Some of the Ii and Si get subscripts c and s for cos2 and sin

2 coefficients.
I Some of the Si coefficients get special names,

S
1c ⌘ F

L

S
3

⌘ (1� F
L

)A(2)

T

S
6s ⌘ 4

3

A
FB

I A set of ‘theoretically clean’ observables: divide out form factor uncertainty
(inside A’s) to leading order

P 0
4,5 = S

4,5/
p

F
L

(1� F
L

)
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Scalar component in the K⇡ system

I We also include the scalar
“S-wave” component in K⇡
system.

I Adds two more amplitudes and
some nuisance terms to angular
distribution.

I Can help separate vector from
scalar by performing a fit to mK⇡.

I Describe K⇤
(892)

0 component
with relativistic Breit-Wigner,
S-wave with LASS shape.
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Summary of the nomenclature

I Decay amplitudes (3 polarisations ⇥ 2 chiral states) + 2 for scalar

I Angular distribution built from coefficients, Ij = Ij(q
2

), and spherical
harmonics, fj(~⌦).

I Coefficients are bilinear combinations of amplitudes: Ii ⇠ AA⇤ and are
observables.

I Can form CP average/asymmetry (these are also observables)

I Can construct clever ratios, Pj to reduce effect of form factors (which are
inside the A).

A bilinear�����! Ij and ¯Ij
CPavg.�����! Sj

make ratios�������! Pj ’s
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Selection and yields
I Reduce background by exploiting kinematics and PID information from

Cherenkov detectors.
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I Find 2398± 57 events across all of q2 excluding the charmonia.
I Regions excluded due to Bd,s! J/ K⇤0, Bd,s!  (2S)K⇤0 and

B0! �(! µ+µ�)K⇤0. B0! J/ K⇤0 used as control channel.
I “All of q2” explicitly means:

q2 2 [0.1, 0.98] [ [1.1, 8] [ [11, 12.5] [ [15, 19]GeV2/c4.

I Find 624± 30 in ‘theoretically preferred’ region q2 2 [1.1, 6]GeV

2/c4.
I These statistics determine the bin granularity for running angular analysis.
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Angular efficiency

I Data is biased by detector
geometry, trigger, and selection
requirements.

I Need to get at the angular
efficiency, ✏ = ✏(q2, ~⌦), to
account for this.

I Pseudodata (before and after
simulating the LHCb detector)
used to sample the efficiency
surface.

I Compute smooth-continuous
functional description.

I Functionally description
included in fits 1. and 3.

I Or used to weight the data for 2.

I Test efficiency description on
control channels: [link to backup].
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1. Maximum likelihood fit

I Finalise the preliminary result presented at Moriond 2015
[LHCb-CONF-2015-002] �! [LHCb-PAPER-2015-051]

I Fit angular distribution for CP averaged observables and CP asymmetries
(B0 and B0 separately) in bins of ⇠ 2GeV

2/c4.
I Some parameters have physical boundaries, use Feldmann-Cousins to

determine uncertainties.
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1. Maximum likelihood fit
Results
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More results and full set of asymmetries, Aj [in backup]. All Aj consistent with zero.
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1. Maximum likelihood fit
Results
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Blue points are the 1 fb�1 subset.
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2. Method of moments

I Alternative method to measure observables.

I Slightly worse precision but more robust.
I Can be performed in narrow (⇠ 1GeV2/c4) bins of q2.
I Can measure S

6c (ignored in other methods).

I Technique described in full detail in [Phys.Rev.D91(2015)114012].
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2. Method of moments
The method

I Use orthogonality of spherical harmonics, fj(~⌦) to solve for coefficients
within a q2 bin: Z

fi(~⌦)fj(~⌦)d~⌦ = �ij

Mi =

Z ✓
1

d(�+

¯

�)/dq2

◆
d

3

(�+

¯

�)

d

~
⌦

fi(~⌦)d~⌦ ,

I Don’t have true angular distribution but we ‘sample’ it with our data.
I Therefore

R
�!

