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Outline Things that aren’t in this talk

I won’t talk at all about:

B0→ K ∗0`` at low-q2 (and B0→ K ∗0e−e−) → Marie-Helene’s talk.

Λb→ pKµ+µ− and Λb→ Λ0µ+µ− → Michal’s talk.

Isospin analysis → Ulrik’s talk.

B+→ K+µ+µ−, B+→ π+µ+µ−, B0→ ρµ+µ− etc.

I won’t even talk much about LHCb’s B0→ K ∗0µ+µ− results.
Instead focus on:

Experimental issues that appear in the B0→ K ∗0µ+µ−

angular analysis.

Steps towards a full angular analysis.
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Angular definition for B0→ K ∗0µ+µ−

The decay B0→ K ∗0µ+µ− (K ∗0→ K+π−) is self-tagging. The
angular definition becomes important.

The angular convention used by LHCb is not the same as the theory
convention:

- It uses the same definition for cos θ` and cos θK as
BaBar, Belle and CDF.

- It has a different definition of the φ angle from CDF (S9 vs A9).

The angular basis is defined from the B0 and the basis for the B0

obtained using CP.

- It is given explicitly in the following slides.
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Angular definition: θ`

For the B0 (B0) decay, θ` is defined by the angle between the µ+

(µ−) in the dimuon rest frame and the dimuon in the B0 (B0) rest
frame.

Equivalently, the angle between the µ+ (µ−) and the direction
opposite that of the B0 (B0) in the dimuon rest frame:

cos θ` =
~p µµ
µ− · ~p B

µµ

|~p µµ
µ− ||~p B

µµ|

= −
~p µµ
µ− · ~p

µµ
B

|~p µµ
µ− ||~p

µµ
B |

= −
~p µµ
µ− · ~p

µµ
Kπ

|~p µµ
µ− ||~p

µµ
Kπ|

.

NB This has the opposite sign convention to the “theory basis”
→ a different sign convention for AFB .
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Angular definition: θK

The angle θK is defined as the angle between the K+ (K−) in the
K ∗0 (K ∗0) rest frame and the K ∗0 (K ∗0) in the B0 (B0) rest frame.

cos θK =
~p Kπ
K · ~p B

Kπ

|~pKπK ||~p B
Kπ|

= − ~p
Kπ
K · ~p Kπ

B

|~p Kπ
K ||~p Kπ

B |
= −

~p Kπ
K · ~p Kπ

µµ

|~p Kπ
K ||~p Kπ

µµ |
.
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Angular definition: φ

The angle φ is defined by the angle between the plane containing the
µ+µ− and the plane containing the K±π∓ in the B0 (B0) rest frame.

For the B0:

cosφ = ~nB
µ+µ− · ~nB

K+π− and

sinφ = (~nB
µ+µ− × ~nB

K+π−) · ~p
B
K+π−

|~p B
K+π− |

.

For the B0:

cosφ = −~nB
µ+µ− · ~nB

K−π+ = ~nB
µ−µ+ · ~nB

K−π+ and

sinφ = (~nB
µ+µ− × ~nB

K−π+) · ~p
B
K−π+

|~p B
K−π+ |

= −(~nB
µ−µ+ × ~nB

K−π+) · ~p
B
K−π+

|~p B
K−π+ |

NB the sign convention between the B0 and B0 is important and arises
from the CP transformation. The behaviour is different for
B0
s → φµ+µ− decays, where C(K+)→ K−.
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Angular definition: φ

NB We can measure A9 in LHCb
by swapping the sign of φ for
B0 decays only (a la CDF).

where:

S9 ∝ sin δS cos δW

and

A9 ∝ cos δS sin δW

and δS is a strong phase
difference and δW a weak
phase difference.

φ definition:

π+

K−
K̄0∗

µ−

µ+

B̄0

Φ

K− π+

nKπ

! pKπ

µ−

µ+

−nµ+µ−

(a) Φ for the B0 decay

µ−

µ+

K+

π−
B0

K0∗
Φ

K+ π−

nKπ

!pKπ

µ−

µ+

nµ+µ−

(b) Φ for the B0 decay

Figure 6: Definition of the angle Φ according to section 2.2 (“LHCb convention”). (a)
shows the B0 decay, (b) shows the angle Φ in the CP-conjugated system. The angle is
defined in the B rest frame.

