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Abstract

This note describes CLEO-c impact on 7/@3 measurement using a Binned Dalitz analysis for
D® = Kg mtn~. We used the 818 pb~! data sample collected at the ¢(3770) resonance.
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Chapter 1

Model independent approach to
determine ~/¢3

The Dalitz plot analysis of the three-body D (D° or D°) decay from B* — DK?* process
provides today the best measurement of the CKM angle v/¢3

v = arg (—M) .
VeaVy
The unbinned D° — K%r*7~ Dalitz analysis has been implemented by BaBar [1] and Belle [2].
However, the unbinned technique is sensitive to the choice of the model used to describe the
three-body D° decay, which introduce 7° ~ 10° uncertainty on v determination. For LHCb and
future Super-B factories, this uncertainty will become a major limitation. A model independent
approach was introduced by Giri et al. [10] and investigated by A. Bondar et al. [11]. The

model independent approach make use of charm factory data to obtain the missing information
about the D decay amplitude.

1.1 Model Independent Determination of ~
Here we repeat the procedure developed in [10], [11]. The cascade decay,
BT — DK — (Kn nt)pKT, (1.1)

is used to measure the angle,

VudVy,
v = arg <—#> : (1.2)
ca’ ch

Define the amplitudes,

ABT - D'K*) = Ap, (1.3)
A(B+ — DOK+) ABT‘bei((sB_PY), (14)
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Figure 1.1: Binning of the D® — K¢t 7~ Dalitz plot. M? = My, ., M> = M7, _
S S
and
r = mﬁ(gﬁ, (1.5)
y = m%{gﬂ*’ (16)
Ap(z,y) = Ay e
= AD’ — Kir7")
A(DY — KinTr7). (1.7)

Note here we made the assumption that there is no C'P violation in D meson system. The
amplitude for the cascade decay is,

ABY = (K 7" pK*') = AgPp(Ap(z,y) + rBei(‘SBJ’”)AD(y, 7)), (1.8)

where Pp is the D meson propagator. Using the extremely accurate narrow width approxima-
tion for the D meson propagator, we get the expression for the reduced partial decay width:

dl'(Bt — (Ker nt)pK™) =
(A7, + 1BA; . + 2rpRe[Ap(z,y) Ap (y, ©)e” PV dp, (1.9)
where dp denotes the phase space variables.

We partition the Dalitz plot into 2N bins which are symmetric under exchange of x and y,
as shown in Fig. 1.1. The N bins lying below the symmetry axis are denoted by the index ¢,
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while the remaining bins are indexed with 7. Define quantities,

7, = [lap(e.)Pdsdy, (1.10)
G; = /AD@,y)Az(y,x)dxdy, (1.11)

and,
6= = /D VA (1400, )] c05(3ny = )y (1.12)

VIT, ~ VIT Jo,

where d,, and d,, are the phases for Ap(z,y) and Ap(y, z), respectively. The variables ¢;, s;
of the ¢-th bin are related to the variables of the 7-th bin by

|Ap(z,y)||Ap(y, x)| sin(0zy — dy,0)dzdy, (1.13)

Si

C = ¢, S; = —S;, (1.14)

while there is no relation between 7; and 7;. Then,

r+ = / dr(B* — (Ko 1) pK™)
= T, + T%TZ + 2rp\/T;T;[cos(dp + 7y)c; + sin(dp + 7v)sil, (1.15)
r = / dr(B* — (Ko 7+ pKH)

= T+ 15T+ 2rp/T;Ty[cos(6p + 7)e; — sin(dp + 7)s;] (1.16)

In order to express these variables in terms of yields in Dalitz plot, we need to define the number
of events in the i-th bin

K;=ap /|AD(x,y)\2dxdy = apT;. (1.17)
The normalization factor ap is just defined so that

Y Ki=ap) T;=N, (1.18)

where N is the total number of events in the Dalitz plot.
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The number of events in the i-th bin of a Dalitz plot originating from a B™ decay is similarly,
N: = ap [|Ape(oy)Pdsdy
i

- /(IAD(fc, y) | + 15| Ap(y, 2) | + 2rsRe[Ap(z,y) Ap(y, 2)"e 2] dzdy

= a[T; + r3T; + 2rp\/T;Ty([cos(0p + 7)c; +sin(6p + 7)s;)]
= Z—B[Ki + 13 K; + 2rpy/ K K;(cos(0p + 7)ci + sin(6p + 7)s;)]- (1.19)
D

T; can be obtained from flavor tagged D — Kom™r~ decays, and ¢; can be obtained from C'P
tagged D — Ko tr~ decays.

1.2 Phase bins

While the original idea of Giri et al. [10] is to divide the Dalitz plot into square bins, as shown in
Fig. 1.1, Bondar et al. proposed to use model dependent strong phase bins, which will provide
higher sensitivity to the v measurement [11].

In this note, we adapt Bondar et al.’s idea, use uniform Adp bin based on the BaBar
model [1], where Adp = ép (mﬁ{gﬁ, mi{gr) —dp (migﬂ_ : m?(gﬁ)' In the half of the Dalitz plot
mi(gﬁ < mg(gﬂ,, the bin D; is defined by condition

27(i — 1/2)/N < Adp < 27 (i + 1/2)/N, (1.20)

where7 =0,1,2---, N. In the remaining part of Dalitz plot, the bins are defined symmetrically.
Such binning choice with N = 8 is shown in Fig. 1.2. The plot is produced by dividing the
phase space into 1000 x 1000 bins. The Adp is calculated in each point(bin). When counting
the number of events, the Adp for the every single event is calculated based on its M?(gﬁ,
Mf(gr values.

1.3 Determining ¢; from CP tagged K2r"n~ decays
For 9(3770) decaying into a DD pair, since t(3770) is produced through a virtual photon

(CP = +1), if one D meson is detected in a C'P eigenstate, the other D is also a C'P eigenstate
with opposite CP eigenvalue. The amplitude and partial decay width are,

Aops(z,y) = %MD(:C,y)iAD(y,x)L (1.21)

1
drcp:t = (§(Ai,y + A32/,a:) + Am,yAy,z COS(5z,y - 5y,z))dp (122)
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Figure 1.2: §p binning in Dalitz plot for 8 bin case. (The plots are produced by dividing the
phase space into 1000 x 1000 bins. The Adp is calculated in each point(bin).)

Define M;" as the number of events in the i-th bin of a C P-tagged Dalitz plot, then

MF = ai/|A0Pi($ay)|Qd$d?/

- %(Ti + 9Re[G] + T3)

= ;—i(Ki + 26K K, + K). (1.23)
ap
Define
- 2ap M=
ME =007 (1.24)
a+
then,
M = K;+2c/KK; + K, (1.25)
M, = K;—2cVEKK; + K. (1.26)

Add Equation 1.25 and Equation 1.26, we have,

M+ M =2(K; + K;). (1.27)
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Subtract Equation 1.26 from Equation 1.25, we have,

M — M = 4¢;/ K K;. (1.28)
Then,

(M — M7)
4K K;
M;L MZ ) 2(K; +K)
M+ M) AWEKK

)

(
(
(M+ M (z+Kz)
(
(
(

M _) 2V K K;
a_ M+_G+M )(K1+Kf)
a_ M +a, M) 2VKK;

(1.29)
The coefficients, a4, are not known, we need to represent them with known variables. Since,

ME = a:l:/|ACP:t($ay)|2dxdy

i [Acp(z,y)Pdedy

= S:I:B:I: f |A0Pi($,y)|2d$dy,

(1.30)

where Sy is the number of single tags and B is the branching fraction of Kgrm mode in CP

even and C'P odd samples. Note that here all the numbers are already efficiency corrected.
Since T'(D® — CP+) =T(D° — CP—-) (if no mixing), then,

+ _ [ [Acpy(z,y)|*dzdy

— = . 1.31
B- [|Acp-(z,y)|*dady (13
Then,
ay S_|_
— = 1.32
= (1.32)
similarly, we can get,
a4 Sj:
— == 1.33
o (1.33)
where Sy is number of single tags for flavor modes. Then ¢; can be calculated using,
M —M7/S ) (K; + K;
_( z/S-F Z/S)( it Z) (134)

T MT/S, + M7 /S.) 2VKEK,

Equation 1.34 compute ¢; by combining both C'P even and C'P odd samples together. Actually,
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either C'P even or C'P odd samples can determine ¢; separately, from Equation 1.23,

M7 K +2cVEK K + K;

_ 1.
S+ 25, (1.35)

By counting the yields in each bin of the Dalitz plot, we can get MZ-jE and K;/;. Combining
with the tags number of C P modes, we can calculate ¢; according Equation 1.34.

1.4 Determining ¢; and s; from K2rt 7~ vs. Kontn~ decay

Using C'P tagged K27"n~, one can only determine ¢;. Using Kor ™7~ vs. K3 t7r~ data, one
can determine ¢; and s; simultaneously with the mechanism explained below.

When both D (denote as D and D') mesons from the 1(3770) decay into the K377~ final
state, the amplitude and partial decay width are

1
Acorr (37, Y, xla yl) = %(AD (.’L‘, y)AD(yla xl) - AD (xlu yI)AD (y7 ZL')), (136)
_ 2 2 2 2
dleorr = (Ax oAy A AL
QAI,yAy ,wlAyyxAxlyy/ COS[( Ty — 5%;,;) — (555’,3/ — 5yl,zl)])dp. (137)

Define M; ; as the number of events with D in the ¢-th bin and D’ in the j-th bin, then

1
Moy = o [ [ 1400400’ ) ~ Ao(e', ) Aoty ) oy’
1
= 2GJCM,,-(T']j +TT 2\/7}1}T§Tj(CiCj+SiSj))
= ‘; KK + KK — 2K KGR K (cic; + 8:55)).- (1.38)
af

Now we need to figure out what is aeorr/a%.

M = o / Avor (2, y, ', o) Py da’ dy (1.39)
K = ap / Ap (2, y)Pdady (1.40)

On the other hand, if assume 100% efficiency,

[ Ao (2, y, 2, y)IQdﬂcdydw'dy’
/

f\Af|2dpf\AD z,y)[*dzdy
f |AD,D| dp

M = NDDBdoub—NDD (1-41)
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Then,
Georr _ ND,D (f|AD,D de)Q (1 43)
CLQD f |AD,D|2dp (QND,DI‘AdeP)Q
Ap 5l%d
_ f| D,D 2P g (1.44)
ANp ([ |Af|*dp)
1

- - 1.45
4ND,DB?" ( )

1

Mij = 72(KZK5 + Kng — 2\/KinKng(CiCj + SiSj))
’ SND,DB}:

N —

%’Jg’)(Kin + K;K; — 24/ K KKK (cic; + 5i5)), (1.46)

where in the last step, we used Sy = 2N, pB;. Note that M; j,
by double tag efficiencies.

In contrast to C'P tagged analysis, where the sign of s; in each bin was undetermined and
has to be fixed using model assumptions, K277~ vs. Kontm analysis has only a four-fold
ambiguity: change of the sign of all ¢; or all s;. In combination with C'P tagged analysis,
where the sign of ¢; is fixed, this ambiguity reduces to two-fold. One of the two solutions can
be chosen based on a weak model assumption. This approach allows to extract both ¢; and
s; simultaneously without additional model uncertainties. One can use the same binning of
K?%n*7~ Dalitz plot for both CP tagged K3nTn~ strategy and Kor T~ vs. Kor™m~ strategy
to improve the statistical accuracy.

K;, K; etc. need to be corrected

1.5 Make use of D'/D? — K%n*7r~ decay

1.5.1 Klr™n~ and K{n*7~ difference

Though only K277~ is used for 7 measurement by B-factories, K 77—, because of its close
relationship to K27 "7, is useful in improving the ¢;, s; determination. We made use of both
D° — Klrtn~ data and D° — K?7"n~ data in this analysis. Here, we study the difference
between Kyntr~ and K)rtn~.

First, let’s start from the K9 and K? definition,

K%=(K'+ K% /V?2, (1.47)
K9 = (K° - K%/V2. (1.48)

The relative sign between K° and K° components for K2 and K? is different. Apparently, this
makes the CP eigenvalues for K9 eigenstates and K? eigenstates differ by a sign. Since we
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follow the convention A(D® — Klntn~) = A(D® — Kyr 7), then
AD® - Kntn™) = —A(D® — K)n~nt). (1.49)

This will give us a sign change in some of the calculations associated with K77 .

Besides the difference stated above, doubly Cabibbo suppressed decay of D°/D° will intro-
duce a second order differences between Kor™n~ and K?x "7~ Dalitz plot. For the process
D’ — K%ntn~, D° mainly go through K%r+7~, with a small part go through K°r 7~ which
is doubly Cabibbo suppressed. The wrong sign K° decay introduce 180° of difference between
the phase of K2 and K?. For charged K* resonances, this difference change the phase of
all wrong sign K* decay by 180°. For neutral resonances, such as p°, the situation is more
complicated, the difference not only affect the phase, it may also affect the magnitude of the
amplitude. Similar effect has been studied in D°/D° — Kg;n® and D* — Kgyn* decays
[15]. While the internal interfere mechanism of D% — K srmtm™ is not clear, as in D — Kg 7
system, we investigate the difference by varying the amplitude of the resonances of Ko7 7~ to
see how big is the change for the ¢; and s;, which are the values we are after.

1.5.2 CP tagged Kir*r

Let’s denote ¢; and s; for K777~ as ¢} and s!.

