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B±→D0(→KS π+π-) K±
Measuring ɣ at LHCb using
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Introducing ɣ and B→DK
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ɣ� = (68+10
�11)

�

B→DK

• This is the least well known CKM phase:

• Use several final states f of the {D0/D0} to:
• increases statistical power
• reduces ambiguities in ɣ result

• Crucial mode: B→{D0 / D0}(→f ) K
• interference between D0→f and D0→f (f = final state)
• tree level ⇒ theoretically clean

• Standard Model CP violation parameterised by CKM phase ɣ

• Improved precision may allow over-constraining of the 
‘unitarity triangle’ shown

Why measure ɣ?

And how?
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• Sensitive to ɣ through interference in D0/D0 decay

However, the D0 decays through 
various resonances...

... and the strong phase 
depends on Dalitz position
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FIG. 2: DP distributions for (a) D0 → K0
Sπ

+π− and (b) D0 → K0
SK

+K− data after all selection criteria, in the signal region.
The gray scale indicates the number of events per bin. The solid lines show the kinematic limits of the D0 decay. The s0 DP
variable is defined as s0 = m2(h+h−). For D0 decays the variables s− and s+ are interchanged.
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FIG. 3: DP projections for (a,b,c) D0 → K0
Sπ

+π− and (d,e,f) D0 → K0
SK

+K− data after all selection criteria, in the signal
region (points). The histograms represent the mixing fit projections. For D0 decays the variables s− and s+ are interchanged.

TABLE III: Summary of the contributions to the experimental systematic uncertainty on the mixing parameters.

Source x/10−3 y/10−3

Analysis biases and fitting procedure (Monte Carlo statistics) 0.75 0.66
Selection criteria 0.47 0.57
Signal and background yields 0.11 0.07
Efficiency variations across the DP 0.37 0.18
Modeling of the DP distributions for misreconstructed D0 decays 0.33 0.14
Modeling of the proper-time distributions for signal and misreconstructed D0 decays 0.13 0.13
Modeling of the proper-time error distributions for signal and misreconstructed D0 decays 0.06 0.09
Misidentification of the D0 flavor for signal and random π+

s events 0.49 0.40
Mixing in the random π+

s background component 0.10 0.08
PDF normalization 0.11 0.05
Misalignment of the detector 0.28 0.83
Total experimental systematic uncertainty 1.18 1.30
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K*(892)→Ksπ-
D0 →KSπ+π- Dalitz plot

• Can take strong phase from a model (but incur model systematic)

• Better: divide data into Dalitz plot ‘bins’ of similar strong phase 
and determine average strong phase elsewhere

• In a single bin, the number of B+(B-) decays depends upon ɣ(-ɣ) ...
... but also on the CP-conserving strong phase which varies
across the Dalitz space

• Need to know average strong phase in a bin i 
(‘ci’ = <cos(δD)>i , ‘si’ = <sin(δD)>i)

⇒ look to CLEO

⇒ model independent

∘ɣ = (77.3     ± 4.2 ± 4.3) +15.1
-14.9⟹ ArXiv: 106.4046

• This approach was employed by Belle to measure ɣ in 2011:

D0 ! K0
S! is a CP-odd eigenstate and has been used as

such in several analyses; see, for example, Refs. [21,22].
The ! ! KþK" resonance is usually defined by a mass
window about the nominal ! mass. Despite its narrow
natural width of 4:26 MeV=c2 [23], the potential contribu-
tions from CP-even final states beneath the ! resonance,
such as D0 ! K0

Sa0ð980Þ and nonresonant D0 !
K0

SK
þK" decays, must be accounted for. Using D0 !

K0
S;LK

þK" decays recoiling against CP eigenstates we

determine the CP-odd fraction of decays, F", in the
region close to the ! resonance. A measurement of F"
allows a systematic uncertainty related to the CP-even
contamination to D0 ! K0

S! decays to be assigned with-
out assuming an amplitude model for the decay D0 !
K0

SK
þK".

This paper is organized as follows. The formalism for
the measurement of the strong-phase difference and F" is
outlined in Sec. II. The choice of Dalitz-plot bins is given
in Sec. III. The event selection is described in Sec. IV.
Sections V and VI present the extraction of the variables
associated with the strong-phase differences and the as-
signment of systematic uncertainties, respectively. The
impact of these results on the measurement of "=!3 is
discussed in Sec. VII, along with the measurement of F".
A summary is given in Sec. VIII. Throughout this article
the D0 ! K0

S#
þ#" and D0 ! K0

SK
þK" analyses are de-

scribed in parallel, but more weight is given to the latter as
it has not been presented previously.