2.2.4 Resulting decay rates44

LHCb uses equation 5 as differential decay rate for B0 → K∗µµ. However since the decay
angles Θ", ΘK and Φ are defined differently we use coefficients Hi to avoid confusion

Γ(B0 → K∗µ+µ−) =
9

32π

[
Hs

1 sin2 ΘK + Hc
1 cos2 ΘK + (

1

3
Hs

1 sin2 ΘK − Hc
1 cos2 ΘK) cos 2Θ"

+H3 sin2 ΘK sin2 Θ" cos 2Φ + H4 sin 2ΘK sin 2Θ" cosΦ

+H5 sin 2ΘK sinΘ" cosΦ

+Hs
6 sin2 ΘK cosΘ" + H7 sin 2ΘK sinΘ" sinΦ

+H8 sin 2ΘK sin 2Θ" sinΦ + H9 sin2 ΘK sin2 Θ" sin 2Φ
]
. (8)

Using LHCb’s angular definition the angles have the same values for the B0 decay. The
differential decay rate for the CP-conjugated process B0 → K∗µ+µ− is therefore given
by performing the replacements Hi = H̄i in equation 8. With a limited amount of data
it is sensible to reduce the number of parameters by folding the angle Φ (Φ → Φ + π for

7

For B0
s → φµ+µ−, B0

s → B0
s corresponds to θ` → π − θ`,

θK → π − θK and φ→ −φ in the angular distribution.
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Angular convention and observables

Following the convention of [Altmannshofer et. al. JHEP 01 (2009)],
LHCb measures:

d4Γ[B0 → K∗0µ+µ−]

dq2d cos θ`d cos θKdφ
+

d4Γ[B0 → K∗0µ+µ−]

dq2d cos θ`d cos θKdφ
=

9

32π

9∑
i=0

Si fi (cos θ`, θK , φ)

Where:

Si =
(
I [B0 → K ∗0µ+µ−] + I [B0 → K ∗0µ+µ−]

)

This only works in the absence of any production, detection or direct
CP (Γ[B0 → K ∗0µ+µ−] 6= Γ[B0 → K ∗0µ+µ−]) asymmetry.

In reality there is a small production asymmetry, O(1%), between B0

and B0 that mixes Si with Ai and we are only sensitive to direct CP
asymmetries at the level of 5− 10% (sets an upper limit on the
mixing between A and S at 10%).
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Simplifying the angular distribution

With limited statistics (in individual q2 bins) it is not yet possible to
perform a full angular analysis of the B0→ K ∗0µ+µ− decay. Instead
we try to reduce the number of parameters.

Can either integrate over two of the angles to give:

d2Γ

d cos θ` dq2
/
dΓ

dq2
=

3

4
FL(1− cos2 θ`) +

3

8
(1− FL)(1 + cos2 θ`) + AFB cos θ` ,

d2Γ

d cos θK dq2
/
dΓ

dq2
=

3

2
FL cos2 θK +

3

4
(1− FL)(1− cos2 θK )

d2Γ

dφdq2
/
dΓ

dq2
=

1

2π
[1 + S3 cos 2φ+ AIm sin 2φ]

NB Can replace S3 = 1
2 (1− FL)A2

T throughout these slides.
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Simplifying the angular distribution

Or try to fold the angular distribution to remove the terms. For example
“folding” φ such that:

φ̂ =

{
φ+ π if φ < 0

φ otherwise

Giving:

d4Γ

d cos θ` d cos θK dφ̂dq2
/
dΓ

dq2
=

9

16π

[
FL cos2 θK +

3

4
(1− FL)(1− cos2 θK ) −

FL cos2 θK (2 cos2 θ` − 1) +

1

4
(1− FL)(1− cos2 θK )(2 cos2 θ` − 1) +

S3(1− cos2 θK )(1− cos2 θ`) cos 2φ̂ +

4

3
AFB(1− cos2 θK ) cos θ` +

S9(1− cos2 θK )(1− cos2 θ`) sin 2φ̂
]
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Simplifying the angular distribution

Can also try other foldings to have access to the other terms in the
angular expression.