The deduction of equations for CP tagged Km ™7~ sample is very similar to that of CP
tagged Kom™n~ sample, which is shown in Section 1.3. The only difference is that there is a
sign change between the two amplitudes in Equation 1.21. Here, we will only quote the final
equaitons for CP tagged Kn 7,

M7 K, F2V/KEK + K;
St 25} '

(1.50)

1.5.3 Kirtn~ vs. Kntn~
The situation for K2ntn~ vs. K)rtm~ is a little bit different from the case of Kor™n— vs.
Kirtn—.

Acorr(z,y, 2"y = %(AD(Kgﬂ' W*)A'D(ngﬂr*)—A'D(KEW“LW*)AD(KgWLW*))

1

= 5 A (E ) Ap( ) + Ap(a', ) Ap(y,2), (1.51)

where A’ is the amplitude for K977~

1
drcorr = 5(142 AIQ,w’ +A321,wA;2’,y’ +

z,y* Yy

2Az,yA;/’$/Ay,J;A,z/,y/ COS[(ém’y - 53/,.’1:) - (5;/’3// - 6:;I,$I)])dp
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Define M; ; as the number of events with D(K3n*7 ) in the i-th bin and D'(K)n*7 ) in the
j-th bin, then

1
M,;; = §aww //\Ab(x,y)AD(y',x')+A'D(x',y')AD(y,x)|2dxdydx'dy'
idj

1
= 5onr (TT; + TT; + 24/ TT;IT (cic + 5:87))
= ‘;CO;“"(KK'+KK'+2,/K KK (il + 5i55))
D
ND ! ! ! !
= 2SS(KK + KK + 24/ K, KG KK (¢ + 5455)). (1.52)
7

All the notations with a superscript ’ are related to K977,

1.5.4 Relations between (c;,s;) and (c}, s})

7,77,

Consider the amplitude for D® — K% 7~ (a Cabibbo-favored decay), and for D° — K% 7~
(a DCSD decay). Then

A(D® = K%rtr ) = %[A(DO ROt )+ A(DY = Kontr), (1.53)
and

AD® = Kot ) = %[A(DO S ROty — A(D° = Kontro)],  (1.54)
thus,

AD® - K%tn™) = AD® — K%rtn™) — V2A(DY — Kontrn™). (1.55)

The decay D° — K%t~ will include final state of the form K*~7t, “p®” K° and “f,” K°,

w 0»

where “p°” stands for 777~ in a L=o0dd state, and “f,” stands for 777~ in a L=even state,
where L is the angular momentum. The decay D° — K°r"n~ will include final states of the
form K* 7=, also “p°” K® and “f,” K°. Thus we write

AD = K'zt7r7) = Z%’Ki*_ﬁ+ + Zajpgf_{o + Zakf,SKO, (1.56)
) J k

and

AD® = K'nta™) = Y KT 4> bt KO+ b UK. (1.57)
% J k
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From this it follows
AD® = Kirtn™) = % Z a; K ~mt + % Z b Kt
+ > (a; +0)p)KS + Y (ar + be) [LKY, (1.58)
J k
and
AD® - Kortn™) = % ;aiKi*_ﬁ“L - % ;biKﬁLw‘

+ D (a5 = b) Ky + ) (ax = bi) f K. (1.59)
i "

So, in going from K3ntm™ to KirTn~
1. The K*~ terms do not change;
2. The K** terms change sign;
3. The p° terms change, from a; + b; to a; — bj;
4. The f, terms change, from ay + by, to ay — by;

If we call the K¥ntn~ coefficients d;, di, then the K)n 7~ coefficients are d; — 2b;, di, — 2by.
With the proceeding as introduction, we are now in a position to compute the difference between
¢; for K3ntm™ and ¢, for K)rtn™.

Though flipping the signs of the K**7~ terms is straight forward, handling the p° and f,
terms is not. We need to determine the change in the ¢;’s when the d;’s are replaced by d; — 2b;,
and the d’s are replaced by dj — 2b,. We know the d;, dj, from the BaBar Dalitz plot fit. But,
we have very limited knowledge of b;, by. Since they are from DCSD, they should be down,
relative to a;, ai, by a factor ~ (VoqVis)/(VesVis) ~ 1/20. But that is about all we know, absent
more theoretical work.

So for each p? in turn, we replace d; with d;(1 — 2re*®), and see how much the ¢;’s change.
Here r is the ratio of DCSD to favored amplitude, which we take to be tan?f¢ (¢ is the Cabibbo
angle), and « is a (totally unknown) phase, which we set it as 0°.

The procedure just described for the p? K9 terms is repeated for the fo K3 terms, with each
dy, replaced with dy(1 — 2re'®).

We start with the BaBar Dalitz plot analysis and make the following changes to Kor ™.

e K* 7t terms unchanged
e Flipping the signs of the K**7~ terms
o All p° fy terms time a same factor 1 — 2re’®, where r = tan?0c ~ 0.0557, o = 0°.

e Non resonant component treated same as p° and f; terms.

The (¢, s;) and (¢, s;) for the BaBar model are shown in Table 1.1.
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Table 1.1: The BaBar model predictions for (c;, s;) and (c}, s).
i i 8; c s

0.769 0.032 | 0.868 -0.002

0.570 0.396 | 0.737 0.332

-0.044 0.765 | 0.283 0.752

-0.570 0.644 | -0.317 0.777

-0.842 -0.152 | -0.765 -0.111

-0.626 -0.574 | -0.406 -0.612

-0.006 -0.766 | 0.410 -0.671

0.410 -0.386 | 0.594 -0.371

CO ~J O Ut i W N =

1.5.5 Model dependence

The corrections we applied are model dependent. It introduces the first systematic error for
the corrections. We choose BaBar model to give us the corrections, while using Belle and
CLEO models to estimate the systematic errors. BaBar and Belle models are fitted from high
statistics samples, while CLEO model is extracted from very low statistics sample. The reason
to include CLEO model is that BaBar and Belle models both include the controversial o’s,
while CLEO model doesn’t. The corrections for different models are shown in Table 1.2. The
largest variation (away from Babar model predictions) is taken as the systematic error.

Table 1.2: BaBar, Belle, and CLEO model predictions for the corrections A¢; = ¢, — ¢; and
As; = s; — s;. The largest deviations from BaBar model predictions are taken as systematic
errors.

ACl ACQ ACg AC4 AC5 ACG AC7 ACg
BaBar 0.099 0.167 0.327 0.253 0.077 0.22 0416 0.184
Belle 0.104 0.16 0.217 0.087 0.03 0.153 0.353 0.189
CLEOIL.V | 0.06 0.143 0.234 0.084 0.111 0.211 0.259 0.17
Sys. 0.039 0.024 0.11 0.169 0.047 0.067 0.157 0.014

Asy Asy Ass As,  Ass Asg As;  Asg
BaBar -0.034 -0.064 -0.013 0.133 0.041 -0.038 0.095 0.015
Belle -0.056 -0.146 -0.031 0.006 0.004 -0.091 0.036 -0.01
CLEO IL.V | 0.032 -0.025 0.083 0.091 -0.02 -0.035 0.081 0.099
Sys. 0.066 0.082 0.096 0.127 0.061 0.053 0.059 0.084

1.5.6 Systematics from p', fy corrections

For all p° and f, type resonances, we have used the same r and o, which are supposed to be
resonance dependent. To estimate the systematic errors, we no longer assume that all p° and
fo have the same values of » and . Rather, we assume they each vary from our “best guess”
(r = tan?6c, o = 0), randomly and independently, according to a Gaussian distribution for r,
with width 0.025 (conservatively take half size of ) and a uniform distribution in o 0 ~ 360°,
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Figure 1.3: Ac; distributions when randomly varying r and « for 100 times.

respectively. 100 samples are calculated and the Ac; and As; distributions are fitted with
Gaussian distributions. The widths of the distributions are taken as systematic error. The
results are shown in Fig. 1.3, Fig. 1.4 and Table 1.3.

1.5.7 Systematics

The sum of the systematics are shown in Table 1.4. In principle, there exists uncertainties for
BaBar model itself, however, this uncertainty is much smaller than the systematics on model
dependence. To avoid double counting the uncertainty on model, this part of uncertainty is
not included.
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Figure 1.4: As; distributions when randomly varying r and « for 100 times.

Table 1.3: Mean and central values for Ac¢; and As; distributions.

mean

width

mean

width

AC1
ACQ
ACg
AC4
AC5
ACG
AC7
ACg

0.105 = 0.001
0.175 £ 0.002
0.334 £ 0.005
0.239 + 0.009
0.043 + 0.004
0.139 + 0.005
0.372 £ 0.003
0.194 + 0.002

0.009 + 0.001
0.016 £ 0.001
0.053 £ 0.004
0.091 + 0.006
0.039 + 0.003
0.050 £ 0.004
0.029 £ 0.002
0.020 £ 0.001

ASl
ASl
ASl
ASl
ASl
ASl
ASl
ASl

-0.033 = 0.001
-0.060 £ 0.002
-0.017 £ 0.001
0.109 £+ 0.005
0.046 + 0.005
-0.005 £ 0.004
0.099 £+ 0.002
0.025 £ 0.002

0.015 £ 0.001
0.018 £+ 0.001
0.014 £+ 0.001
0.049 £+ 0.003
0.051 £+ 0.004
0.038 = 0.003
0.022 £ 0.002
0.018 £+ 0.001
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Table 1.4: Systematic errors for Ac; = ¢, — ¢; and As; = st — s;

Ac;  Acy  Acs Acy  Acs Acg Acp  Acg
Model Depen. | 0.039 0.024 0.11 0.169 0.047 0.067 0.157 0.014
P, fo 0.010 0.018 0.041 0.072 0.037 0.055 0.026 0.018
Sum 0.040 0.029 0.122 0.192 0.061 0.084 0.160 0.024
Asl ASZ ASg AS4 AS5 ASG AS7 ASS
Model Depen. | 0.066 0.082 0.096 0.127 0.061 0.053 0.059 0.084
p, fo 0.011 0.015 0.011 0.044 0.055 0.037 0.018 0.017
Sum 0.068 0.084 0.097 0.136 0.080 0.065 0.063 0.086

1.6 Global fit

The idea for doing a combined fit is shown in Fig. 1.5. There are two sets of ¢;, s; in Fig. 1.5.
(ci, 8i) are associated with K2nt7—, while (¢, s}) are associated with KY7*t7—. Using CP
tagged K2ntr~ and K)7*m~ data, one can determine ¢; and ¢}, respectively. Using K2n+m—
vs. Kortn~ data, one can determine both ¢; and s;. Using K3nt7n~ vs. Klntr data, one
can constrain all the variables, (¢;, s;) and (¢}, s;). There are additional constrains from the
relationship between (¢;, ;) and (s;, s;), which we studied in Section 1.5. Using all the relations
shown in Fig. 1.5, we can perform a combined fit to all the data samples to extract all the

parameters (¢;, s;) and (c}, ;).

0 - 0 - 0 - 0 -
KT tvs. K 1t 11 KgT wvs. K| 10 Tt

CP tags vs. K. T¢ 1t CP tags vs. K? 1" 1t

relationship between (ci, ci’), (si, si’)

Figure 1.5: The idea for the global fit.

In terms of formulas, all the relations are listed below:
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e CP tagged Kntm, from Equation 1.35,

M7 K;+2¢VKK, + K,
St 25§

e CP tagged K¥rTn~
M K[ F2/KK + K]
S+ 25

o Kintr™ vs. KyrTn~, from Equation 1.46,

, 252 (K K + K K -2 KiKJ—KZKj(CiCj + SiSj)),

o Kintr vs. Kdntm—

M= 2 2D KK+ KK 4 24 KKK (cid + 568,
"= 55, G

where M: is the number of CP tagged Kg,L7r+7r_ events in the i-th bin, M; ; is the number of
events with D in the 4-th bin and D’ in the j-th bin, K; is the number of flavor tagged Korm~
events in the i-th bin, S* is the number of CP tags, Sy is the number of flavor tags.

The negative logarithmic likelihood function is constructed as follows:

—2logl = —QZIOgP(Mii’<Mi:t>)(CP,Kg7r+7T_)
—QZlogP (M <M:t>)(CP,K27r+7T_)
—QZlogP i >)(K07r+7r Kmtm—)
—2zlogp TRIYR P

+x2, (1.60)

where P(M, (M)) is the Poisson probability to get M events with the expected number of (M)
events, x2 is the constrain term,

2 _ C — G — Acz 5 — 8 — ASZ
X ‘;( SAG +Z “shs )

where Ac;, As;, 0Ac;, 6As; are calculated in Section 1.5.
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Chapter 2

Data selection & Monte Carlo
generation

All the notations include charge conjugate if not otherwise specified.

2.1 Tagged analysis

The 81848 pb~! (3770) data collected by CLEO-c detector is used for this analysis. We
reconstruct the final states shown in Table 2.1, with 7% — v, n — vy, K% = 77—, and w —
ntr~n% Since K9 and neutrinos don’t leave evidence in our detector, we do not reconstruct
K?%7% and semileptonic single tag modes; they are only included in double tag modes, with the
other D fully reconstructed. We denote C'P even modes, K™K, nt7—, and Kor'7%, by S,;
denote CP odd modes, Ko7° K37, and Kw, by S_. For CP eigenstates, we choose modes
with unambiguous C P content. In addition to two-body decays, we also include K37%7°, which
is a pure C P-even eigenstate because the two identical 7°’s must have even angular momentum
in order to satisfy Bose symmetry.

Table 2.1: D final states reconstructed in this analysis.

