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The importance of measuring tree-
level γ

2

Constraints from Trees Constraints from Loops
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• Tree level only - no new 
physics

• Crucial for NP sensitivity by 
providing a theoretically clean 
reference. 

• No time measurement, no 
tagging.

KSππ

KSππ

http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B265,172
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Dalitz Plots for γ at Belle&BaBar
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BaBar*  (KSKK + KSππ):
 γ = 76º ±    KSππ only: 22º (stat) ± 5º(sys) ± 5º(mode
l 
BELLE** (KSππ only): γ = 76º+2º–13º(stat) ± 4º(sys) ± 9º(model)

**657M BB events. arXiv:0803.3375, 03/08*383M BB events, arXiv:0804.2089; 04/08

γ = 76o+12o

−13o(stat)± 4o(sys)± 9o(model)
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smaller Q-value involved. The signal purity in the signal
box (±2σ cutoff on mD, where σ stands for the mD reso-
lution) is 97.7% and 99.3%, with about 487000 and 69000
candidates, for D0 → K0

S
π+π− and D0 → K0

S
K+K−.

The Dalitz plot distributions for these events are shown
in Fig. 5, with m2

∓ = m2
K0

S
h∓ and m2

0 = m2
h+h− .
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FIG. 4: (color online). D0 mass distributions after all selec-
tion criteria, for (a) D∗+ → D0π+, D0 → K0

Sπ+π− and (b)
D∗+ → D0π+, D0 → K0

SK+K−. The curves superimposed
represent the result from the mD fit (solid blue lines) and the
linear background contribution (dotted red lines).

FIG. 5: (color online). Dalitz plot distributions for (a) D0 →
K0

Sπ+π− and (b) D0 → K0
SK+K− from D∗+ → D0π+ events

after all selection criteria, in the D0 mass signal signal region.
The contours (solid red lines) represent the kinematical limits
of the D0 → K0

Sπ+π− and D0 → K0
SK+K− decays.

B. Dalitz plot analysis

Three-body charm decays are expected to proceed
through intermediate quasi-two body modes [26] and this
is the observed pattern. We therefore use, as a baseline
model to describe AD(m2

∓, m2
±), an isobar approach con-

sisting of a coherent sum of two-body amplitudes (sub-
script r) and a “non-resonant” (subscript NR) contribu-
tion [27],

AD(m) =
∑

r

are
iφrAr(m) + aNReiφNR , (6)

where we have introduced the notation m ≡ (m2
−, m2

+).
The parameters ar (aNR) and φr (φNR) are the magni-
tude and phase of the amplitude for component r (NR).

The function Ar = FD × Fr × Tr × Wr is a Lorentz-
invariant expression that describes the dynamic prop-
erties of the D0 meson decaying into K0

S
h+h− through

an intermediate resonance r, as a function of position in
the Dalitz plane. Here, FD (Fr) is the Blatt-Weisskopf
centrifugal barrier factor for the D (resonance) decay
vertex [28] with radius R = 1.5 GeV−1h̄c ≡ 0.3 fm,
Tr is the resonance propagator, and Wr describes the
angular distribution in the decay. For Tr we use a
relativistic Breit-Wigner (BW) parameterization with
mass-dependent width [27], except for r = ρ(770)0 and
ρ(1450)0 resonances where we use the Gounaris-Sakurai
functional form [29]. The angular dependence Wr is
described using either Zemach tensors [30, 31] where
transversality is enforced or the helicity formalism [32–
34] when we allow for a longitudinal component in the
resonance propagator (see Ref. [27] for a comprehensive
summary). Mass and width values are taken from [21],
unless otherwise specified.