e.g. for S5:

φ̂ =

{
−φ if φ < 0

φ otherwise
and θ̂` =

{
π − θ` if θ` >

π
2

θ` otherwise

d4Γ

d cos θ̂` d cos θK dφ̂dq2
/
dΓ

dq2
∝
[

3

4
(1− FL)(1− cos2 θK ) + FL cos2 θK

1

4
(1− FL)(1− cos2 θK )(2 cos2 θ̂` − 1) −

FL cos2 θK (2 cos2 θ̂` − 1) +

S3(1− cos2 θK )(1− cos2 θ̂`) cos 2φ̂ +

S5(2 cos2 θK − 1) sin θ̂` cos φ̂
]
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What do we mean by observables?

Due to the limited statistics we perform measurements in wide q2

regions, the observables that we measure are rate averages of the
physics quantities over the q2 region:

e.g.

< FL >=

[∫ q2
max

q2
min

FL(q2) dΓ
dq2 dq

2
]

[∫ q2
max

q2
min

dΓ
dq2 dq2

]

The situation gets more complicated if there are products of two
(or more) q2 dependent terms in the angular expression.

In general:

< A⊥L(q2)A∗‖L(q2) >6=< A⊥L(q2) >< A∗‖L(q2) >

unless one of the amplitudes is constant.
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What do we mean by observables?

This has implications for performing the full angular fit.

- Do we need to take into account the q2 dependence to get unbiased
results?

- What form should we use for the q2 dependence?

NB For the transverse observables we can write:

< (1− FL(q2))A2
T (q2) >=< (1− FL(q2) >< Ã2

T >

where:

< Ã2
T >=

[∫ q2
max

q2
min

A2
T

dΓ
dq2 (1− FL(q2))dq2

]

[∫ q2
max

q2
min

dΓ
dq2 (1− FL(q2))dq2

]

i.e. a transverse rate-average (which should again be a theoretically
“clean” observable [Descotes-Genon et al arXiv:1207.2753]).
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Can we neglect terms in 4m2
µ/q

2?

When writing down the angular expressions we have assumed that:

4m2
µ � q2

This assumption clearly breaks down for q2 < 1GeV2/c4.

Marie-Helene will go into more detail, but this has several
consequences for the angular analysis and the interpretation of
experimental results in the 4m2

µ < q2 < 2GeV2/c4 mass window.

Importantly:
I c1 6= −I c2 and I s1 6= 3I s2

In a SM simulation, the bias on the observables from neglecting
these terms is O(20%).

NB As q2 → 4m2
µ, the angular distribution becomes isotropic and

sensitivity to the “physics” parameters is completely lost.
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S-wave interference

The angular distribution is
based on a narrow width
approximation of the K ∗0. In
reality we consider a
200MeV/c2 mK+π− window.

Can also have contributions
from the tails of higher K+π−

resonances, e.g. K ∗00 (1430), or
non-resosant S-wave K+π−

(supported by data from LASS).

Interference between a P- and
S-wave K+π− system is seen in
B0→ K+π−J/ψ data at the
B-factories.

7

TABLE II: Summary of the measured amplitudes. For decays to χc1, as A⊥ is compatible with zero, its phase is not defined.

Channel |A0|2 |A‖|2 |A⊥|2 δ‖ δ⊥
J/ψK∗ 0.556 ± 0.009 ± 0.010 0.211 ± 0.010 ± 0.006 0.233 ± 0.010 ± 0.005 −2.93 ± 0.08 ± 0.04 2.91 ± 0.05 ± 0.03

ψ(2S)K∗ 0.48 ± 0.05 ± 0.02 0.22 ± 0.06 ± 0.02 0.30 ± 0.06 ± 0.02 −2.8 ± 0.4 ± 0.1 2.8 ± 0.3 ± 0.1
χc1K

∗ 0.77 ± 0.07 ± 0.04 0.20 ± 0.07 ± 0.04 0.03 ± 0.04 ± 0.02 0.0 ± 0.3 ± 0.1 –

J/!