Type Final States
Flavored K—7nt, K—ntn’ K—ntntn~
Sy KK, mtn~, Kn%7% KQx0
S K2 Kn, Kw
et K- etv,

The single tags reconstruction are implemented by CLEO-c specific software [6]. DTags are
the standard way of CLEO-c to reconstruct events from tracks and showers and other infor-
mation collected by the detector. The DTag code identifies D-meson by making combinations
of different final state particles. Most common particles used are: 7%, K* K3 «° and 7.
Note K2 is actually detected as a pair of 77~ in the detector, since it only travels a very
short distance before it decays. Different DTags in one single event can be joined together to
form double tags, which fully described the event. The DTag code prevents using common
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constituents (i.e. tracks or showers) in both DTags. The default DTag cuts for tracks and
showers and other related variables are shown in Table 2.2, with details explained below. d, is

Table 2.2: Default selection requirements on DTag object.
DTag requirements
Track quality x? < 10000
hit fraction > 0.5
| cot 0] < 2.53
|Dlmae < 2.00GeV/c
|Dlmin > 0.05GeV/c
|20| < 0.050m
|dp| < 0.005m
Standard PID
70/n x> < 10000
o < 1000
Munconstrained < 1000 GeV/02
Pull Mass < 3.0
Min. Shower Energy = 30/50 MeV
K? x? < 1000
Pull Mass < 3.0
Munconstrained < 1000 GeV/02
DTag object My > 1.83 GeV/c?
|AE| < 0.100 GeV

the signed distance of closest approach of the helical fit to the beamspot in the radial direction
and must be less than 5 mm, while 2z, is the distance of closest approach of the fit to the
beamspot in the direction of the beam-axis and must be within 50 mm. There is a fiducial
requirement that | cot 8| must be less than 2.53, where 6 is with respect to the beam-axis. “hit
fraction” is the ratio of the number of hits used in the fit to the expected number of hits based
on the last layer of the detector recording hits and must be greater than 50%.

The standard PID consists of a number of particle identification requirements which test
the hypothesis for the track being a particular charged particle. For charged kaons, there are
three requirements:

0% —02+Lg— L, < 0, (2.1)
‘O-K‘ S 30:
n, > 3.0, (2.3)

where 0/, is the difference between the expected specific ionization (dE/dx) and the measured
value, L/, is the likelihood variable from RICH information, and n, is the number of photons
associated with the track in the RICH. When the momentum of the track is less than 700
MeV /¢, only dE/dz information is used. Charged pion identification is similar, with K and 7



2.1 Tagged analysis 22

swapped:

02 —o%+L—Lg < 0,
lox| < 3.0,
n, > 3.0.

The pull mass of 7 and n candidates are required less than 3, where pull mass is the
difference between the measured and nominal masses, divided by the resolution (o). The
minimum shower energy for 7° reconstruction is 30 MeV, while for 5 reconstruction is 50 MeV.

Single D candidates are identified using two kinematic variables that express momentum
and energy conservation: the beam-constrained candidate mass M and the energy difference
AE. These variables are defined to be

M = \[B}/ct — %/ (2.7)

AE = Ep — E,, (2.8)

where pp and Ep are the total momentum and energy of the D candidate, and Ej is the beam
energy. Correctly reconstructed D candidates produce a peak in M at the D mass and in AE
at zero.

The main purpose of this thesis is to study the structure of Kg,L7r+7r_ Dalitz decay in
different quantum states. Since D° and D are produced quantum coherently from (3770),
we use one side D to identify the quantum state of the other D, which decays to Kg,Lwﬂr_.
The following double tags are studied in this analysis, grouped in different categories according
the quantum state of the tags.

e Flavor Tags
— K etvvs. Kontn™
— K7t vs. Kd;mrm™
— K ntn%vs. K mhm
— K ntrta~ vs. K2, mhn™
e CP even Tags
— T vs. Kgpmtom™
— KtK~ vs. K ntm™
— Kor7% vs. Kdntm™
— K7% vs. Komtm™
e C'P odd Tags
— Kgn® vs. K mtm™

— Kgnvs. Kg mtm~
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— Kdw vs. Kntm
e Double Dalitz
0+, — |
Kemrn™ vs. Kg m™m

Any modes having a K? or neutrino are reconstructed using a missing mass technique, which
will be explained later.

2.2 Single tags

We determine single tag yields by fitting the M. distribution with the mode-dependent re-
quirements on AF listed in Table 2.3, which are applied to both single tag and double tag D
candidates. The limits are set at approximately three standard deviations. Modes with 7% and
71, which decay to two photons, have asymmetric limits to allow for partially contained showers
in the electromagnetic calorimeter.

For K? candidates, we require |M +,- — MKg| < 7.5 MeV/c?, and we require the decay
vertex to be separated from the interaction region with a significance greater than two standard
deviation (flight significance > 2). We accept w candidates with | M+, — M| < 20 MeV /c%.
Reconstruction of n — 7y proceeds analogously to 7° — ~v. In addition, we require |M,, —
M,| < 42 MeV /2.

For K—nt, KTK~, and 777~ single tag modes, in events containing only two tracks, we
suppress cosmic muons and beam-energy Bhabhas by vetoing tracks that are identified as muons
or electrons and by requiring at least one electromagnetic shower in the calorimeter above 50
MeV not associated with the signal tracks. For KK~ single tag candidates, additional geo-
metric requirements are needed to remove doubly radiative Bhabhas followed by pair conversion
of a radiated photon. Also, we accept only one candidate per mode per event; when multiple
candidates are present, we choose the one with smallest |AFE].

Table 2.3: Requirements on AE for D candidates.

Mode Requirement(GeV)
Kt [AE[ < 0.025
Km0 IAE| < 0.030
K ntntn™ |AE| < 0.020
Kor® 0.071< AE < 0.045
K?2n -0.055< AFE < 0.035
Kw IAE| <0.025
KtK~ AFE <0.020
Tt AFE <0.030
K2n70 -0.055< AE <0.045
Klrtn~ AFE <0.020

Tag side My, distributions are shown in Fig. 2.1 and Fig. 2.2 for Monte Carlo and Data,
respectively. The solid lines show the total fits, and the dashed lines show the background
shapes.
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Figure 2.1: Monte Carlo M, distributions for various tag modes.
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modes are studied using M (7+7 ) mass sidebands in data, while K27%7% and K2w modes are

studied using Quantum Correlated Monte Carlo.
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Table 2.4: Monte Carlo and Data single tag yields. M, is required within 1.860 GeV/c? and
1.870 GeV /2.

Mode Monte Carlo Data

K—rt 1925497.2 +1370.3 144563.4 + 403.1
K—ntn0 3535525.2 +2027.6  258938.0 + 580.6
K ntata~  2821064.8 =1839.3 220831.3 + 540.6

Kr° 88223.8 = 303.3 19058.7 £ 150.1
T 31901.6 4+ 185.4 5950.4 £111.6
KK~ 71991.5 £+ 278.7 12867.1 £125.8
K?2n 10703.0 £129.1 2792.9 £69.4

K%n070 31707.9 + 264.7 6562.3 £130.9
Klw 39880.2 4 224.8 8512.4 £107.1

Table 2.5: Peaking background yields for K2 modes. K2m® and K2%n modes are studied using
M (77 ~) mass sidebands in data, while K27°7% and K9w modes are studied using Quantum
Correlated Monte Carlo, then normalized to Data according number of tags.

Mode MC Data
K30 / 4852 £ 31.7
K?n / 78.7+14.7

KO7070 | 2270.6 +153.2  470.0 £ 31.7
Kow 2167.6 £ 78.2  462.3+16.7

The tag yields are extracted from a fit to the M, distribution. The fit function is Crystal
Ball plus Gaussian for signal and ARGUS function [7] for background.

(I—,ul)z :
: _ |} ep(=57) if z < py + aoy
CB(@: m,o1,ma) = { (n/a)"ep(~0*/2)  if . 1 + a0 (2.9)
(z—p1)/o14+n/a—a]™ = M1 1

Glo s 1) = - exp(— T H)) (2.10)

2
oo 209

ARGUS(z : C,E, €) = Cay 1 — (%)Qexp(ﬂ%ﬁ) (2.11)

The fits were done in two steps. First, we fit the Monte Carlo truth matched single tag
events. Using the result from the first step, we fixed the parameters determining the split of
the yield between Crystal Ball and Gaussian in generic Monte Carlo and data. Then, we did a
second fit to get the yield.

We require 1.86 GeV/c? < M. < 1.87 GeV/c?, the event yields are shown in Table 2.4.

For tags with a K2, there are peaking backgrounds presented in AF and M, distributions.
The peaking backgrounds are from a pair of 7+7~ faking a K. Specifically, for Kor ™7~ tag,
the peaking background channel is 777 77—, for K3n° tag, the background channels are
pt(pt = 7t70)7, p°(p° — 77 )7, and 77 7% The background is about 5% in K2ntm
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tag mode, 4% in K27° tag mode. The K flight significance requirement is utilized to remove
the background. The K¢ flight significance distributions in Monte Carlo are shown in Fig. 2.3.
The distributions for Monte Carlo truth signal are shown in the left column. The distributions
for peaking background are shown in the middle column. The distributions for the background
(except peaking background) are shown in the right column. Various cut criteria are studied
and we choose to require flight significance of K9 greater than 2 in both signal and tag sides.

With the K¢ flight significance requirement, the peaking background has been greatly sup-
pressed, though not completely. The residue peaking background is extracted by doing a fit to
either K2 mass sidebands (K27°, K2n case) or the isolated true background events in QCMC
(K27°7% K3w case). The fit plots are shown in Fig. 2.4 and the yields are shown in Table 2.5.
For K9m% and K2%n modes, the peaking background come from non resonant 7+7~ pair faking a
K?. Using K9 mass sidebands is an effective way to estimate the background. For K377 and
K2w modes, the peaking background components are more complicated. Quantum Correlated
Monte Carlo is utilized to study the peaking backgrounds, then normalized to data according
to the number of tags.

2.3 Double tags

2.3.1 K2r*r~ double tag yields

Tag side AE sidebands are used for tag side background subtraction. The mode dependent AE
sidebands are shown in Table 2.6. For Kor°, K2n, K¢n°7® modes, K§ sideband (12 MeV/c? <
|Mgg — 0.4976] < 19.5 MeV/c?) is also selected for peaking background consideration. For
K2w mode, w mass sideband (30 MeV/c? < |M,, —0.782| < 50 MeV /c?)is used for background
subtraction.

Whether the background is flat for K2w is one concern for using w sidebands. In order to
check this, we produced the M (7+7 7°) mass plots in Fig.2.5. The background in Monte Carlo
is shown as a shaded histogram in the left plot. The background distribution is roughly flat
with a tendency increasing steadily from the low mass region to the high mass region. Using a
low mass sideband and a high mass sideband is safe to cover the discrepancy.

Table 2.6: AFE sidebands selection.

Mode low-side(GeV) high-side(GeV)
K7t -0.075~-0.050  0.050~0.075
K-ntn® -0.080~-0.050  0.050~0.080
K-ntntn~  -0.060~-0.040  0.040~0.060
KO0 20.100~-0.071 _ 0.045~0.100
K?2n -0.100~-0.055 0.040~0.085
Klw -0.075~-0.050  0.050~0.075
KtK~ -0.060~-0.040  0.040~0.060
Tt -0.080~-0.050  0.050~0.080

K2n070 -0.100~-0.055  0.045~0.100
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Figure 2.5: 777 7% invariant mass distributions for K%w tag in Monte Carlo (left) and data
(right), the shaded histogram is background.

In Table 2.7, we show the double tag yields for K3 t7~ vs. various tags, and the expected
background levels, which is estimated from Quantum Correlated Monte Carlo samples.

Table 2.7: Data yields of K2r ™7~ vs. various tag modes and the estimate background level
from QCMC.

Mode Yield B/(S+B)
K7t 1447 1.6%
K-ntrn0 2776 2.5%
K-—ntatn™ 2250 4.4%

mtr~ 62 0.3%
KtK- 124 1.0%
K2n070 56 12.5%
Kor® 189 2.8%
K 39 5.6%
Klw 83 7.2%

The D° — K2n*7~ Dalitz plots and the projections for flavor tagged Kor™n~, CP even
tagged K2nt7—, and CP odd tagged K2m 7~ samples are shown in Fig. 2.6, Fig. 2.7 and
Fig. 2.8, respectively. The Dalitz plots of our flavor tagged K277~ samples are very similar
to the Dalitz plots in [1] and [2]. The quantum correlation shows up in CP tagged Kontm™
samples. In Fig. 2.7, the M?(n*7~) projection has an enhanced K%p peak, while in Fig. 2.8,
the K2p peak vanishes. This is because K3p is a CP odd eigenstate, it gets enhanced in CP
even tagged samples and vanishes in C'P odd tagged samples.
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Figure 2.6: Kgntn~ Dalitz plot and M*(Kgn™), M?*(Kgr~), M?(n*7~) projections in flavor
tagged (D° - K*tn~, D* - K*n~ 7% D% — K*tr~7ntx~) sample.

2.3.2 K)rtn~ double tag yields

Since K? travels through our detector before it decays, it leaves no signal in our detector,
we use missing mass technique to find K2n*7~ . Our procedure is as follows. First, we tag
an event containing a D° (or D), using the decay modes D° — K—7%, D° — K-ntr°,
D —» K—atrtn=, D® — K2x% D° — K%n, D° - KTK~, and D° — nt7~. Then we look
for D° — K9ntm~ (or D° — K97t7~) on the “other side”. We do this by requiring that
the “other side” contain only two tracks, and little else. We applied 7° and n and K9 veto in
the other side, we also have special shower energy requirement in the calorimeter which will
be discussed in a minute. Using the tag D measured momentum, we compute the missing
momentum of the “other side”, and compute the mass from the missing momentum.