P
and Mi �! cMi

cMi =
1P
e we

X

e

wefi(~⌦e) ,

I The event weight we accounts for the efficiency, ~⌦e are the angles of each
event.
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2. Method of moments
Results
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More results and comparison to ML [in the backup]
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3. Amplitudes method
The method

I Fit for amplitudes as (continuous) function of q2 for q2 2 [1.1, 6]GeV

2/c4

I Ansatz inspired by leading order expressions from, e.g. [JHEP04(2012)104]

A(q2) = ↵+ �q2 +
�
q2

I Set of 3 complex parameters {↵, �, �} per vector amplitude.
I L,R, 0, k,?, Re, Im =) 3⇥ 2⇥ 3⇥ 2 = 36 DoF.
I Scalar amplitudes vary slowly so take constant term (4 extra DoF).
I Use symmetries of angular distribution to reduce this to 28.

I Technique described in detail in [JHEP06(2015)084].

I Scale the scalar amplitudes by the integrals of the mK⇡ shape.

I Able to build observables continuously in q2.
I Limited by stat. precision to measuring CP averaged observables.
I Method will become more powerful with more data.

I Get the theoretically clean zero-crossing points for (nearly) free.
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3. Amplitudes method
Results
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Compatibility with SM

I Use EOS software package1 to
test compatibility with SM.

I Perform �2 fit of measured:

F
L

, A
FB

, S
3..9.

I Float a generic vector coupling
a.k.a. Wilson Coefficient,
Re (C

9

).
I Motivated by previous work.

I Best fit to data is 3.4� from SM.

1 EOS: [JHEP07(2010)098] [source code]

�Re (C
9

) ⌘ Re (C
9

)

our fit�Re (C
9

)

SM

= �1.03

)9C(Re
3 3.5 4 4.5

2
χ

∆
0

5

10

15

LHCb

SM
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B0! K⇤0e+e�

[JHEP04(2015)064]

I Angular analyis performed at low
q2 (q2 2 [0.002, 1.120]GeV

2/c4).
I Electron final state: completely

different experimental challenge.
I Triggering.
I Bremsstrahlung.

I Good agreement with SM
predictions.

I Also LNU measurement.
[PRL113(2014)151601]

R
K

=
B
⇥
B+! K+µ+µ�⇤

B [B+! K+e+e�]
,

see J. Harrison’s talk tomorrow PM.
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⇤b! ⇤(! p⇡�)µ+µ�

[JHEP06(2015)115]

I Measurement of differential
branching fraction and first
angular analysis of this channel.

I See evidence for signal in the first
q2 bin.

I No significant evidence in
q2 2 [1.1, 6]GeV

2/c4 i.e. low
w.r.t. predictions.

I Perform angular analysis best in
the high q2 region
(q2 2 [15, 20]GeV

2/c4).

SM [PRD87(2013)074502]

q2 2 [15, 20] GeV

2/c4
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B0
s ! �(! K+K�)µ+µ�

[JHEP09(2015)179]

I Differential branching fraction
and angular analysis.

I Angular analysis performed as
maximum likelihood fit for
observables.

I Angular observables good in
agreement with SM.

I
dB/dq2 in bin q2 2 [1, 6]GeV

2/c4

found to be below SM by 3.3�.

SM “pred.” and “wide” from [arXiv:1503.05534]
SM “LQCD” from [PRL112(2014)212003]
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B+! ⇡+µ+µ�

[JHEP10(2015)034]

I First measurement of differential
branching fraction and CP
asymmetry in a b! d``
transition.

I
dB/dq2 compatible with SM but
on the low side.

I ACP =

�0.11± 0.12(stat.)± 0.01(syst.)

I Also measure
|Vtd|/|Vts| = 0.24+0.05

�0.04.