The complex ππ S-wave dynamics in the D0 →
K0

S
π+π− reaction [35], with the presence of several broad

and overlapping scalar resonances, is more adequately
described through the use of a K-matrix formalism [36]
with the P-vector approximation [37]. This approach of-
fers a direct way of imposing the unitarity constraint of
the scattering matrix, not guaranteed in the case of the
isobar model. The Dalitz plot amplitude AD(m) given
by Eq. (6) is then modified as

AD(m) = F1(s) +
∑

r #=(ππ)L=0

are
iφrAr(m) + aNReiφNR , (7)

where F1(s) is the contribution of ππ S-wave states writ-
ten in terms of the K-matrix formalism,

F1(s) =
∑

j

[I − iK(s)ρ(s)]−1
1j Pj(s). (8)

Here, s = m2
0 is the squared invariant mass of the π+π−

system, I is the identity matrix, K is the matrix describ-
ing the S-wave scattering process, ρ is the phase-space
matrix, and P is the initial production vector (P-vector).
In this framework, the production process can be viewed
as the initial preparation of several states, which are then
propagated by the [I − iK(s)ρ(s)]−1 term into the final
one. The propagator can be described using scattering
data, provided that the two-body system in the final state
is isolated and does not interact with the rest of the fi-
nal state in the production process. The P-vector has
to be determined from the data themselves since it de-
pends on the production mechanism. Only the F1 am-
plitude appears since we are describing the ππ channel.
See Sec. III C for more details.

The decay amplitude AD(m) is then determined from
a maximum likelihood fit to the D0 → K0

S
h+h− Dalitz

plot distribution m in a ±2σ cutoff region of the D0 mass,
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B± → (D0 → Ksπ
+π−)K±

Difference between overall stat precision predominantly due to different fit result for rB

Dflavour 
amplitude

model
+ +

γ = 63o+30o

−28o(stat)± 8o(sys)± 7o(model)
γ = 76o+23o

−24o(stat)± 5o(sys)± 5o(model)

http://arxiv.org/abs/0803.3375
http://arxiv.org/abs/0803.3375
http://arxiv.org/abs/0804.2089
http://arxiv.org/abs/0804.2089
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http://arxiv.org/abs/0804.2089
http://arxiv.org/abs/0804.2089
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Model independent γ fit
• Binned decay rate:

• Binning such that such that ci = c-i, si = -s-i

• Distribution sensitive to ci, si, rB, δ and γ.

• To extract γ from realistic numbers of B 
events need external input from CLEO’s 
quantum-correlated DDbar pairs.

5

Giri, Grossmann, Soffer, Zupan, Phys Rev D 68, 054018 (2003).

    known from flavour-
specifc D decays (e.g. D*)
Ti

i

–i

Γ
(
B± → D(Ksπ

+π−)K±)
i
=

Ti + r2
BT−i + 2rB

√
TiT−i {ci cos (δ ± γ) + si sin (δ ± γ)}

(weighted) average of cos(δD(s12,s23)–δD(s23, s12)) and sin(δD(s12,s23)–δD(s23, s12)) over bin i

δD≡phase of 
A(D→KSππ)

http://www-spires.dur.ac.uk/spires/find/hep/www?eprint=hep-ph/0303187
http://www-spires.dur.ac.uk/spires/find/hep/www?eprint=hep-ph/0303187
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http://www-spires.dur.ac.uk/spires/find/hep/www?eprint=hep-ph/0303187
http://www-spires.dur.ac.uk/spires/find/hep/www?eprint=hep-ph/0303187
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Phase Bins

Optimal binning
Bondar, Poluektov hep-ph/0703267v1 (2007)

• Best γ sensitivity if phase 
difference 

Δδ≡δD(s12, s23)–δD(s23, s12)

 

is as constant as possible 
over each bin.

• Plot shows CLEO-c’s 8 bins, 
uniform in Δδ, (based on 
BaBar model).

7

Optimal binning at CLEO-c
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CLEO-c

• Threshold production of 
correlated DD.

• Final state must be CP-odd,

• ...and flavour-neutral.

• That gives us access to both 
amplitude and phase across 
the Dalitz plot.

8
3

Charm at Threshold

! high tagging efficiency:~22% of D’s
Compared to  ~0.1% of B’s at Y(4S)
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CP- tagged Decays

9
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Tags
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Flavour (hadronic)
4.4k tagged KSππ 
evts, B/(S+B)=3%

CP-even,
470 tagged KSππ 
evts, B/(S+B)=6%

CP-odd,
310 tagged KSππ 
evts, B/(S+B)=4%
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Reconstructed, beam-constrained D mass 
in CLEO-c tag-side data 

(2 example plots, before requiring KSππ on other side)
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si, ci from KSππ vs KSππ
• CP-tagged binned Dalitz Plots sensitive to ci only.