!(2S)

"
c1

0

100

200

300

400

-1 0 1
0

25

50

75

100

-1 0 1
0

25

50

75

100

-1 0 1

0

5

10

15

20

-1 0 1
0

2

4

6

8

-1 0 1
0

2.5

5

7.5

10

-1 0 1

0

10

20

30

-1 0 1
0

5

10

15

-1 0 1
0

2.5

5

7.5

10

-1 0 1

cos#
K*

K
+
$
-

K
s
$
+

K
+
$
0

0

100

200

-1 0 1
0

20

40

60

80

-1 0 1
0

20

40

60

80

-1 0 1

0

5

10

15

20

-1 0 1
0

2

4

6

-1 0 1
0

5

10

-1 0 1

0

5

10

15

-1 0 1
0

2

4

6

-1 0 1
0

5

10

-1 0 1

cos#
tr

K
+
$
-

K
s
$
+

K
+
$
0

0

100

200

300

0 2.5 5
0

20

40

60

80

0 2.5 5
0

20

40

60

80

0 2.5 5

0

5

10

15

0 2.5 5
0

2

4

6

0 2.5 5
0

2.5

5

7.5

10

0 2.5 5

0

5

10

15

0 2.5 5
0

2

4

6

0 2.5 5
0

2.5

5

7.5

10

0 2.5 5

%
tr

K
+
$
-

K
s
$
+

K
+
$
0

FIG. 2: Angular distributions with PDF from fit overlaid. The asymmetry of the cos θK∗ distributions induced by the S-wave
interference is clearly visible.

TABLE III: Difference between the interference terms mea-
sured in B and B decays to J/ψ .

δA4 δA6

(K+π−) 0.002 ± 0.025 ± 0.005 −0.011 ± 0.043 ± 0.016
(K+π0) −0.017 ± 0.047 ± 0.023 −0.051 ± 0.098 ± 0.064
(K0

Sπ+) −0.008 ± 0.049 ± 0.011 0.075 ± 0.089 ± 0.009

which would be the least precisely measured parameter in
separate one-dimensional fits, is strongly anti-correlated
with |A0|2, which would be the best measured. The
one-dimensional (1D) distributions, acceptance-corrected
with an 1D Ansatz and background-subtracted, are over-
laid with the fit results and shown on Figure 2. In con-
trast with the dedicated method used in the fit, for the
plots, we simply computed the 1D efficiency maps from
the distributions of the accepted events divided by the
1D PDF. As in lower statistics studies, the cosθK∗ for-
ward backward asymmetry due to the interference with
the S wave is clearly visible.

Our measurement of the amplitudes of B decays to
J/ψ are compatible with, and of better precision than,
previous measurements. A comparison of neutral and
charged B decays (not shown) yields results consistent
with isospin symmetry. The strong phase difference δ‖ −
δ⊥ is obtained from a fit in which the phase origin is
δ⊥ ≡ 0. We confirm our previous observation that the

strong phase differences are significantly different from
zero, in contrast with what is predicted by factorization.
For B → J/ψK∗, it amounts to δ‖ − δ⊥ = 0.45 ± 0.05 ±
0.02. The presence of direct CP -violating triple-products
in the amplitude would produce a B to B difference in
the interference terms A4 and A6: δA4 and δA6. Our
results (see Table III), with improved precision relative
to Ref. [19], are consistent with no CP violation.

In summary, we have performed the first three-
dimensional analysis of the decays to ψ(2S) and χc1. The
longitudinal polarization of the decay to ψ(2S) is lower
than that to J/ψ , while the CP -odd intensity fraction is
higher (by 1.4 and 1.0 standard deviations, respectively).
This is compatible with the prediction of models of me-
son decays in the framework of factorization. The lon-
gitudinal polarization of the decay to χc1 is found to be
larger than that to J/ψ , in contrast with the predictions
of Ref. [8], which include non-factorizable contributions.
The CP -odd intensity fraction of this decay is compatible
with zero. The parallel and longitudinal amplitudes for
χc1 seem to be aligned (|δ‖ − δ0| ∼ 0) while for ψ they
are anti-aligned (|δ‖ − δ0| ∼ π).