Fig. 2.9 show the cosf vs. shower energy scatter plots in MC. “#” is the angle between
shower and the predicted K? direction. The signal events are shown on the left while the
background events are shown on the right. The dashed red line represents the cut we make.
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Figure 2.7: K2ntn~ Dalitz plot and M?*(K2rT), M?(K%r~), M?(r*n~) projections in C'P
even tagged (K™K, 777, Kor'7?) sample
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Figure 2.9: MC cosf vs. shower energy scatter plot when one D is identified as K~ 7" mode,
where 6 is the angle between the shower and the predicted K? direction. Signal events are
shown on the left, background events are shown on the right. Tag side AE, my, cuts applied.

Signal side require only two pions, 7° veto, n veto, missing mass square between 0.21 ~ 0.29
GeV?/c.

Any event with a shower located above the dashed red line is rejected. Note that the red dashed
line extend to the left which is not shown in the plot. This requirement effectively removes the
backgrounds, especially for K27"7~, which is the most significant background. By applying
this cut, the background has been reduced from 15% to 5%. No cut is free, we also lose about
10% signal events.

The Missing mass distributions are shown in Fig. 2.10, Fig. 2.11, solid line is Monte Carlo,
dots are real data, and the shaded histogram is background.

After applying all the cuts, the background of K77~ reduces to 5% level. We separate
the the backgrounds into two categories:
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Figure 2.10: M2, ;.. distributions when one D is identified as K~n* (left), K~7*x® (mid-
dle), K~ntntx~ (right). Solid histogram is Monte Carlo, dots are data, shaded histogram is
background.
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Table 2.8: Data yields of K77~ vs. various tag modes and the estimate background level
from QCMC.

Mode Yield B/(S+B)
K rnt 2858 5.2%
K-ntn0 5130 6.5%
K-rntrta™ 4110 8.2%

I 172 4.3%
KTK- 345 4.4%
KO0 281 6.2%
K a1 8.4%

e K2nt7~, which is about 2%.
e The others, K—n7% K/, K~p*v, p~utv etc..

The reason why Kor™m~ shows up as a peaking background is that we fail to find the 7’s
from K3 — 7°7° decay. Later we subtract this part of background using Kor ™7~ real data
distributions.

In Table 2.8, we show the yields of KY7tn~ vs.various tag modes, and the estimated
background level from QCMC. The D° — K97*7~ Dalitz plots and the projections for flavor
tagged KY7t7n—, CP even tagged KY7+7, and CP odd tagged K?7" 7~ samples are shown in
Fig. 2.12, Fig. 2.14 and Fig. 2.13, respectively. The Dalitz plots of flavor tagged KY7 "7~ sample
looks similar to the Dalitz plots of flavor tagged K2n+7~ sample. The quantum correlation
shows up in CP tagged KY7"n~ samples. The K?p peak gets enhanced in CP odd tagged
sample, while it vanishes in CP even tagged sample. This is opposite to Kor ™7~ since K?p
and K2p has opposite CP eigenvalues.

2.3.3 Kgﬂo VS. Kgﬂ+7r_

We also include K?7° as a CP even tag in this note. K97 is reconstructed by missing mass
technique. First we tag Kgm"n~ in the event, then look for K} missing mass peak in the
rest of the event. After selecting a Kor*m~ tag, we require there are no tracks, only one 7°
in the “other” side, we veto events with extra 7° and 1. We also apply the shower energy
requirement, same as in K77~ reconstruction. The cosf vs. shower energy scatter plot is
shown in Fig. 2.15. Any event with a shower located above the dashed red line is rejected.

The missing mass plot after all cuts is shown in Fig. 2.16. The solid line represents Monte
Carlo, the points represent data, and the shaded histograms represent background in Monte
Carlo. There is a slight shift between data and Monte Carlo, which is due to a minor discrepancy
in our calorimeter simulation at large photon energies [15]. The data yields and estimated
background are shown in Table 2.9. From Monte Carlo study, approximate 6% background is
present. The Dalitz plot and the projections of K27 *m~ is shown in Fig. 2.17.
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Figure 2.12: K27t 7~ Dalitz plot and M?(K%7 "), M*(K2r~), M?(n*7~) projections in flavor
tagged (K 77, K nn° K 777 ~) sample.
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Figure 2.13: K77~ Dalitz plot and M?(K?r"), M?(K%r~), M?(n*x~) projections in C'P
odd tagged (K27°, K2n) sample.
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Figure 2.14: K77~ Dalitz plot and M?*(K?x"), M?(K%r~), M?(n*x~) projections in C'P
even tagged (77—, KTK~) sample.
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Figure 2.15: MC cosf vs. shower energy scatter plot when one D is identified as K~ 71 mode,
where 6 is the angle between the shower and the predicted K? direction. Signal events are
shown on the left, background events are shown on the right. Tag side AE, my, cuts applied.

Signal side require only one 7°, track veto, 1 veto, missing mass square between 0.1 ~ 0.5
GeV?/c.

Table 2.9: K270 vs. K2nt7~ yield and expected background level from QCMC
Mode Data B/(S+B)
Klrtn= 229 5.8%

2.3.4 K e'Tv vs. Kg7r+7r_

The reconstruction technique for K~eTv is same as in [8]. First, we find K3nt7~ tag, then
search for a positron and a kaon. The energy lost by positrons to bremsstrahlung photons is
partially recovered by adding showers that are within 5° of the positron momentum and are not
matched to any other particles. Every possible pair of kaon and positron with opposite charge
is considered, multiple candidates are found rare. Semileptonic decays are identified using the
variable Upiss = Emiss — C|Pmiss|, where Ep;ss and ppjiss are the missing energy and momentum
of the D meson decaying semileptonically. The U,,;,, distributions are shown in Fig. 2.18. The
Upiss distributions shown in log scale (left) and linear scale (right). The shaded histograms are
background channels. The red histogram represents mer, the green histogram represents K*ev,
and the brown histogram represents other backgrounds. Less than 1% background is seen in
Monte Carlo. We require |Up;ss| < 50 MeV, the yields are shown in Table 2.10.

Table 2.10: K e™v vs. Kortn~ yield and expected background level from Monte Carlo
Mode Data B/(S+B)
K-etv 1356  0.55%
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Solid histogram is Monte Carlo, dots are data, shaded histogram is background.
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Figure 2.17: K277~ Dalitz plot and M?(Kor ™), M?(K27~), M?(n*7~) projections in K?7°
tagged sample.
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Figure 2.18: U,,;,s distributions for K~e*v in both Monte Carlo and data. U,,;, distributions
are shown in log scale (left) and linear scale (right). The shaded histograms are background
channels(Red: mev; Green: K*ev; Brown: other backgrounds).
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2.4 Double Dalitz Kgr*n~ vs. Kg mtn~

2.4.1 Using NoPID data

We use K3ntn~ vs. KorTn~ data to extract both ¢; and s;. In order to get more statistics,
we selected KorTm~ vs. KomTm~ events without applying particle identification to the tracks.
And we also don’t apply the flight significance cut to both K%’s. The yield of K3nt7~ vs.
K277~ is shown in Table 2.11. The Dalitz plot and its projections are shown in Fig. 2.19.
Note that the two Dalitz decays are drawn in the same plot since we can’t distinguish these
two processes.
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Figure 2.19: K2n+7~ Dalitz plot M?(K%n "), M?(K%7~), M?(n*x~) projections for Korn~
vs. K2mtm~ sample. The two Dalitz decays are drawn in the same plot since one can’t
distinguish these two processes.

The major background for Kgm 7~ is four charged pion decay. From Monte Carlo study,
most of the background events are due to 7" t7 7~ faking K97 "n~. K2 mass sidebands and
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AFE sidebands are selected to estimate the background level. The first M K9 VS. second M K0
scatter plot is shown in Fig. 2.20. The middle box is the signal region and the adjacent four
boxes are sideband regions. Also shown on the right of Fig. 2.20 is the sideband selection for
AFE, which is chosen to account for the continuum background. The sideband yields are shown
in Table 2.11. The background level is around 9%.
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Figure 2.20: K3ntm~ vs. Kortn~ sidebands selection for background estimation.
Table 2.11: Kor™n~ vs. Kontm~ yield and background estimation.

Yield K9 sideband AFE sideband Background
Data 421 35 7/2 9.1+1.5%

2.4.2 Partial reconstruction

We also reconstruct K3nt7~ vs. K2nTm~ events using partial reconstruction. The strategy
is as follows: First find a K)n "7~ tag in the event, then in the rest of the event, find a K3
and a charged 7w and calculate the missing mass. We require there are only 3 tracks found in
the other side, all tracks should be consistent with pion identification, and one K2 should be
found. We veto events with 7%s and 7’s.

The missing mass square distribution is shown in Fig. 2.21. The solid line is Monte Carlo,
the points with error bars are data, the shaded histogram is Monte Carlo background. There is
a small amount of peaking background shown in the signal region. It is D® — nt7T7~ 7~ after
checking the Monte Carlo truth information. The continuum background is fitted with a 2nd
order polynomial function, as shown in Fig. 2.22. We ignored the peaking background, which
will be subtracted later using Monte Carlo information, in the fit. The yields and background
level for partial reconstruction are shown in Table 2.12.
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Table 2.12: Kortm~ vs. Kontn~ partial reconstruction yield. Note that in the fit, the peaking
background has been neglected. It will be considered later using Monte Carlo.

Yield wfxtr~7~ Other BG B/(S+B)

MC | 556 33 70 18.5%

Data | 54.4 / 8.4 15.4%

Table 2.13: Kont7n~ vs. K¥ntn~ yield and background level estimation from QCMC.
Mode Data B/(S+B)
Kirtn— 867 7.7%

2.4.3 Kintn~ vs. Kirtr

Kortr~ and K 77~ selections are same as before. The missing mass square distribution
when only two tracks are found in addition to a Kor ™7~ tag is shown in Fig. 2.23. Solid line
is Monte Carlo, dots are data, shaded histogram is Monte Carlo background. The yields and
background level are shown in Table 2.13. The Dalitz plot of K377~ is shown in Fig. 2.24,
and the Dalitz plot of K?7" 7~ is shown in Fig. 2.25.

2.5 Signal Monte Carlo generation

2.5.1 Single K2n™r~ generation

The Dalitz decay model of D° — Kgr™n~ in EvtGen has only two resonances, K*(892) and
p°(770). In order to simulate real data better, we made modifications to the Kor™n~ decay
model, using the BaBar fit result [1], which includes 16 resonances. All of the resonances are
parameterized using a Breit-Wigner function except p°(770) and p°(1450). p°(770) and p°(1450)
are parameterized using the Gounaris-Sakurai function [9]. Flavor and CP tagged Korm—
samples are generated. The K2n+m~ CP eigenstate tagged samples are generated according
to the amplitude

fers(z,y) = fo(z,y) £ fo(y, z).

Note here the non resonant part is treated as a scaler particle.
The flavor and C'P tagged K2nt7— Dalitz plots in both data and Monte Carlo are shown
in Fig. 2.26.

2.5.2 Double Kyrtr~ generation

The situation is more complicated for K¢n*n~ vs. Kgntn~ correlated Monte Carlo. We need
to generate the Monte Carlo of D°/DP system according the antisymmetric wave function:

feorr (@ 9,2, y") = fo(z, ) o, 2") — fu(@",y) fo(y, ). (2.12)
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Figure 2.23: Missing mass square distribution for K77~ when one D is identified as K2n 7.

Solid histogram is Monte Carlo, dots are data, shaded histogram is background.

This can’t be realized by modifying an existing EvtGen model since all the models decay D° and
DO separately. Instead, we start from 1(3770), let 1(3770) — (D°, D) — (K3nt7—, K3ntn—)
inside the new model. We make the two step process (1(3770) — (D°, D9), D°/D°® — K3n+n™)
realized in one step. Since D° and D° now only appear as a intermedia state inside the model,
in Monte Carlo tree, only (3770) — (K3nt7—, KorTm~) is shown. All the other things are
same as usual Monte Carlo, the analysis code doesn’t need change.
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Figure 2.24: K2n*7~ Dalitz plot and projections for K3n ™ vs. K?7 "7~ data sample.
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Figure 2.25: K?n*7~ Dalitz plot and projections for Kgnt7~ vs. K¥n*7~ data sample.
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Figure 2.26: K2n 7 Dalitz plots in both data (top row) and Monte Carlo (bottom row) for
flavor tagged sample (first column), C'P even tagged sample (second column) and CP odd
tagged sample (third column).
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Chapter 3

Input Data & Fit

3.1 Efficiencies

The efficiency is defined as the ratio of reconstructed events to generated events in each bin.
Large data sets are generated to calculate the efficiencies.

The K2rT 7~ efficiencies for different tag modes are shown in Table 3.1 and Table 3.2. The
K77~ efficiencies for different tag modes are shown in Table 3.3 and Table 3.4. The events
density is not symmetric in the lower half (Mxoz+ > Mgo,-) and upper half (Mo + < Mgo,-)
for flavor tagged Kg, 7T m~ samples, so the efficiencies for the lower half and upper half are
calculated separately. While for C'P tagged Kg,Lﬁﬂr* samples, the lower half and upper half
are merged together, since the events population is symmetric.

For K97 Tn~ efficiencies, there are some relatively large variations among the bins. We
further investigate this issue by generating phase space Monte Carlo samples, then fitting with
a cubic polynomial function

e(x,y) = 1+ Ex+ Eyy+ Egyzy + E,.z* + Eyyy2 + Emy:cZy + Ewyyxy2
+Ewwwm3 + Eyyyy3a (31)

where z = M?(K°r "), y = M?*(K°r™). The fit results are shown in Fig. 3.1. The efficiency
shape is basically symmetric with the center having the highest efficiency, the two corners
having the lowest efficiencies. The flavor tagged K?7 "7~ Dalitz plot overlay on the 8 bins is
shown in Fig. 3.2. The efficiency for each bin is the weighted average according the events
population. So the efficiencies for flavor tagged and C'P tagged samples are not the same, since
the events populations are not the same.