• Simultaneous, binned analysis of quantum-correlated 
Da→KSππ, Db→KSππ pairs gives access to both ci and si:

12

• 420 fully reconstructed 
events, S/(B+S) =90%

• 50 partially reconstructed 
events (ignore one π in 
reconstruction),                 
S/(B+S)=85%

0

S
K

M

0.4750.480.4850.490.495 0.5 0.5050.510.5150.52

0 S
K

M

0.475

0.48

0.485

0.49

0.495

0.5

0.505

0.51

0.515

0.52

-! +! 
S

0
 vs. K-! +! 

S

0
K

 E"

-0.1-0.08-0.06-0.04-0.02 0 0.02 0.04 0.06 0.08 0.1

 E
"

-0.1

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

-! +! 
S

0
 vs. K-! +! 

S

0
K

M(KS) [GeV]

M
(K

S)
’ [

G
eV

]

CLEO-c preliminary, 818/pb



Jonas Rademacker (University of Bristol) for CLEO-c;             CKM 2008, Roma

Adding KLππ

• CLEO-c’s clean environment 
allows the reconstruction of KL 
from kinematic constraints.

• S/(S+B) >90% across all tag-
modes.

• Doubles CP-tagged statistics 
(~800 each KSπ+π–, and KLπ+π–) 

• Adds 1.2k KLπ+π– vs KSπ+π– to 
0.48k KSπ+π– vs KSπ+π–.

13

Overlaying Data (black) and MC 
(red) for missing M2 in KL 

reconstruction in KLπ+π– vs K–π+π0 
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CP-even KLππ ≈ CP-odd KSππ

• Using KLππ significantly enhances statistics.

• However, need a correction O(tan2θC). Model dependence 
enters as an uncertainty on something that is in itself a 
small-ish correction.

• Notation: ci, si from KSππ. ci’, si’ from KLππ. 

Δci≡ci–ci’, Δsi≡si–si’

14
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CP-even KLππ ≈ CP-odd KSππ

15

• Δci from 0.1 – 0.4,   
σsys(Δci) from 0.06 – 0.19 

• |Δsi|from 0.02 – 0.13, 
σsys(Δsi) from 0.07 to 0.14

• Plot compares estimated 
Δci with separate 
measurements in CP-
tagged KSππ, and KLππ 
events.
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Ingredients of combined fit

16
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The Result

• Results of combined fit in terms of ci, si  
in KSππ and ci’, si’ in KLππ.

• Each series of results (black/red) 
contains full information from both 
KSππ and KLππ data, related by Δci, Δsi.
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• Fit errors (include 
σstatistical ⊕ errors on 
Δci, Δsi constraints):                 
ci: 0.04-0.11            
ci’: 0.04-0.14            
si: 0.15-0.23             
si’: 0.16-0.23 

• Systematic errors:  
ci: 0.02-0.06            
ci’: 0.02-0.07             
si: 0.04-0.10             
si’: 0.06-0.10

CLEO-c preliminary, 818/pb CLEO-c preliminary, 818/pb
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Impact on γ
• Replace 7º–9º model 

error on γ from                     
B±→D(KSππ)K± with

σCLEO-input(γ) ~ 1º–2º 

• Significant reduction in 
BaBar/BELLE’s 
systematic.

• Especially important 
for future flavour 
experiments, which will 
be systematics limited.

18

Impact on LHCb’s B±→D(KSππ)K± γ 
result (from Guy Wilkinson’s talk at 
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Summary: CLEO-c’s impact on γ

• CLEO-c’s quantum-correlated D-Dbar pairs give 
model-independent access to ci, si.

• Including KLππ in addition to KSππ significantly 
increases statistics at small systematic cost.

• With CLEO-c 818/pb of data, replace 7º–9º model error 
on γ from  B±→D(KSππ)K± with a statistical error:

 σCLEO-input(γ) ~ 1º–2º  CLEO-c preliminary, 818/pb

• Significant reduction in systematics at BaBar/BELLE

• Crucial for LHCb and LHCb-Upgrade, Super-B.