We are grateful for the extraordinary contributions of
our PEP-II colleagues in achieving the excellent luminos-
ity and machine conditions that have made this work pos-
sible. The success of this project also relies critically on
the expertise and dedication of the computing organiza-
tions that support BABAR. The collaborating institutions
wish to thank SLAC for its support and the kind hospi-
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TABLE VI: Values of |A0|2, |A‖|2, |A⊥|2, δ‖ − δ0, and δ⊥ − δ0, for subsamples of the data divided according to decay channel.
The first uncertainty is statistical; the second, when given, systematic. Note that the phases are subject to a two-fold ambiguity
(Eq. (4)).

Sample |A0|2 |A‖|2 |A⊥|2 δ‖ − δ0 ( rad) δ⊥ − δ0 ( rad)
K± π∓ 0.560 ± 0.015 ± 0.005 0.208 ± 0.019 ± 0.004 0.232 ± 0.020 ± 0.005 2.673 ± 0.121 ± 0.052 0.159 ± 0.084 ± 0.048
K0

S π± 0.560 ± 0.028 ± 0.006 0.232 ± 0.034 ± 0.010 0.208 ± 0.034 ± 0.007 2.747 ± 0.220 ± 0.052 0.124 ± 0.174 ± 0.050
K± π0 0.592 ± 0.028 ± 0.013 0.165 ± 0.032 ± 0.011 0.243 ± 0.036 ± 0.009 2.904 ± 0.287 ± 0.090 0.329 ± 0.176 ± 0.066
Total 0.566 ± 0.012 ± 0.005 0.204 ± 0.015 ± 0.005 0.230 ± 0.015 ± 0.004 2.729 ± 0.101 ± 0.052 0.184 ± 0.070 ± 0.046
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FIG. 5: The background-subtracted Kπ invariant mass dis-
tributions for J/ψ Kπ candidates in data.

A. Probing the S–P interference

We use the K±π∓ sample since it is the largest sample
and has the lowest background level. We split this sam-
ple into Kπ mass intervals so that each interval has ap-
proximatly the same number of candidates. Equation (9)
shows that the presence of both Kπ P -wave and Kπ S-
wave amplitudes (i.e. λ != 0 and λ != π/2) implies the
presence of S–P interference. Before fitting the data to
the distribution of Eq. (9), we check for the presence of
such interference effects by evaluating the moments of
the angular functions f8,9,10. The orthogonality of these
functions is expressed by

∫
fi(ω)fj(ω)dω = δijκi (i = 8, 9, 10 ;

j = 1, . . . , 10), (31)

with κ8 = κ9 = 3/40π and κ10 = 3/4π. The moments
are defined by

〈fi〉 ≡
∫

gS+P (ω; mKπ, A, λ)fi(ω) dω, (32)

and are functions of mKπ. Using Eq. (32), we obtain for
i = 8, 9, 10:

2

κ8
〈f8〉 = sin 2λ cos(δ‖ − δS)|A‖|,

2

κ9
〈f9〉 = sin 2λ sin(δ⊥ − δS)|A⊥|,

2

κ10
〈f10〉 = sin 2λ cos(δS − δ0)|A0|. (33)

The behaviour with mKπ of the right side of Eq. (33)
terms in data can be displayed by evaluating, in each Kπ
mass interval, the related moments. Their background-
subtracted, acceptance-corrected distributions are shown
in Fig. 6 for data. They show rapid variation near the
position of the K∗(892), where the phase of the P -wave
changes most rapidly. Similar distributions obtained
from inclusive J/ψ MC samples, in which no interfer-
ence between S and P waves is simulated, show values
of the moments compatible with zero in the correspond-
ing mass range. In addition, the fact that the moments
〈f8〉, 〈f9〉, 〈f10〉 show significant deviation from zero in
the Kπ mass region above 0.8 GeV/c2 is a clear indica-
tion of the presence of an S-wave Kπ amplitude in this
region, interfering with the P -wave amplitudes.

We also note that the cos θK∗ forward-backward asym-
metry

AFB ≡ N(cos θK∗ > 0) − N(cos θK∗ < 0)

N(cos θK∗ > 0) + N(cos θK∗ < 0)

=

√
3

2
sin 2λ cos(δS − δ0)|A0| (34)

is proportional to 〈f10〉 (Eq. (33)). The distribution of
〈f10〉 (Fig. 6(c)) has a mean value of −0.14 ± 0.03 in
the 0.8—1.0 GeV/c2 Kπ mass range, thus indicating a
global cos θK∗ backward trend in the K∗(892) region, as
observed in Fig. 4.