II. FORMALISM

Giri et al. proposed [5] a model-independent procedure
for obtaining !$Dðm2

þ; m
2
"Þ as follows. The Dalitz plot

is divided into 2N bins, symmetrically about the line
m2

þ ¼ m2
". The bins are indexed with i, running from

"N to N excluding zero. Thus, the coordinate exchange
m2

þ $ m2
" corresponds to the exchange of the bins i $ "i.

The number of events ðKiÞ in the ith bin of a flavor-tagged
K0

Sh
þh" Dalitz plot from a D0 decay is then expressed as

Ki ¼ AD

Z
i
jfDðm2

þ; m
2
"Þj2dm2

þdm
2
" ¼ ADFi; (3)

where the integral is performed over the ith bin. Here AD is a
normalization factor andFi is the fraction ofD

0 ! K0
Sh

þh"

events in the ith bin. The interference between theD0 and "D0

amplitudes is parameterized by two quantities:

ci &
1ffiffiffiffiffiffiffiffiffiffiffiffiffi
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p
Z
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2
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2
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The parameters ci and si are the amplitude-weighted aver-
ages of cos!$D and sin!$D over each Dalitz-plot bin.
Though the original idea of Giri et al. was to divide the

Dalitz plot into square bins, Bondar and Poluektov noted
[19] that alternative bin definitions will lead to significantly
increased sensitivity. In particular, one can choose to mini-
mize the variation in !$D over each bin according to the
predictions of one of the models developed on flavor-
tagged data [10–14]. Note that this approach does not
introduce a model dependence in the final result for
"=!3. This result will remain unbiased by the choice of
an incorrect model, but will have less statistical sensitivity
than expected. If we divide the Dalitz plot into N bins of
equal size with respect to !$D as predicted by one of these
models, then in the half of the Dalitz plotm2

þ <m2
", the i

th

bin is defined by the condition

2#ði" 3=2Þ=N <!$Dðm2
þ; m

2
"Þ< 2#ði" 1=2Þ=N ;

(6)

and the "ith bin is defined symmetrically in the lower
portion of the Dalitz plot. The choice of D0 ! K0

S#
þ#"

binning withN ¼ 8 as obtained from the model presented
in Ref. [12] is shown in Fig. 1. A discussion on alternative
choices of binning forD0 ! K0

S#
þ#" and those forD0 !

K0
SK

þK" can be found in Sec. III.
We now describe how CLEO-c data can be used to

determine ci and si. The event yields in the ith bin of
both flavor-tagged and CP-tagged ~D0 ! K0

Sh
þh" Dalitz

plot are required. Because the c ð3770Þ has C ¼ "1, the
CP eigenvalue of one D meson can be determined by
reconstructing the companionDmeson in a CP eigenstate.
With a CP-tagged ~D0 ! K0

Sh
þh" decay, the amplitude is

given by

FIG. 1 (color online). Equal !$D binning of the D0 !
K0

S#
þ#" Dalitz plot with N ¼ 8 based on the model from

Ref. [12]. The color scale represents the absolute value of the bin
number, jij.
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Input from CLEO
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Input from CLEO
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• Cornell University, NY state

• Active ~1980 → 2008

• e+ e- collisions at Ψ(3770) resonance (CLEO-c)

• Bin-by-bin yields of ‘CP-tagged’ DCP→KSπ+π- decays at 
CLEO allow access to required strong phase in each bin

Cornell Electron Storage Ring

The CLEO experiment

D0 ! K0
S! is a CP-odd eigenstate and has been used as

such in several analyses; see, for example, Refs. [21,22].
The ! ! KþK" resonance is usually defined by a mass
window about the nominal ! mass. Despite its narrow
natural width of 4:26 MeV=c2 [23], the potential contribu-
tions from CP-even final states beneath the ! resonance,
such as D0 ! K0