APR13 [PRD89(2014)094021]
HKR15 [arXiv:1506.07760]
FNAL/MILC15 [arXiv:1507.01618]
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B0
s ! µ+µ�

Combined analysis with CMS

[Nature 522(2015)]

I First observation of B0

s ! µ+µ�

and evidence for B0! µ+µ�.
I 6.2� and 3.2� respectively.

I Measurement of branching
fractions and ratio of branching
fractions.

B
⇥
B0

s ! µ+µ�⇤
= 2.8+0.7

�0.6 ⇥ 10

�9

B
⇥
B0! µ+µ�⇤

= 3.9+1.6
�1.4 ⇥ 10

�10

I Ratio found to be compatible with
SM to 2.3�.
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Conclusions

I First full angular analysis of B0! K⇤0µ+µ�.
I Full set of CP averaged observables and CP asymmetries.
I Including correlations.

I Three complementary analysis techniques.
1. Maximum likelihood fit.

⇠ 2GeV2/c4 bins of q2, good precision.
2. Method of moments.

⇠ 1GeV2/c4 bins of q2, robust, slightly worse precision.
3. Amplitudes fit method.

q2 2 [1.1, 6]GeV2/c4 continuous in q2 at expense of ansatz.

I Tension in P 0
5

still remains (now split across two bins).
I Using EOS software, find 3.4� discrepancy from SM (observables only).

I Paper soon to be submitted to JHEP.

I Number of other b! s(d)`` measurements performed by LHCb
I dB/dq2 broadly speaking low w.r.t. SM.
I Other angular analyses good agreement with SM.
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Backup Slides
B0! K⇤0µ+µ� full angular analysis



Exact angular definitions B0! K⇤0µ+µ� vs B0! K⇤0µ+µ�

diagrams on next 6 slides by C. Langenbruch

I Some confusion over experimental angular conventions.
I The next 6 slides (27 – 32) give the exact conventions used by LHCb.

Notation
I ~p b

a is the 3-momentum of particle a in the rest from, b.
I ~u b

a is the unit vector in the direction of particle a in the rest frame of
particle b.

I ~n c
ab is the unit normal to the decay plane of particles a and b in the rest

frame of particle c.
I Note ~n c

ab = �~n c
ba
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Exact angular definitions B0! K⇤0µ+µ� vs B0! K⇤0µ+µ�
Definition for cos ✓K

cos ✓K =

~pK⇡
K · ~pB

K⇡

|~pK⇡
K ||~pB

K⇡|
= ~uK⇡

K · ~uB
K⇡,

for both B0! K+⇡�`+`� and B0! K�⇡+`+`�.
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Exact angular definitions B0! K⇤0µ+µ� vs B0! K⇤0µ+µ�
Diagram showing ✓K

✓K

~pK⇡
B�~pK⇡

B

K+

⇡�

✓K~pK⇡
B

�~pK⇡
B

K�

⇡+
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Exact angular definitions B0! K⇤0µ+µ� vs B0! K⇤0µ+µ�
Definition for cos ✓l

For B0! K+⇡�`+`�,

cos ✓l =
~p ```+ · ~pB

``

|~p ``
`+

||~pB
`` |

= ~u ```+ · ~uB
`` ,

and for B0! K�⇡+`+`�,

cos ✓l =
~p ```� · ~pB

``

|~p ``
`� ||~pB

`` |
= ~u ```� · ~uB

`` ,
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Exact angular definitions B0! K⇤0µ+µ� vs B0! K⇤0µ+µ�
Diagram showing ✓l

✓l

~p ``B�~p ``B

`�

`+

✓l~p ``
B

�~p ``
B

`�

`+
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Exact angular definitions B0! K⇤0µ+µ� vs B0! K⇤0µ+µ�
Definition for �

For B0! K+⇡�`+`�,

cos� =

~pB
`+ ⇥ ~pB

`���~pB
`+

⇥ ~pB
`�

�� ·
~pB
K ⇥ ~pB

⇡

|~pB
K ⇥ ~pB

⇡ |
= ~nB

`+`� · ~nB
K⇡;

sin� =

 
~pB
`+ ⇥ ~pB

`���~pB
`+

⇥ ~pB
`�

�� ⇥
~pB
K ⇥ ~pB

⇡

|~pB
K ⇥ ~pB

⇡ |

!
· ~pB

K⇡

|~pB
K⇡|

=

⇣
~nB
`+`� ⇥ ~nB

K⇡

⌘
· ~uB

K⇡

and for B0! K�⇡+`+`�,

cos� =

~pB
`� ⇥ ~pB

`+���~pB
`� ⇥ ~pB

`+

���
· ~pB

K ⇥ ~pB
⇡���~pB

K ⇥ ~pB
⇡

���
= ~nB

`�`+ · ~nB
K⇡;

sin� =

0

@ ~pB
`� ⇥ ~pB

`+���~pB
`� ⇥ ~pB

`+

���
⇥ ~pB

K ⇥ ~pB
⇡���~pB

K ⇥ ~pB
⇡

���

1

A · ~pB
K⇡���~pB
K⇡

���
=

⇣
~nB
`�`+ ⇥ ~nB

K⇡

⌘
· ~uB

K⇡.
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Exact angular definitions B0! K⇤0µ+µ� vs B0! K⇤0µ+µ�
Diagrams showing �

`�

`+

K+

⇡�
B0

�
K+ ⇡�

~nB
K⇡

�~pB
K⇡

`�

`+

~nB
`+`�

⇡+

K�

`�

`+

B0

�
K� ⇡+

~nB
K⇡

�~pB
K⇡

`�

`+

~nB
`�`+
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Full angular distribution in terms of CP averages, Sj

1

d(�+

¯

�)/dq2
d

3

(�+

¯

�)

d

~
⌦

����
P

=

9

32⇡

h
3

4

(1� F
L

) sin

2 ✓K + F
L

cos

2 ✓K

+

1

4

(1� F
L

) sin

2 ✓K cos 2✓l

�F
L

cos

2 ✓K cos 2✓l + S
3

sin

2 ✓K sin

2 ✓l cos 2�

+S
4

sin 2✓K sin 2✓l cos�+ S
5

sin 2✓K sin ✓l cos�

+

4

3

A
FB

sin

2 ✓K cos ✓l + S
7

sin 2✓K sin ✓l sin�

+S
8

sin 2✓K sin 2✓l sin�+ S
9

sin

2 ✓K sin

2 ✓l sin 2�
i
.

[link back]
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1

d(�+

¯

�)/dq2
d

3

(�+

¯

�)

d

~
⌦

����
S+P

=(1� F
S

)

1

d(�+

¯

�)/dq2
d

3

(�+

¯

�)

d

~
⌦

����
P

+

3

16⇡
F
S

sin

2 ✓l + S-P interference

[link back]
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What are the Pi observables?

P 0
i ⌘ Sip

F
L

(1� F
L

)

P 0
5

⌘ 1

2

1

d(�+

¯

�)/dq2

p
2

⇥
<(AL

0

AL⇤
? �AR

0

AR⇤
? )

⇤
p

FL(1� FL)

I The asymmetry of the cross term between the longitudinal and
perpendicularly polarised amplitudes.
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Fits to control channel B0! J/ K⇤0

Test of angular efficiency method
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Plus the mK⇡ plot shown on slide 6.
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Maximum likelihood fit - further results
Results
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Maximum likelihood fit - CP asymmetries
Results
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Maximum likelihood fit - CP asymmetries
Results
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Method of moments - further results
Results
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Method of moments - S6c
Results
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Method of moments - CP asymmetries
Results
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Method of moments - CP asymmetries
Results
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Method comparison
Results
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Method comparison
Results
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Method comparison
Results
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Method comparison
Results
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