B. Fitting for δS − δ0

The S + P angular distribution (Eq. (9)) is fit to the
data in each Kπ mass interval of Fig. 6 in order to ob-
tain the values of λ and γ = δS − δ0. Separate fits
are performed for the two possible strong phase solu-
tions (Eqs. (29,30)). We fix the P -wave amplitudes to

cos θK

[BaBar PRD 71 (2005)]

[BaBar PRD 76 (2007)]
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S-wave intereference

Based on [Lü & Wang PRD 85 (2012)], introduce a S-wave K+π− by
replacing:

AJ=1
0 L,R cos θK →

1√
3
A0

0 L,R + A1
0 L,R cos θK

- Should we expect A0
0 L,R and A1

0 L,R to have similar (the same) q2

dependence?
- Do we expect a large S-wave contribution where FL is largest?

To simplify the discussion, define:

FS =
|A0

0|2
Γtot.

and AS L,R ∝ |A0
0 L,R ||A1

0 L,R | cos δSL,R

In B0→ K+π−J/ψ , FS ∼ 7− 8% and the interference term is ∼ 20%.
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S-wave interference

The impact of the S-wave interference is felt in two places:

1. It dilutes FL, AFB , AIm and S3.
2. It introduces new terms into the angular expression (FS and AS).

Giving:

d4Γ

dq2 d cos θK d cos θ` dφ̂
/
dΓ

dq2
=

9

16π

[
2

3
FS (1− cos2 θ`) +

4

3
AS cos θK (1− cos2 θ`) +

2(1− FS )FL cos2 θK (1− cos2 θ`) +

1

2
(1− FS )(1− FL)(1− cos2 θK )(1 + cos2 θ`) +

(1− FS )S3(1− cos2 θK )(1− cos2 θ`) cos 2φ̂ +

4

3
(1− FS )AFB(1− cos2 θK ) cos θ` +

(1− FS )AIm(1− cos2 θK )(1− cos2 θ`) sin 2φ̂
]
.

it will also modify the angular distribution associated to I4, I5, I7 and
I8 in a full angular analysis.
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S-wave interference

AFB = −0.18, FL = 0.66, A2
T = 0.3, AIm = 0.07 and FS = 0.07 with 20% interference term.
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Figure 2: The one-dimensional productions for the angular distribution of B0→ K∗0!+!−

with (blue) and without (red) an S-wave component of 7%. The dilution effect of the
S-wave on AFB in cos θl and the asymmetric effect in cos θK can be clearly seen.

The effect of a S-wave on the angular distribution on the angular distribution as a74

function of cos θK , cos θl and φ as illustrated in Figure 2. Here it is possible to see that75

the asymmetry in cos θl, given by AFB, has decreased and there is an asymmetry in cos θK76

from the value of AS.77

5 Effect of an S-wave on the angular analysis78

In an angular analysis of B0→ K+π−!+!− the S-wave can be considered to be a systematic79

effect that could bias the results of the angular observables. The implications of this80

systematic effect are tested by generating toy Monte Carlo experiments and fitting the81

angular distribution to them. The results of the fit to the observables are evaluated for82

multiple toy data sets by examining the expected resolution, the mean and the width of83

the pull distributions.84

The effect of the S-wave is evaluated for two different cases. Firstly, the effect of85

S-wave interference is examined as a function of the size of the data set used. The aim86

of this is to give an idea of the current situation and the possible implications on future87

measurements of B0 → K+π−!+!−. Data sets of sizes between 50 and 1000 events are88

tested. For comparison, the published results from LHCb [9] have between 20 and 20089

signal events in the different q2 bins considered. Secondly, the effect of different levels of S-90

wave contribution is examined. At present, the only information about the S-wave fraction91

is the measurement of 7% in the decay B0 → J/ψ K∗ [7] for 8002 < p2 < 10002( MeV/c2)2.92

As the value may be different in the B0→ K+π−µ+µ−, we consider values ranging from93

1% to 20%. The toy data sets are generated as a function of the cos θl, cos θK , φ and p2
94

using the angular distribution given in Equation ??.95

The parameters used to generate the toy data sets are summarised in Table 2 and96

Table 1. The values of the angular observables used to generate toy Monte Carlo simu-97

lations are taken from the LHCb angular analysis of B0 → K∗0µ+µ− [9]. The nominal98

magnitude and phase of the K∗0
0 S-wave contribution are taken from the angular analysis99

of B0 → J/ψ K∗0 at BaBar [7]. This corresponds to a value of FS of 7% between 800 and100

12

With current statistical precision
an 8% S-wave contribution gives
a significant experimental bias.