Before we calculate K3ntn~ vs. K3ntn~ efficiencies, there are some facts about M, ;
(Equation 1.46) which we should know

L. Mi; # M,
2' MZJ = VL

3. Mi,]‘ - Ml,j
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Figure 3.1: K77~ reconstruction efficiency. The efficiency is fitted to flavor tagged Kzt~
phase space Monte Carlo sample with a cubic polynomial function. The center has highest
efficiency, while the two corners have lowest efficiencies.

M(K® 1)

Figure 3.2: Flavor tagged KYr "7~ Dalitz plot overlay on the 8 bins.
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So in the efficiency calculations, we group M;;, M;; in one set, and M;;, M, ; in another set.
K2rtn~ vs. KdrTn~ efficiencies are shown in Table 3.5. K3ntm~ vs. K¥nt7~ efficiencies are
shown in Table 3.6.

3.2 Input Yields & Backgrounds

3.2.1 CP and flavor tagged Kg n"n~ data

We use tag side sidebands to subtract the tag side background. For flavor tags, tag side AE
sidebands are used. For CP tags with a K2 in tag side, both AE and K% sidebands of tag side
are used to subtract the background. The signal and sideband yields of KorTn~ vs. tags in
data are shown in Table 3.7. Some bins have very low statistics in C'P tags. The backgrounds
in signal side, which is very small, will be studied as systematic error. In order to combine
K97% vs. K277 data, we used the total number of D°/D°, calculated from cross section and
luminosity. The luminosity for the full dataset is 818 8 pb~!. We also used the branching
fraction of K}7° from [15], which is Bgo o = 0.998 £ 0.049 £ 0.030 + 0.038%.

In Table 3.8, we show the signal and sideband yields of K97"7~ vs. tags in data. The
sideband yields including both tag side sidebands, which is same as K2n 7~ case, and M2

missing
sidebands, which are 0.15 < M2, . < 0.18 GeV?/c* and 0.32 < M2. . < 0.37 GeV?/c".
missing missing

3.2.2 Kgntn~ vs. K¢ nn~ data

The events from NoPID K2r ™7~ vs. Kor™n~ double tag reconstruction and the events from
partial reconstruction are combined together to do the fit. M ;) 47, and M(; ;) ) yields are
shown in Table 3.9.

There are peaking backgrounds from 7ta~ 77~ faking K3nrtr—. We use Monte Carlo
to study this piece of background. The nt7~7t7~ Dalitz structure is taken from recent
Focus study [19]. The dominant component is the decay D° — a;(1260)T7~, accounting
for 60% of the decay rate. The second most dominant contribution comes from the decay
D% — p(770)°p(770)°, with a fraction of 25%. For the remaining components, we use non-
resonant decay model.

Correlated K2ntn~ vs. Kortm~ Monte Carlo samples are generated with w7 7t7~
background added in. After reconstruction, among 21367 double K377~ yields, the number
of 7w~ 7t~ background is 1296, which is about 6.1% of the toal yields. In Table 3.10, we show
the expected background events, which is normalized from Monte Carlo, in data. This table is
then subtracted from Table 3.9 in the global fit. Other kinds of background are considered in
the systematic study.

K2rtn™ vs. KYntw~ yields in both signal region and sideband region are shown in Ta-
ble 3.11. Note here, we apply the K2 flight significance cut to Kor™m—, so the peaking back-
ground from 4 charged pions is greatly suppressed.

In K77~ reconstruction, there is about 2% peaking background from K7 *7~. In Ta-
ble 3.12, we show K2ntm~ data yields, efficiency of Kom ™7~ reconstruction, efficiency of
K27t 7~ being reconstructed as KY7"n~. From these numbers, we can estimate the back-
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Table 3.1: K)m "7~ reconstruction efficiencies for the 8 bins in flavor tagged samples. The effi-
ciencies for the upper half (Mgor+ < Mgo,-) and lower half (Mgor+ > Mgo,-) are computed

separately.

MKgﬂ- > Mng— MKgﬂ— < MK(SJJF—

K7t Rec. Gen.  Eff. (%) | Rec. Gen.  Eff.(%)
Bin[0] 3094.0 8842.0 35.0£0.5 | 970.0 2736.0 35.5+0.9
Bin[1] 1288.0  3676.0 35.0+£0.8 | 289.0 869.0 33.3£1.6
Bin[2] 2204.0 6028.0 36.6+0.6 | 533.0 1389.0 38.4+£1.3
Bin[3] 592.0 1694.0 34.9+1.2 | 196.0 558.0 35.1+2.0
Bin[4] 1219.0  3428.0 35.6£0.8 | 463.0 1335.0 34.7+1.3
Bin[5] 1564.0  4561.0 34.3+£0.7 | 595.0 1635.0 36.44+1.2
Bin[6] 2050.0 6187.0 33.1+£0.6 | 370.0 1101.0 33.6£1.4
Bin[7] 2257.0 6780.0 33.3£0.6 | 909.0 2626.0 34.6£0.9
K-mtrt Rec. Gen. Eff.(%) | Rec. Gen. Eff.(%)
Bin[0] 5586.0 16562.0 33.7+0.4 | 1805.0 5246.0 34.4+0.7
Bin[1] 2482.0 6987.0 35.5+0.6 | 542.0 1674.0 32.441.1
Bin[2] 4195.0 11370.0 36.9+0.5 | 974.0 2596.0 37.5£1.0
Bin[3] 1151.0  3170.0 36.3£0.9 | 393.0 1053.0 37.3%+1.5
Bin[4] 2255.0 6361.0 35.54+0.6 | 897.0 2495.0 36.0+£1.0
Bin[5] 2791.0 8438.0 33.14+0.5 | 1117.0  3333.0 33.5+0.8
Bin[6] 3964.0 12033.0 32.9+0.4 | 720.0 2059.0 35.0£1.1
Bin[7] 4273.0 12846.0 33.3x0.4 | 1807.0 5363.0 33.7£0.6
K-mtntr= | Rec. Gen. Eff.(%) | Rec. Gen. Eff.(%)
Bin[0] 4222.0 12624.0 33.4+0.4 | 1393.0 3980.0 35.0+0.8
Bin[1] 1805.0  5331.0 33.9+£0.6 | 404.0 1278.0 31.6+1.3
Bin[2] 3085.0 8716.0 35.4+0.5 | 732.0 2004.0 36.5£1.1
Bin[3] 855.0  2343.0 36.5£1.0 | 304.0 842.0 36.1+1.7
Bin[4] 1662.0  4835.0 34.4+0.7| 639.0 1932.0 33.1%1.1
Bin[5] 2209.0 6530.0 33.840.6 | 799.0 2342.0 34.1£1.0
Bin[6] 2956.0 8917.0 33.2+0.5 | 519.0 1575.0 33.0£1.2
Bin[7] 3181.0 9724.0 32.7£0.5 | 1323.0 3877.0 34.1£0.8
K-etv Rec. Gen. Eff.(%) | Rec. Gen. Eff.(%)
Bin[0] 9427.0 49020.0 19.240.2 | 3000.0 15549.0 19.3+0.3
Bin[1] 4176.0 20910.0 20.0+0.3 | 1015.0  5235.0 19.4£0.5
Bin[2] 6910.0 33452.0 20.74+0.2 | 1738.0  7848.0 22.1£0.5
Bin[3] 1970.0  9452.0 20.8£0.4 | 653.0 3156.0 20.7%0.7
Bin[4] 3802.0 18982.0 20.04+0.3 | 1471.0 7466.0 19.7£0.5
Bin[5] 4761.0 25072.0 19.0+0.2 | 1811.0 9305.0 19.5+0.4
Bin[6] 6694.0 34863.0 19.24+0.2 | 1222.0 6169.0 19.8+£0.5
Bin[7] 7135.0 37893.0 18.84+0.2 | 2888.0 15137.0 19.1£0.3
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Table 3.2: Kor™n~ reconstruction efficiencies for the 8 bins in C'P tagged samples. Note here
the column labeled with K?7° is the double tag efficiency.

Bin

K%WO

KTK~

ntr~

Km07°

Kgn®  Kgn

0
Kgw

0

N O Otk W N

15.1+0.2
15.2+0.3
16.4+0.3
15.7£0.4
15.5+0.3
14.44+0.3
14.74+0.3
14.8+0.2

34.1+0.6
34.5+0.8
36.5+0.5
34.9+0.7
35.7+0.4
34.1+0.4
33.0+0.5
34.0+0.5

33.3+0.9
35.9£1.2
37.2+0.7
36.3£1.0
34.5+0.7
33.4+0.6
33.1+0.7
35.4+0.8

31.0£0.9
34.0+1.2
34.0+0.7
33.1£1.0
33.3£0.6
31.6£0.6
31.0+0.7
33.4+0.8

33.6+£0.3 32.0£0.7
34.1+0.4 32.4+1.2
36.7+£0.4 34.9+1.2
34.7+£1.1 34.3£3.0
34.7+£1.1 31.842.8
32.840.7 30.4%+1.8
33.4+0.4 30.9£+1.2
33.2+0.3 31.940.9

33.3+0.4
33.8+0.7
34.3+0.7
34.1+£1.7
33.0+1.7
33.2£1.1
32.2+0.7
33.24+0.5

Table 3.3: KY7™7~ reconstruction efficiencies for the 8 bins in flavor tagged samples. The effi-
ciencies for the upper half (Mgo,+ < Mgo,-) and lower half (Mgo+ > Mgo,-) are computed

separately.
K-t K-ntm® K-rmtrta=
Bin | Lower half Upper half | Lower half Upper half | Lower half Upper half
0 65.6+0.7  68.7+1.1 64.3+0.5  65.1+0.8 59.9+0.6  58.2+1.0
1 65.6+1.1 64.7+2.0 58.3+0.9  60.9+£1.5 52.6+1.0  55.1+£1.8
2 64.5+0.8  64.1£1.8 59.4+0.6  60.8£1.3 55.7+£0.7  58.9£1.5
3 68.1+1.5  65.842.9 59.9+1.1 60.8+2.1 54.5+1.3  57.7£2.4
4 62.4+1.2  63.0£1.9 58.6+0.9  62.2+1.4 55.7+£1.0  52.1+£1.7
5 68.0+1.0  61.4+1.7 | 64.4+£0.7  58.94+1.3 59.1+0.9  54.1+1.4
6 62.2+0.8  66.0£1.8 | 62.1£0.6  59.7+1.4 54.6+0.7  54.8+1.6
7 65.2+0.8  64.1+1.2 61.1+£0.6  62.6+0.9 55.6+0.7  58.6+1.0

Table 3.4: KY7T 7~ reconstruction efficiencies for the 8 bins in C'P tagged samples.

Bin | KTK~

I o

0.0
Kgm

Kgn

0

N O T W N

65.2+0.4
61.0+0.7
65.0+0.6
67.4+1.3
61.6£1.5
68.1+0.9
63.3+0.6
63.9+0.5

66.6+0.6
61.3£1.0
64.5+0.9
69.9£1.9
64.8+2.3
69.0+£1.4
63.0+0.8
65.6+0.7

70.9£0.5
58.9£0.7
60.2+0.4
62.6£0.5
59.8+0.4
63.2+0.3
61.4+0.4
65.6+0.4

70.4£1.5
03.8+2.1
99.0£1.1
60.3£1.5
58.9£1.0
61.1£1.0
06.8+£1.1
67.0£1.2
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Table 3.5: Kdntn~ vs. Kdntn~ M j) a7, and M 5 ;) efficiencies, respectively. All numbers
are in percentage.

)

i/j 0 1 2 3 4 5 6 7
0 | 17.3%0.4

1 | 16.340.3 15.040.8

2 | 16.840.2 16.4+0.4 18.5+0.6

3 | 17.5+£0.3 15.740.5 18.840.7 20.5+2.4

4 | 159402 15.040.3 16.14£0.3 16.940.7 15.7+0.9

5 | 16.04£0.2 15.0+0.3 16.3+0.2 16.3+0.5 16.6+0.5 16.2:£0.7

6 | 16.7+£0.2 16.0+0.3 16.3+0.2 17.0+0.4 15.840.3 16.140.4 16.14+0.6

7 | 16.540.2 15.940.3 16.1+0.2 16.4+0.3 15.5+0.2 15.740.2 16.5+0.3 16.2+0.3
i/j 0 1 2 3 4 5 6 7
0 | 16.4£0.2

1 | 16.240.2 15.840.4

2 | 16.6+0.1 15.9+0.2 16.0+0.2

3 | 16.9+0.2 16.14£0.4 16.8£0.3 16.8+0.8

4 | 15840.2 15.5+0.3 15.940.2 16.5+0.5 15.5+0.5

5 | 16.3+0.1 15.5+0.2 16.6+0.2 16.8+0.5 16.0+0.3 16.0+0.3

6 | 16.7+£0.1 16.0+0.2 16.5£0.2 16.6£0.4 15.9+0.2 16.240.2 16.040.2

7 | 164402 16.1+0.2 16.6+0.2 16.5+0.3 15.7+0.2 15.8+0.2 16.240.2 16.440.2

Table 3.6: K¢ntn~ vs. K{ntn™ M j),a7, and M ;) qj) efficiencies, respectively. All numbers
are in percentage.