19
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Backup

20
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Results Table
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Event Yield Summary
• Yields in 818 pb-1, all with    B/S < 0.1:

• flavour-tagged: 12k KLπ+π–,   4k KSπ+π–.

• 517 CP-odd  KLπ+π–           311 CP-even KSπ+π–      
322 CP-even KLπ+π–                471 CP-odd  KSπ+π–               

• 1.2k KLπ+π– vs KSπ+π–,           475 KSπ+π– vs KSπ+π–

• (Note: larger reconstruction efficiency for KLπ+π–, but 
fewer suitable tag modes)

• Nomenclatura trap: Often, esp. within CLEO-c, we refer to “CP-even-
tagged” KSπ+π–. This is KSπ+π– with CP-even D on the OTHER side. So 
that’s a  CP-odd KSπ+π–. In this slide CP refers to the CP of the KSπ+π– 
(not the tag).

22
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List of Tags
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Model dependence on difference 
between ci, si from KLππ, KSππ

24
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Total systematic error on Δci,Δsi
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Systematics Table
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Reconstructed mass in tag modes
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CP-even and odd Ksππ

29
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Flavour- and CP-tagged Ksππ
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Double-Dalitz Dalitz Plots
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KLππ
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Double-Dalitz, KSππ vs KSππ

• Simultaneous, binned analysis of quantum-correlated 
Da→KSππ, Db→KSππ pairs gives access to both, ci and 
si.

• Mij ≡ number of events in ith bin in first Dalitz plot, 
and jth bin in 2nd Dalitz plot (symmetric in i,j)

(apart from detector efficiencies)

• Enough information to extract both ci and si.
33

Mij = TiT−j + T−iTj − 2
√
TiT−jT−iTj(cicj + sisj)

(    known from flavour-specifc D decays)Ti
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MC study: ci and si from Ksππ vs 
Ksππ

• Crosses = input (from 
BaBar Model)

• Dots: Fit results from Toy 
MC study, using Ksππ vs 
Ksππ only.

• Plot also illustrates how 
careful binning insures  
ci2 + si2 ≈ 1.
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Ks pi pi Event Yields

35

data
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Model independent γ fit
• Binned decay rate:

• ci and si: weighted average of cos and 
sine of the strong phase difference 
between       and      , over one bin.

36

Giri, Grossmann, Soffer, Zupan, Phys Rev D 68, 054018 (2003).

Γ
(
B± → D(Ksπ

+π−)K±)
i
=

Ti + r2
BT−i + 2rB

√
TiT−i {ci cos (δ − γ) + si sin (δ − γ)}

    known from flavour-
specifc D decays (e.g. D*)
Ti

AD̄AD

ci ≡
1√
TiT−i

∫ ∣∣AD(m2
12,m

2
21)

∣∣ ∣∣AD(m2
21,m

2
12)

∣∣ cos
(
δ(m2

12)− δ(m2
21)

)
dm2

12 dm2
21

si ≡
1√
TiT−i

∫ ∣∣AD(m2
12,m

2
21)

∣∣ ∣∣AD(m2
21,m

2
12)

∣∣ sin
(
δ(m2

12)− δ(m2
21)

)
dm2

12 dm2
21

http://www-spires.dur.ac.uk/spires/find/hep/www?eprint=hep-ph/0303187
http://www-spires.dur.ac.uk/spires/find/hep/www?eprint=hep-ph/0303187
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ci from CP-tags

• CP-tagged binned Dalitz Plots 
sensitive to ci.

• Number of events in ith bin:

(apart from efficiency corrections)

• For binning with δD(s12)–δ(s34) ~ 
const over bin, ci2 + si2 ≈ 1. 
We’ll use clever binning, but 
don’t rely on this relationship

37

(    known from flavour-specifc D decays)Ti

MCP±
i = Ti + T−i ± 2ci

√
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ci from CP-tags

38

471 CP-odd D→KSππ 
events with 

S/(S+B)=94% 

300 CP-even D→KSππ
events with 

S/(S+B)=96% 
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