We do not yet have enough
statistics to directly measure FS
in the data in a 200MeV/c2

mass window.

significant. 1000 data sets were generated for sample sizes ranging from 50 and 1000109

events and the results are shown in Figure 4. . There is significant mean of the pull

Figure 4: The resolution (left) and pull mean (right) of 1000 toy data sets analysed as a
pure P-wave state as a function of data set size.

110

distribution for all observables when the S-wave is ignored for data sets of more than 200111

events. This corresponds to a change of -0.4σ in FL for a dataset of 200 events.112

Secondly, the angular fit was performed on toy data sets with an increasing S-wave113

contribution. Events were generated with a S-wave contribution in the small p2 mass114

window of (8002 to 10002 MeV/c22
) up to FS = 0.6. The resolution, the mean and width115

of the pull distribution for each of the four observables (AFB, FL, A2,
T AIm) were calculated116

and the results are shown in Figure 5. Significant bias is seen in the angular observable

Figure 5: The resolution (left) and mean of the pull distribution (right) of 1000 toy data
sets analysed as a pure P-wave state as a function of S-wave contribution.

117

for a S-wave magnitude of greater than 5%.118

14

FS
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Fit stability and clean observables from a practical perspective

When we perform a likelihood fit to the distribution of events we see
in the data we are sensitive to the relative contribution from the
different fi (cos θ`, cos θK , φ) terms in:

d4Γ[B0 → K∗0µ+µ−]

dq2d cos θ`d cos θKdφ
+

d4Γ[B0 → K∗0µ+µ−]

dq2d cos θ`d cos θKdφ
=

9

32π

9∑
i=0

Si fi (cos θ`, θK , φ)

→ From an experimental perspective, Si are a natural choice of
observable.

The transverse variables:

- A2
T [Krüger & Mattias PRD 71 (2005)]

- ARe
T and AIm

T [Becirevic & Schneider arXiv:1106.3283]

appear in combination with 1− FL and can be correlated to FL in the
fit. Moreover they become ill defined with FL → 1.

The transverse variables do however have some nice experimental
benefits . . .
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Boundaries in parameter space

We talk about FL, S3 (A2
T ),

AFB (ARe
T ) and AIm (AIm

T )
being observables, but in
reality they are not
independent. They depend
on the same transversity
amplitudes.

e.g. For AFB to be large, A‖ and A⊥ must be large compared to A0 → FL
must be small.

For the angular distribution to remain +ve definite:

AFB ≤
3

4
(1− FL) , AIm ≤

1

2
(1− FL) and S3 ≤

1

2
(1− FL)

NB these are the same transformations needed to go to the transverse
variables (ARe

T , AIm
T and A2

T ).
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ARe
T as an illustration of boundary effects

In the SM A2
T , S9 and A9 ∼ 0 and boundary issues in the fit are

limited to AFB : FL.

To illustrate possible problems
look at ARe

T [Becirevic &
Schneider arXiv:1106.3283].

In the SM ARe
T becomes

maximal around 1− 2GeV2/c4

and again at higher q2.

∴ SM favours values of AFB that sit on the edge of the allowed
parameter space where the numerical approaches adopted by MINUIT

are least stable.
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The meaning of experimental errors

The confidence intervals quoted on the angular observables are
constructed treating the other angular observables as nuisance
parameters.

What does this mean in practice?

- It tells you, for example, that AFB is in the range XX < AFB < YY at
68% confidence level without making any inference on the value of FL.

The intervals may not and in practice are not simultaneously valid at
this confidence level.

- To put it more simply, due to correlations and boundary effects, you
can not recreate the full likelihood from the confidence intervals on the
individual parameters.