i/j

0

1

2

3

4

5

6

7

20.7+0.3
21.0+0.5
22.3+0.5
23.2+1.3
23.1£1.2
22.0+0.8
20.1+0.5
21.1+0.4

19.4+0.5
20.3+0.8
21.3+0.8
19.7£1.7
20.4+1.7
20.6x+1.5
21.1+11
19.8+0.6

19.5+0.5
20.240.7
21.440.6
20.8£1.0
19.7£1.0
19.3£1.0
21.0+1.1
20.5+0.6

19.8+1.0
20.7+1.4
23.1£1.0
21.0£1.7
24.3+1.3
18.7£1.4
19.24+1.8
21.4+1.3

19.4+1.0
19.2+1.4
22.6+0.9
21.7+£1.3
21.84+0.8
19.6+0.7
19.0£0.8
20.0£0.8

22.2+0.7
24.6+1.3
22.44+1.0
24.3+1.5
20.4£0.7
20.0+0.6
20.2+0.6
20.4+0.6

19.24+0.5
21.2+0.9
24.7+1.1
23.0+2.1
20.5+0.9
19.3£0.7
19.14+0.6
20.1+0.5

20.3+0.4
21.24+0.6
21.1+0.6
23.7+1.5
19.6+0.8
20.4+0.6
19.6£0.5
20.8+0.4

0

1

2

3

4

5

6

7

Vo ukrwwHROoOEuvuo vk ko= O

20.8+0.3
22.3+0.4
23.0+0.4
23.2+0.9
23.3+0.7
20.3+0.5
20.0+0.4
20.8+0.3

19.0+0.4
21.240.7
21.0+0.7
17.7£1.4
21.1+1.0
19.5+0.7
19.0+0.6
19.3£0.5

20.4+0.3
20.44+0.6
22.5+0.5
23.0+1.1
20.5+0.6
19.44+0.5
19.6+0.4
19.9+0.4

20.5+0.7
21.3£1.2
22.6£1.0
19.6+1.6
21.5£1.0
20.0+£0.8
22.1+0.7
20.44+0.7

21.5+0.7
20.0+0.9
20.5+0.6
22.1+1.1
19.5£0.7
19.24+0.6
20.3£0.6
19.1+0.7

22.0£0.5
23.1£0.7
22.6+0.5
21.1+0.9
20.2+0.6
21.0£0.7
19.8+0.6
21.3+0.6

20.4+0.3
21.0+0.5
21.74+0.4
20.5+0.8
21.0£0.7
20.0+0.6
18.8£0.5
19.6+£0.4

20.1+0.3
21.1+0.5
22.24+0.4
22.74+0.8
20.9+0.7
20.9+0.6
21.0£0.5
19.7+£0.4
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Table 3.7: Data yields of both signal and sideband K277~ vs. flavor tags, CP even, CP odd
tags in each bin. For flavor tags, the yields in lower half (first row) and upper half (second row)
Dalitz plot are shown separately, while for C P tags, they are summed.
Tag Mode | Bin(1) Bin(2) Bin(3) Bin(4) Bin(5) Bin(6) Bin(7) Bin(8)
K7t 237/2  96/1 167/2 58/0  70/1 93/0 155/0 187/2
93/0  30/0  45/0 18/0  36/0 33/0 23/0  97/1
K-7ntm® 452/7 196/1 318/6 111/1 162/1 217/1 291/5 314/7
137/4  43/1 87/3  31/1 74/3  66/2  59/0 172/3
K-ntrtr= | 325/5 150/1 298/2 90/2 132/1 136/2 245/3 261/8
123/1  52/1 63/2 31/0  68/0 57/2  47/0  136/2

K¥K- 9/0  7/0 19/1 10/0 26/1 18/0 18/0 150
mtn g8/0 2/0 7/0 5/1 9/1 15/0 10/0  4/0
K00 3/0  1/0  12/0  4/0  12/0  9/0  4/3  8/0
K070 19/0  10/0  37/0 20/0 43/0  37/0 24/0  39/0
K070 59/1 25/0 27/1  4/0  3/0  5/0 23/1 39/0
K 13/0  3/0  7/0 2/0 0/0 0/0 5/0  9/0
K% 22/3 6/0 12/1 3/0 0/0  3/0  8/2  23/0

ground yields, which are shown in the last column in Table 3.12. Using the expected peaking
background yields, according the distribution of K27 +7~ in the 8 bins, we get the peaking back-
ground yields in Table 3.13 and Table 3.14. These two tables are used in peaking background
subtraction.

Table 3.8: Data yields of both signal and sideband K?7*7~ vs. flavor tags, CP even, CP odd
tags in each bin. For flavor tags, the yields in lower half (first row) and upper half (second row)

Dalitz plot are shown separately, while for C' P tags, they are summed.
Tag Mode Bin(1) Bin(2) Bin(3) Bin(4) Bin(5) Bin(6) Bin(7) Bin(8)

K-t 469/23 164/8 319/15 104/7 161/3 230/9 294/0  326/9
172/13  63/3  91/11  42/2  96/5  80/5  62/2  177/8
K- ntn® 910/38 299/23 522/22 176/16 264/14 405/15 531/12 617/24

318/23 115/8 186/21 64/13 145/16 148/12 110/10 299/24
K-ntntn- | 664/32 240/16 446/27 155/11 235/9 205/9 439/12 510/13
272/23  91/8 157/12  61/7  108/7 94/13  98/7  232/15

K¥K- 111/4  38/2 45/1  12/2  11/1  13/1  52/0  62/3
Ak 47/3  23/1  25/0  5/1 5/0 8/0  22/0  37/1
K070 34/6  14/2  38/2  18/2  62/3  49/2  34/3  31/3

Ko 4/1 0/0 9/0 7/1  10/0  5/1 3/0 2/0
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Table 3.9: K¢rtn~ vs. K¢ntn™ M j),a7), and M 5 a5 vields in data.
Mipop]l 01 23 4 5 6 7

0 3

1 1 1

2 8 4 3

3 3 2 1 1

4 7 3 6 1 0

) 11 3 9 1 5 1

6 5 2 6 2 3 5 1

7 12 3 12 4 8 8 3 7
M(i,j),(i,j) 0 1 2 3 4 5 6 7

0 16

1 6 1

2 27 8 10

3 8 0 8 1

4 8 7 9 2 1

) 6 2 3 1 2 2

6 6 4 9 7 5 8 12

7 13 5 14 5 15 19 15 11

Table 3.10: Expected background yields from D° — 7t7~nt7~ in K3rtn~ vs. Komtm~

events.

Maipen] 0 1 2 3 4 5 6 7

0 1.06

1 145 0.33

2 171 044 0.12

3 1089 030 027 0.12

4 1.51 0.56 0.89 0.30 0.15

5 1.69 0.80 0.47 0.24 0.68 0.24

6 174 0.77 035 0.89 0.65 0.62 0.41

7 1.60 1.54 1.69 041 124 0.86 1.09 0.30
Mapap| O 1 2 3 4 5 6 7

0 1.06

1 0.44 0.12

2 0.71 0.30 0.30

3 018 015 0.12 0.03

4 027 024 012 012 027

5 0.44 015 024 009 0.15 0.12

6 059 024 027 003 030 018 0.15

7 1.01 056 0.33 0.8 024 027 033 047
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Table 3.11: Kyntn~ vs. Kjntn~ M )07, and Mg j @) vields in both signal region and
sideband region in data.
Mopen] 12 3 4 5 6 7 8
0 31/3 3/1 18/2 2/1 4/0 1/0 12/1 28/2

O Ul W~ O

1 8/1 6/1 3/0 0/0 1/0 2/0 6/0 3/0
2 19/2 6/3 16/0 5/0 2/0 0/0 3/0 18/0
3 4/0 1/0 3/0 0/0 4/1 1/0 3/0 2/0
4 3/0 0/1 11/0 6/1 9/1 7/0 6/0 6/0
5 2/0 3/0 8/0 4/1 6/0 6/0 4/0 60
6 20/0 4/0 3/1 2/0 7/1 6/0 5/1 14/0
7 35/2 10/1 9/1 4/0 3/0 7/0 9/1 33/2
M) 1 2 3 4 5 6 7 8

60/2 13/2 37/1 5/0 8/1 10/0 22/1 25/1
9/0 10/0 4/0 2/1 7/1 4/0 11/0 13/0
22/0 15/1 18/0 4/0 7/0 7/1 13/1 22/0
9/1 3/2 4/0 4/0 6/0 5/1 8/0 3/0
7/1  0/0 6/0 8/0 11/1 5/0 5/0 5/0
17/2  3/0 13/1 3/0 7/0 10/0 11/0 6/0
23/1 10/0 15/2 4/0 7/0 7/0 9/0 17/0
33/0 5/0 12/1 7/1  7/0  8/0 10/0 20/1

Table 3.12: K77~ peaking background (K97"7~) estimation. The “Yields” column show
K2ntr— data yields vs. different tag modes. “¢” is the efficiency of Kor ™7~ reconstruction.
“exontn-" is the efficiency of Kgm*m being reconstructed as Kpn*7 . “Expect BG.” is the

expected K2m 7~ background events in KY7"7~ reconstruction.

Tag Yields € €xoqtr- Expect BG.
Kt 1438 0.348  0.011 44.3
K ntql 2730 0.344  0.011 84.7
K ntrtn— | 2218 0.340 0.012 78.1
KtK~ 122 0.347  0.011 3.7
T 60  0.347  0.011 2.0
K2r® 186  0.340  0.011 6.3
K?n 39 0323 0.010 1.3
Klntr™ 383 0.145  0.008 21.7
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Table 3.13: Expected K77~ peaking background yields from K277~ events that pass the
K7t 7~ selection.
Tag 0 1 2 3 4 ) 6 7
K7t 842 193 4.17 1.70 2.94 348 5.33 5.41
1.93 1.08 0.77 0.62 1.16 0.62 1.55 2.63
K 7ntq0 1444 4.76 6.40 2.11 398 7.26 11.78 12.33
570 1.56 1.56 1.40 2.03 3.28 1.64 3.90
K-ntntnx~ | 13.33 518 6.71 2.12 3.65 7.64 9.85 10.53
476 1.02 221 085 1.19 263 1.87 3.74

KK~ 035 0.24 0.52 0.20 049 063 0.71 0.55
Tt 0.16 0.0v 0.25 0.08 0.37 034 0.38 0.30
Kor® 2.16 0.52 0.60 0.13 0.10 0.41 0.83 1.46
K2n 0.47 0.08 0.15 0.07 0.01 0.12 0.12 0.20

Table 3.14: Expected Kortn~ vs. K¥nt7~ background yields from Kym 7~ events that pass
the K27t 7~ selection.
il 0 1 2 3 4 5 6 7
0 [0.20 0.06 0.20 0.09 0.17 0.28 0.21 0.23
0.12 0.01 0.02 0.02 0.06 0.13 0.11 0.08
0.29 0.05 0.04 0.03 0.12 0.19 0.28 0.24
0.12 0.03 0.03 0.00 0.03 0.05 0.08 0.11
0.21 0.09 0.13 0.01 0.01 0.03 0.10 0.19
0.30 0.12 0.14 0.03 0.03 0.04 0.10 0.17
0.20 0.10 0.16 0.04 0.08 0.07 0.06 0.13
0.28 0.10 0.23 0.08 0.16 0.19 0.15 0.22
0 1 2 3 4 ) 6 7
0.38 0.19 0.35 0.13 0.27 0.38 0.42 0.46
0.20 0.09 0.17 0.09 0.12 0.15 0.18 0.18
0.50 0.20 0.33 0.10 0.15 0.20 0.26 0.34
0.22 0.04 0.10 0.02 0.05 0.06 0.08 0.10
0.34 0.14 0.12 0.02 0.07r 0.12 0.17 0.34
0.41 0.11 0.17 0.04 0.06 0.22 0.28 0.44
0.48 0.18 0.18 0.08 0.15 0.23 0.33 0.39
0.44 0.11 0.26 0.11 0.22 0.38 0.45 0.34

SO TR W - OR[N o Ot W
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Figure 3.3: The difference between Monte Carlo output and input values for 8 Adp bin case.

3.3 Monte Carlo Test

3.3.1 CP tagged Kin"n~ Monte Carlo test

Using the generated flavor and C'P tagged Monte Carlo samples, we can test our procedures
for ¢; calculation. We count the number of events in each bin of generated flavor tagged, C'P
tagged Monte Carlo samples, then plug all the efficiency corrected numbers into the following
formula (Equation 1.34)

(M /S, — My /S-) (Ki + Ki)
(M;"/Sy + M; /S-) 2VEKEK;
The Monte Carlo test results are shown in Table 3.15. In Fig. 3.3, we show the difference

between the output values and the input values. The output values agree with input values
pretty well.

(3.2)

C; =

Table 3.15: C'P tagged Kortm~ MC test for ¢; calculation.
Input ¢;, MC Output o off
c1 0.769  0.756+0.017 -0.762
Co 0.570  0.60240.032 1.006
c3 -0.044 -0.06440.030 -0.656
Cq -0.570 -0.580+0.050 -0.205
Cs -0.842 -0.88740.031 -1.464
Co -0.626 -0.63240.032 -0.198
cr -0.006  0.021+0.038 0.715
Cs 0.410 0.43440.022 1.092

3.3.2 Kirtn~ vs Kirtr~ Monte Carlo study

Using correlated Kortm~ vs. K2nt7~ Monte Carlo samples, we extract both ¢; and s;.
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Table 3.16: Fitted c¢; and s; central values for generator level Monte Carlo.
Input Output Diff Input Output Diff
¢y | 0.769 0.767 + 0.003 -0.002 | s; | 0.032 0.043 + 0.004 0.011
co | 0.570 0.570 4+ 0.006 -0.000 | so | 0.396 0.400 £ 0.007 0.004
cs | -0.044 -0.049 4+ 0.005 -0.005 | s3 | 0.765 0.753 £+ 0.004 -0.012
cs | -0.570 -0.561 4+ 0.007 0.009 | s4 | 0.644 0.637 £ 0.007 -0.007
cs | -0.842 -0.835 + 0.004 0.007 | s5 | -0.152 -0.162 £ 0.005 -0.010
ce | -0.626 -0.617 4+ 0.004 0.009 | sg | -0.574 -0.568 £ 0.004 0.006
c7 | -0.006 0.002 + 0.005 0.008 | s7 | -0.766 -0.754 + 0.005 0.012
cg | 0.410 0.409 4+ 0.003 -0.001 | sg | -0.386 -0.386 + 0.004 -0.000

The most important formula is (Equation 1.46),

Np
Mi; = 252 (KK + KK — 2/ K K7HGK(cicj + sis5)), (3.3)

where M; ; is the number of events with D in the i-th bin and D’ in the j-th bin, Kj is the
number of flavor tagged Kgm ™7~ events in the i-th bin, S; is the number of flavor tags.
We take the following steps to extract ¢; and s;:

1. Count K; from flavor tagged Kom "7~ samples. Count M; ; from correlated K2r n~ vs.
K2rtn~ sample.

2. Combine M, ;, M;; together (same with M;; and M, ;) since M, j = M;; (M;; = M, ;).

3. Since there is no preference which one is the first K377 or the second K27 "7~ in one
event, M; ; should equal M;;, then we can fold the upper half of M, ; into the lower half.