Sa0ð980Þ and nonresonant D0 !
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allows a systematic uncertainty related to the CP-even
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This paper is organized as follows. The formalism for
the measurement of the strong-phase difference and F" is
outlined in Sec. II. The choice of Dalitz-plot bins is given
in Sec. III. The event selection is described in Sec. IV.
Sections V and VI present the extraction of the variables
associated with the strong-phase differences and the as-
signment of systematic uncertainties, respectively. The
impact of these results on the measurement of "=!3 is
discussed in Sec. VII, along with the measurement of F".
A summary is given in Sec. VIII. Throughout this article
the D0 ! K0
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Though the original idea of Giri et al. was to divide the
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[19] that alternative bin definitions will lead to significantly
increased sensitivity. In particular, one can choose to mini-
mize the variation in !$D over each bin according to the
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tagged data [10–14]. Note that this approach does not
introduce a model dependence in the final result for
"=!3. This result will remain unbiased by the choice of
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plot are required. Because the c ð3770Þ has C ¼ "1, the
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reconstructing the companionDmeson in a CP eigenstate.
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FIG. 1 (color online). Equal !$D binning of the D0 !
K0

S#
þ#" Dalitz plot with N ¼ 8 based on the model from

Ref. [12]. The color scale represents the absolute value of the bin
number, jij.
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LHCb steps in
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The LHCb experiment 1/2

7

• Select B±→D0(→KSππ)K± and B±→D0(→KSππ)π±, to use as a control mode
• no CP violation expected in B±→D0π± decay

• so control mode used to find selection efficiency in each bin and ‘correct’  B
±→D0K± bin yields for efficiency effects

Vertex Locator and Si 
strip/straw trackers:
Precision vertexing, tracking 
and momentum resolution

RICH detectors:
Excellent K/π separation over 
large momentum range

Magnet

B+

K+

D0

KS

π+

π-

π+

π-

x
Primary
Vertex

Selection
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• B+, D0 and KS flight distance

Selection
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The LHCb experiment 1/2
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• Select B±→D0(→KSππ)K± and B±→D0(→KSππ)π±, to use as a control mode
• no CP violation expected in B±→D0π± decay

• so control mode used to find selection efficiency in each bin and ‘correct’  B
±→D0K± bin yields for efficiency effects

Vertex Locator and Si 
strip/straw trackers:
Precision vertexing, tracking 
and momentum resolution

RICH detectors:
Excellent K/π separation over 
large momentum range

Magnet

B+

K+

D0

KS

π+

π-

π+

π-

x
Primary
Vertex

• B+, D0 and KS flight distance

• Bachelor RICH info

• Daughter π impact parameter (wrt. PV)

Selection
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• Reconstruct separately where KS decays inside or beyond the precision silicon 
tracker (‘Vertex Locator’)

π π

π
π

‘Decay in VELO’ KS

‘Decay after VELO’ KS

Vertex 
Locator

Sample 1:

Sample 2:

The LHCb experiment 2/2

• LHCb has an impressive ability to reconstruct and make use of both KS types
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Current status at LHCb
• A sub-sample from 2011 LHCb dataset

: e.g. B+→D*0(→D0π0) π- 
or B+→D*0(→D0ɣ) π-

: model the background using 
simulated samples

Ks decays inside 
VELO
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Ks decays after 

VELO
B →Dπ Control mode

B→D0π mode

Partially reconstructed
background decays

: high purity!

LHCb unofficial LHCb unofficial

But of course, we’re interested in B→D0K, so make use of LHCb RICH to suppress B→D0π and find B→D0K...
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B →DK Signal mode

B→D0K mode

Partially reconstructed
background decays

LHCb unofficial LHCb unofficial

Random track 
combinations

B→Dπ faking B→DK

: B±,D0 and KS fly 
: D0 daughters impact param.
: angle between B momentum and
  origin/decay vtx displacement

: achieve only 4% B→Dπ
  misidentified as B→D0K !

Simultaneous fit for B+ and B- (→D0K) yields in all 16 Dalitz bins to find ɣ. But before that...
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Efficiency across Dalitz plot

11

• Correct the B±→D0K± yields in each bin for reconstruction/selection 
efficiency effects which vary across the Dalitz space

Divide B±→D0π± DATA yields (no CPV)... ...by LARGE SIMULATED yields...

÷
...to find the efficiency in each Dalitz bin
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Conclusion
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Next steps
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• Detailed background studies

• Fitter to extract ɣ
• Systematics studies

• e.g. ci, si CLEO uncertainties, PDF shapes used in fit to mass distribution

• Consider simple extension to less abundant B±→D0(→KSKK)K± mode

• 2012: increased integrated luminosity and superior trigger ⟹ higher statistics

Conclusion
• CKM phase ɣ poorly known

• Can access ɣ with very small theoretical uncertainty in B±→D0(→KSππ) K± 

decays at LHCb

• Take information about the D0 decay from the CLEO experiment

• Preparation underway for measurement of ɣ in this mode using LHCb data