The correlations are important for global fits, so how should we make
this information available?

- It’s complicated now with 4 parameters, but will get much worse when
we move to a full angular analysis.
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Zero crossing point of AFB

The LHCb zero-crossing measurement does
not come from an angular analysis. Instead
we fit the q2 distribution of forward and
backward going events.

AFB q2
0 = 4.9+1.1

−1.3 GeV2/c4

Can apply the same technique to other
observables that can be measured using
counting experiments, e.g. S5

[Bharucha & Reece, Eur. Phys. J. C69 (2010)]

From SM MC simulation, expect a similar
precision on the zero crossing point of S5.
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F igure 1: T heoret ical predict ions for AFB , FL and S5 . T he red (continuous) line is the SM , the
blue (dashed) line is the G MSSM , and the purple (dot ted) line is the F B MSSM .

ž General MSSM (G MSSM): Minimal  avour violat ion is not imposed, and generic  avour-
and CP -violat ing soft SUSY-breaking terms are allowed [54]. T he W ilson coe Ž cients we
use are close to the scenario G MSSM I V in Ref. [15], corresponding to large N P contri-
butions to both C eff

7 and C ′ eff
7 allowed by exist ing experimental bounds (see Sec. 4).

T he W ilson coe Ž cients in the above scenarios are given explici t ly in Tab. 6. T he central
values for the distributions of AFB , FL , and S5 are shown in F ig. 1 for the SM , the G MSSM , and
F B MSSM , along with est imates of the theoret ical uncertainties. T he agreement with previous
results is good. T he predominant sources of the uncertainties are the form factors, hadronic
parameters, and quark masses, which are determined as discussed in Sec. 2. We also include the
uncertainty arising from varying the factorizat ion scale, ¼, in the range ¼ 2 [¼=2; 2¼]. T he three
distributions all show signiþcant variat ion for the models considered here, as do the posi t ion or
absence of the zero-crossing points in AFB and S5 in the range q2 2 [1; 6] G e V2 .

4 Constraints

E xperimental results can be used to constrain the N P contributions, denoted C NP
i , to the W ilson

coe Ž cients: we deþne C i = C SM
i + C NP

i . We can then determine possible model-independent
eÞects of N P on B d ! K ∗0¼+¼− . T he most important constraints on the W ilson coe Ž cients
are from the following measurements:

ž Branching Ratio for Bs ! ¼+¼−: T his is used to constrain the possible N P contribution

12

forward-going

SM
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Looking to the future (at LHCb)

Preliminary result from LHCb based
on ∼ 900 candidates in 1 fb−1.

→ Updated to include A9, ARe
T and

AIm
T .

Expect a combined 2011+2012 data
set of 3 fb−1 with ∼ 3000 signal
candidates (assuming no analysis
improvements).

At the end of the year we go into
LS1 of the LHC.
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Looking to the future (at LHCb)

Yields in 1 fb−1:

Yield in q2-bins
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→ expect ∼ 540 candidates in the 1 < q2 < 6GeV2/c4 range

in the 2011+2012 data sample.
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Towards a full angular analysis and open questions

With the combined data set we start to have enough data to
contemplate a full angular fit but:

- What variables do we fit for?

Transversity amplitudes? Si ’s and Ai ’s?
Pi ’s? [Descotes-Genon et al arXiv:1207.2753]

We already know that we expect to see problems fitting for the Si ’s
and Ai ’s due to correlations between the parameters.

- Do we need to take into account the q2 dependence or can we bin in
q2?

- How do we deal with the S-wave interference in a full angular analysis?

- Do we separate B0 and B0 in the fit?

- Could we (and should we) consider fitting for the Wilson coefficients
directly at low q2?
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Towards a full angular analysis and open questions

If we do not parameterise the q2 dependence, should we consider
changing the q2 binning that we currently use?

- Are we better off binning in hadronic re-coil at high q2?

We now have a mess of naming conventions for different observables:

Si and Ai , A
2,3,4
T , ARe

T and AIm
T , Pi ,

H
(1,2,3)
T [Bobeth et al arXiv:1006.5013]].

It could get even worse. For example does it make sense to talk about
CP averages or asymmetries of the Pi ’s? If so what should we call
them . . . ?
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Discussion
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