4. Background subtraction.
5. Efficiency correction.

6. Using Minuit to extract ¢;’s and s;’s.

ci, S; are obtained by minimizing the negative logarithmic likelihood function

—2logl = -2 Z logP (M, ;, (M;;)), (3.4)

,J

where P(M, (M)) is the Poisson probability to get M events with the expected number of (M)
events. For 8 bin case, there are 72 equations with 16 unknowns , so each of the free parameters
is constrained by many bins.

For Monte Carlo test, we generate about 100 K2ntn~ vs. Kom™n~ samples using the
BaBar model. Firstly we checked generator level results. The generator level results are shown
in Table 3.16.

The fit results after fully reconstruction are shown in Fig. 3.4. The pull distributions of ¢;
and s; are shown in Fig. 3.5 and Fig. 3.6, the central values and widths are shown in Table 3.17.
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Figure 3.4: ¢; and s; extracted from 100 K3nt7~ vs. K2nt7~ Monte Carlo samples. Crosses

are input values. Points are fitted results, different colors correspond different bins.

Table 3.17: Central value and width for ¢; and s; pull distributions.

Mean Width Mean Width
ci | 0.031 £ 0.127 1.077 & 0.090 | s; | 0.217 = 0.114 0.967 £ 0.081
ce | 0.067 = 0.131 1.110 = 0.093 | so | 0.078 = 0.123 1.046 £ 0.087
cs | -0.139 + 0.133 1.131 4+ 0.094 | s3 | -0.056 + 0.145 1.231 4 0.103
cy | 0.270 + 0.117 0.991 4+ 0.083 | s4 | -0.259 + 0.117 0.995 + 0.083
cs | 0.092 + 0.101 0.856 4+ 0.071 | s5 | -0.025 & 0.117 0.991 4 0.083
cs | 0.025 + 0.120 1.018 4 0.085 | s¢ | -0.019 = 0.117 0.993 4 0.083
cy | 0.067 £ 0.127 1.075 & 0.090 | s; | 0.069 &+ 0.120 1.019 4 0.085
cg | -0.056 = 0.123 1.044 + 0.087 | sg | -0.175 £ 0.122 1.031 £ 0.086
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Figure 3.5: ¢; pull distributions fitted with a Gaussian function for 100 Kortn~ vs. Kortm—
Monte Carlo samples.
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Figure 3.6: s; pull distributions fitted with a Gaussian function for 100 K277~ vs. Kortm~
Monte Carlo samples.
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Figure 3.7: Results from fitting and calculations comparison. C'P tagged Komtr~ results are
shown in the upper plot. CP tagged K7 ™n~ results are shown in the lower plot.

3.4 Fit

3.4.1 Fitter test for CP tagged Kg m*n~

In order to do a global fit, we switched from calculation using formula 1.34 to fit for C' P tagged
Kg, 7w~ data samples. This provides us a good test for our fitter. The comparison between
calculation and fitting is shown in Fig. 3.7, for both CP tagged Ken™n~ data and C'P tagged
Kntr~ data.

The tiny difference between calculation and fitting is caused by the procedure difference (e.g.
in calculation, separate efficiencies are used in upper and lower half of the Dalitz plot, while in
fitting, the averaged efficiencies are used.). The fit results also show slight smaller statistical
errors, this is because the fitter only considered the statistical error of C'P tagged Kg,LWLW_
samples, it ignored the statistical error associated with flavor tagged K g, 7w~ samples. This
part of statistical error will be considered separately later.

Using C'P tagged KgyLwﬂr_ samples, we can get ¢; and ¢, without any correlations, so
the differences between ¢; and ¢ can give us a good test for our predictions on the differences
discussed in Section 1.5. The comparison between measured Ac; = c; — ¢; and predictions is
shown in Fig. 3.8. The data agrees with predictions well.

3.4.2 Global Fit

Following the mechanism presented in Section 1.6, using all the available data, a global fit
is performed to extract the parameters (c;, s;), (c}, si). From Monte Carlo studies, we found

Doubly Cabibbo Suppressed Decay in K~7n", K~n 7% K-7t7+7~ modes has significant effect
when used in K2nt7™ vs. Kg, ;T fit, but has relatively small effect when used in C'P tagged
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Figure 3.8: Ac; = ¢, —¢; for the eight bins. Black points are C'P tagged Kg’ ™ data results.
Red points are model predictions.

Kg, mtn~ fit. So in the global fit, semileptonic K~e*v tagged K¢r*n~, and K~ tagged
Kmtn~ samples are used in K¢rtn~ vs. K¢, ntr fitting. We made corrections to the
DCSD decay in K~ 7" tagged K77~ sample using recent TQCA result on the relative strong
phase, § = (22 £ 16.3)°. The magnitude of Doubly Cabibbo Suppressed decay, Ry s(Km) =
(0.377 + 0.008 + 0.005)%, comes from Belle measurement [17]. Using BaBar D° — K2ntm™
Dalitz fit amplitude, we can calculate the ratio,

‘ADO—)Kgﬂ'-'_W_ ‘2/‘AD0—)Kg7r+7r_ + reiidADO—)Kgﬂ""ﬂ'_ |2a

for each bin. Using these ratios, we then made corrections to K 7t vs. Kg’LWJ’W’ yields.
K%, K- nt7% and K- ntntr tagged Kg,7mtn~ samples are used in CP tagged Kg nt7m~
fit, the effect of Doubly Cabibbo Suppressed Decay is studied as systematic error.
The results of (¢;, s;), (¢}, ;) from the global fit are shown in Fig. 3.9, and Table 3.18.
The correlation matrix for (¢;, s;) is shown in Table 3.19.
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Figure 3.9: Fit results for the global fit. (c;, c}) are shown in the left plot, (s;, si) are shown in
the right plot. Black points are (¢;, s;), red points are (¢}, s})
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Table 3.18: Fit results for the global fit

Ci c S; sl
1| 0.742+£0.041 0.839+0.041 -0.022+0.168 -0.05940.165
2 1 0.607+0.073 0.776+£0.073 0.00940.220 -0.071+0.223
3| 0.064%+0.077 0.251£0.078  0.548+0.198  0.529+0.200
41 -0.492+0.113 -0.347+0.135 0.124+0.227 0.252+0.233
5 1 -0.9184+0.053 -0.796+£0.056 -0.1184+0.194 -0.082+0.197
6 | -0.743+0.071 -0.548+0.080 -0.2964+0.203 -0.344+0.208
71 0.1564+0.092 0.481£0.094 -0.8704+0.183 -0.768+0.189
8 | 0.3984+0.047 0.586+0.048 -0.4384+0.146 -0.405+£0.158




Table 3.19: Correlation Matrix for ¢; and s;

S1y

. Parameter 1 represents c;, parameter 2 represents cs, - - -

, parameter 9 represents

-, ete..

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

T | 1.000 -0.028 -0.006 0.035 0.078 0.019 0.016 -0.023 0.018 -0.000 0.005 0.004 -0.002 -0.008 0.006  0.002
2| -0.028 1.000 -0.013 0.009 -0.019 0.072 0.014 -0.024 0.007 -0.031 0.08 0.005 0.001 -0.015 0.009  0.003
3| -0.006 -0.013 1.000 0.002 0.005 -0.006 -0.019 0.008 -0.060 0.011 -0.014 -0.014 0.003 0.067 -0.041 -0.038
4| 0035 0.009 0.002 1.000 0.004 -0.001 0.006 0.004 -0.004 -0.007 0.001 0.036 -0.010 0.004 0.000 -0.001
5| 0078 -0.019 0.005 0.004 1.000 -0.082 0.036 0.051 0.037 -0.010 0.023 0.010 0.023 -0.029 0.020 0.013
6 | 0.019 0.072 -0.006 -0.001 -0.082 1.000 0.016 0.015 0.007 0.032 -0.003 -0.001 -0.045 -0.034 0.004 -0.000
7| 0.016 0014 -0.019 0.006 0.036 0.016 1.000 0.019 0.118 -0.008 0.049  0.022 0.007 -0.098 0.065 0.016
8 | -0.023 -0.024 0.008 0.004 0.051 0.015 0.019 1.000 0.052 -0.007 0.041 0.009 0.013 -0.032 0.017 0.054
9 | 0.018 0.007 -0.060 -0.004 0.037 0.007 0.118 0.052 1.000 -0.091 0355 0.167 0.226 -0.479  0.354  0.166
10 | -0.000 -0.031  0.011 -0.007 -0.010  0.032 -0.008 -0.007 -0.091 1.000 -0.188 -0.146 -0.136  0.119 -0.155 -0.087
11 | 0.005 0.008 -0.014 0.001 0.023 -0.003 0.049 0.041 0355 -0.188 1.000 0.263 0.366 -0.264  0.294  0.463
12 | 0.004 0.005 -0.014 0.036 0.010 -0.001 0.022 0.09 0.167 -0.146 0.263 1.000 0.078 -0.157 0.231  0.155
13 | -0.002  0.001  0.003 -0.010 0.023 -0.045 0.007 0.013 0.226 -0.136  0.366  0.078  1.000 -0.285  0.228  0.177
14 | -0.008 -0.015 0.067  0.004 -0.029 -0.034 -0.098 -0.032 -0.479 0.119 -0.264 -0.157 -0.285  1.000 -0.393 -0.091
15 | 0.006 0.009 -0.041 0.000 0.020 0.004 0065 0.017 0354 -0.155 0.294 0.231 0.228 -0.393 1.000  0.018
16 | 0.002 0.003 -0.038 -0.001 0.013 -0.000 0.016 0.054 0.166 -0.087 0.463 0.155 0.177 -0.091 0.018  1.000

HA ¥7°€
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Chapter 4

Systematics

4.1 CP violation and D’, D' mixing

The effect of C'P violation and D° ++ D° mixing is negligible for this analysis [10].

4.2 Statistics of flavor tagged Kg n n~

In the maximum log likelihood fit, the fitter only takes the statistical error of M; ; into account.
The statistical error from K;, K; need to be studied separately. We vary each K;, K3, K|, K} one
at a time by its statistical error, then make a new fit. The quadrature sum of all the variations
is shown in Table 4.1.

Table 4.1: Errors on (¢, 5;), (¢}, 5;) due to flavor tagged Kg ,m 7~ statistics.
1 2 3 4 ) 6 7 8
¢; | 0.010 0.015 0.015 0.019 0.010 0.015 0.019 0.009

0.034 0.032 0.045 0.033 0.034 0.029 0.036 0.024

»

c; | 0.010 0.015 0.011 0.013 0.009 0.012 0.017 0.009
s; 1 0.034 0.033 0.042 0.029 0.033 0.031 0.037 0.028

4.3 Momentum resolution

We use the relative strong phase difference to define the bins, this gives both narrow and
unusual bins in Dalitz phase space. Asymmetric events migration among bins might give us
systematic shift, so the results of this analysis are very sensitive to the momentum resolution.
The systematic error is studied by smearing the momentum of Monte Carlo samples according
CLEO detector momentum resolution many times, the width of the variation is taken as the
systematic error. CLEQO detector has 0.6% resolution at 1 GeV, better resolution at lower
energy. We use 0.6% as the resolution for all the momentum range. We repeat the fit 200 times



4.4 K§ m*n~ finding efficiencies

Table 4.2: Systematic study for momentum resolution

Mean Width Mean Width
c1 | 0.727 +£ 0.001  0.008 + 0.000 | s; | 0.059 + 0.001 0.017 4+ 0.001
co | 0.581 £ 0.001 0.014 £ 0.001 | s | 0.423 4= 0.002 0.031 £ 0.002
c3 | -0.078 £ 0.001 0.010 £ 0.001 | s3 | 0.713 = 0.001 0.018 £ 0.001
cs | -0.541 £ 0.001 0.017 £ 0.001 | s4 | 0.631 £ 0.002 0.027 = 0.001
cs | -0.898 £ 0.001 0.010 £ 0.001 | s5 | -0.182 4 0.000 0.028 4+ 0.000
ce | -0.623 £ 0.001 0.011 £ 0.001 | sg | -0.569 £ 0.001 0.016 £ 0.001
cy | 0.046 £ 0.001 0.015 £ 0.001 | s7 | -0.752 £ 0.002 0.021 £ 0.001
cg | 0.413 £ 0.001 0.008 £ 0.000 | sg | -0.379 £ 0.001 0.017 £ 0.001
c; | 0.840 £ 0.000 0.007 £ 0.000 | s} | -0.047 + 0.002 0.023 + 0.001
¢y | 0.737 £0.001 0.015 + 0.001 | s, | 0.284 £+ 0.003 0.036 + 0.002
¢y | 0.291 £ 0.001 0.010 + 0.001 | &4 | 0.661 = 0.002 0.025 £ 0.001
¢y | -0.338 £ 0.001 0.018 £ 0.001 | s} | 0.730 £ 0.003 0.040 £ 0.002
¢y | -0.743 £ 0.001 0.009 £ 0.000 | sf | -0.137 £ 0.002 0.028 £ 0.001
¢ | -0.344 £ 0.001 0.012 £ 0.001 | sg | -0.626 £+ 0.002 0.022 £+ 0.001
¢, | 0.416 £ 0.001 0.017 £ 0.001 | s% | -0.718 £ 0.002 0.028 £ 0.001
cg | 0.589 £+ 0.001 0.007 £ 0.000 | sg | -0.434 £+ 0.002 0.024 + 0.001

for the fully simulated Monte Carlo sample, then fit the distributions with a Gaussian function,

the central values and widths are shown in Table 4.2.

4.4 Kg;m*r~ finding efficiencies

From Equation 1.34 and Equation 1.46, we can see that the systematics associated with
Kg,LWJ’W_ finding will cancel since they appear on both left hand side and right hand side.
In claiming the systematic error cancel, we made the assumption that the systematics are uni-
form in the Dalitz space. If the systematics are not uniform, they won’t cancel since the events
population densities for flavor tagged and C'P tagged K g, T are not the same. A systematic
study as a function of Dalitz phase space seems not feasible, in stead, we randomly vary the
efficiency of each bin according a Gaussian distribution (width is taken as 0.02) and repeat this
process for many times to see the changes. The widths of the results are taken as systematic
errors. The central values and widths of 200 tests to real data are shown in Table 4.3.

4.5 Tag side yields

The systematics study for single tag fitting is done by releasing the fixed parameters. The
difference between the new results and the old results, which are shown in Table 4.4, is taken
as systematic error for the yields fit.

For tags with peaking background, we take 20% of Table 2.5 as the estimation of the
systematics for the peaking background subtraction.
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Table 4.3: Systematics due to Kg, 7~ finding efficiencies.

Mean Width Mean Width
c; | 0.744 £ 0.000 0.004 £ 0.000 | s; | -0.024 £ 0.001 0.018 £ 0.001
ce | 0.607 £ 0.001 0.007 £ 0.000 | sy | 0.011 &= 0.001 0.012 £ 0.001
cz3 | 0.065 £ 0.000 0.011 £ 0.000 | s3 | 0.546 & 0.001 0.019 £ 0.001
cy | -0.493 £ 0.001 0.008 £ 0.000 | s4 | 0.124 4+ 0.000 0.010 £ 0.000
cs | -0.918 £ 0.000 0.005 £ 0.000 | s5 | -0.119 £ 0.001 0.013 £ 0.001
ce | -0.744 £ 0.001 0.008 £ 0.000 | s¢ | -0.294 £ 0.001 0.018 £ 0.001
cy | 0.157 £ 0.001 0.010 £ 0.001 | s7 | -0.871 £ 0.001 0.013 £ 0.001
cg | 0.398 £ 0.000 0.006 £ 0.000 | sg | -0.438 £ 0.001 0.012 £ 0.001
¢, | 0.839 £ 0.000 0.006 + 0.000 | s} | -0.061 £+ 0.001 0.018 £ 0.001
¢y | 0.777 £ 0.000 0.006 £ 0.000 | s5 | -0.069 £+ 0.001 0.012 £+ 0.001
cs | 0.251 £ 0.001  0.009 + 0.000 | s5 | 0.530 £ 0.001 0.015 + 0.001
¢y | -0.348 + 0.001 0.009 + 0.000 | s, | 0.252 &+ 0.001 0.009 £ 0.000
¢y | -0.796 £ 0.000 0.004 £ 0.000 | s§ | -0.082 £ 0.001 0.012 £ 0.001
¢ | -0.549 £ 0.000 0.007 £ 0.000 | sg | -0.342 £ 0.001 0.018 £ 0.001
¢, | 0.481 £ 0.001 0.011 £ 0.001 | s% | -0.769 £+ 0.001 0.013 £ 0.001
cg | 0.585 £ 0.000 0.006 £ 0.000 | sg | -0.405 £ 0.001 0.013 £ 0.001

Table 4.4: Systematics study for Tag yields. M, is required within 1.860 GeV/c? and 1.870

GeV/c2.

Modes Nominal Release Fixed Parameters
K nt 144563.4+403.1 144094.4+401.0

K ntnl 258938.04+580.6 259933.5£758.1

K ntata—  220831.34+540.6 221171.4+£672.1
Tt 5950.4 +111.6 6004.3 &= 148.8
KTK~ 12867.4 +125.8 12920.9 4+ 138.0
K2n07° 6562.3 +130.9 6684.7 +190.0
K2r® 19058.7 4 150.1 19004.0 4= 153.8
K?2n 2792.9+69.4 2788.7 £+ 75.7

8512.4 £107.1

8584.3 £145.5
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Table 4.5: Kor™m~ background estimation using M K? sidebands.

Mode Signal Region Sideband Fraction
K rt 1447 38 0.026
K-ntx® 2776 54 0.019
K-ntatn= 2250 34 0.015
KtK~ 124 0 0.000
T~ 62 1 0.016
K200 56 0 0.000
K2r® 189 3 0.016
Kon 39 2 0.051
ng 83 1 0.012
K- ety 1195 22 0.018
All 8221 155 0.019

4.6 K)r"m~ background

Though we used AE and K2 mass sidebands for the tag side backgrounds subtraction, we didn’t
apply any background subtraction for K977~ signal side, which is believed to be small since
we made K flight significance requirement. The background level in signal side is estimated
from K2 mass sideband. The K2 mass distributions for different tag modes after tag side AE
sideband subtraction are shown in Fig. 4.1, which show very clean signal. The signal region
and sideband yields are shown in Table 4.5. On average, there is 1.9% background in the signal
side.

The systematics due to this part of background are estimated using Quantum Correlated
Monte Carlo results. Signal side background events are read out from Quantum Correlated
Monte Carlo samples. We calculate the fractions of backgrounds in each bin. The backgrounds
in data are calculated according these fractions. A new fit is made with these background
events subtracted, and the differences in results are taken as systematic errors.

4.7 K)n yield

For Kim® vs. Kgm*m~ mode, we need to use Npopo X Bgoro to get the number of Kpm®
single tags. Npo po is calculated from cross section, which is taken from published 281 pb~!
D hadronic paper [14], and luminosity. The official total luminosity is 818 + 8 pb~'. The
branching fraction of K97 is taken from [15].

The background has not been subtracted for K970 vs. K977~ when we do the global fit.
The background level for K970 is estimated from Quantum Correlated Monte Carlo, which is
4.1 £0.5% (excluding the signal side background, which is studied separately). There is K2m°
background, which has the opposite CP. We double the effect of this part of background. The
resulted background level is 5.76%. We vary the yields of K?7° vs. Kor™n~ by 5.76% and
take the difference as the systematic error.
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Table 4.6: Ratio of |Apo|?/|Apo + re”™ Apo|?* for each bin of K™t vs. K§  nn~ sample.
1 2 3 4 5 6 7 8

( ) | 1.033 1.002 0.971 0.938 0.933 0.960 1.009 1.030

( )| 1.132 1.169 1.039 0.921 0.848 0.850 0.933 1.027
R;(K%7rm) | 1.030 1.000 0.974 0.941 0.926 0.965 1.005 1.024

( )

1.115 1.162 1.113 0.960 0.846 0.862 0.939 1.013

4.8 K’ systematics

We made 5+3.8% 7° efficiency correction to K¥7° vs. Kertm~ double tag efficiencies. From our
previous study in [16], the systematics associated with K?7° selection is about 2.5%, combine
with the 3.8% 7° correction systematics, the total systematics for K?7% selection is less than
5%. We conservely take 5% as the uncertainties for the K?7% vs. Kor ™7~ yields.

4.9 Doubly Cabibbo suppressed decay for flavor modes

We identify the flavor of D°/D° — K n*n~ from the tag side using K~nt, K-tz
K ntntn~, and K etv tags. For K 7", K ntn® and K ntntn~ tags, there are Dou-
bly Cabibbo suppressed decays which have opposite flavor. We made corrections to K 77 vs.
Kg,Lw“Lw’ yields using recent TQCA results on the relative strong phase, 6 = (22 + 16.3)°,
where 0 is defined as,

< K*n |D° > s
= =Te .
< K+n=|D% >

The magnitude of Doubly Cabibbo Suppressed decay, Ry s(K7) = (0.377 £ 0.008 £ 0.005)%,
comes from Belle measurement [17],[18]. Using BaBar D° — K27 *7~ Dalitz fit amplitude, we
can calculate the ratio, [Apo,x9rtr |*/[Aposkrtr + 7€ Apo_,gortn|* for each bin, which
is shown in Table 4.6. Using these ratios, we made corrections to K~ 7" vs. Kg,,-jrﬂr_ yields.
The systematics from the strong phase ¢ are shown in Table 4.7. Systematics from r is negligible
since it is precisely measured.

For K nt7% and K wntnT7~ tag modes, there are no relative strong phase measurements,
so we consider four cases, 6 = (0°,90°,180°,270°), and take maximum variations among the
four cases as the systematic errors. The results are shown in Table 4.8.

4.10 Multi-candidate selection

For Kgn*n~ vs. K¢ m*n~ samples, one need to worry about the wrong combinations of the
pions since all the pions have similar momentum spectrum. This issue usually give multiple
candidates in a single event. For K37~ vs. K2nt7~, our best candidate is selected with the
largest K9 flight significance (sum of the first K2 flight significance and the second K flight
significance), which is proved to be better than selections based on other variables, such as
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Table 4.7: Systematics on corrections to K 7" vs. Kg,ﬂrﬂr* samples. The strong phase is
increased and decreased by a standard deviation. The maximum of the two cases is taken as

systematic error

1 2 3 4 ) 6 7 8

0+ A6 |-0.001 0.001 -0.001 -0.001 -0.000 0.001 -0.001 -0.001
0 — A6 0.002 0.001 0.004 0.001 -0.000 0.001 0.003 0.001
Ac; Max. | 0.002 0.001 0.004 0.001 -0.000 0.001 0.003 -0.001
0+ A6 0.021 -0.004 0.031 0.017 0.015 -0.005 0.024 0.016
0—As |-0.018 0.003 -0.027 -0.012 -0.012 0.003 -0.017 -0.014
As; Max. | 0.021 -0.004 0.031 0.017 0.015 -0.005 0.024 0.016
0+ A |-0.002 0.000 0.001 0.000 0.000 0.001 -0.004 -0.001
0 —Ad 0.002 0.001 -0.000 -0.000 0.001 -0.001 0.004 0.001
Ac; Max. | 0.002 0.001 0.001 0.000 0.001 0.001 0.004 0.001
0+ Ad 0.020 -0.005 0.028 0.014 0.013 -0.005 0.024 0.018
0—As |-0.017 0.004 -0.025 -0.010 -0.011 0.003 -0.017 -0.015
As; Max. | 0.020 -0.005 0.028 0.014 0.013 -0.005 0.024 0.018

Table 4.8: Systematics due to Doubly Cabibbo Suppressed Decay in K~ ntn’, K-ntata™
tag modes. We select r = 0.06, § = 0°,90°,180°,270°, the maximum among the four cases is
selected as the systematic error.

1 2 3 4 ) 6 7 8
0=0° -0.008 -0.009 -0.002 -0.013 -0.014 -0.010 -0.003 -0.000
6 =90° -0.001  0.012 0.005 -0.011 0.001 0.012 -0.010 -0.005
0 = 180° 0.009 0.012 0.003 0.013 0.014 0.012 0.005 0.000
0 = 270° 0.002 -0.008 -0.001 0.011 -0.002 -0.010 0.013 0.005
Ac; Max. | 0.009 0.012 0.005 -0.013 0.014 0.012 0.013 0.005
0 =0° -0.002  0.001 -0.001 -0.001 0.000 0.003 -0.001 0.000
6 =90° -0.003  0.001 -0.003 0.000 0.001 0.002 -0.001 -0.001
0 = 180° 0.003 -0.001 0.001 0.002 -0.001 -0.003 0.002 0.000
0 = 270° 0.004 0.000 0.001 0.002 -0.001 -0.002 0.002 0.001
As; Max. | 0.004 0.001 -0.003 0.002 -0.001 -0.003 0.002 0.001
d=0° -0.011 -0.010 -0.004 -0.009 -0.013 -0.008 -0.003 -0.000
0 =90° -0.001 0.012 0.007 -0.014 0.002 0.013 -0.013 -0.005
0 = 180° 0.010 0.012 0.004 0.009 0.014 0.009 0.004 0.001
0 = 270° 0.002 -0.008 -0.006 0.013 -0.002 -0.013 0.014 0.005
Ac; Max. | -0.011  0.012 0.007 -0.014 0.014 -0.013 0.014 0.005
d=0° -0.002  0.001 -0.001 -0.001 0.001 0.003 -0.001 0.000
6 =90° -0.003  0.001 -0.002 0.000 0.001 0.002 -0.001 -0.001
0 = 180° 0.003 -0.000 0.001 0.002 -0.001 -0.003 0.002 -0.000
0 = 270° 0.004 0.001 0.001 0.002 -0.001 -0.002 0.002 0.001
Ast Max. | 0.004 0.001 -0.002 0.002 -0.001 -0.003 0.002 -0.001
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average AFE or M,.. Though better than others, this selection criteria can’t guarantee always
picking the right one from the multiple candidates. A systematic study is needed.

In Knt7m~ vs. K3ntm~ Monte Carlo, there are 9290 entries for 8677 events. Assume at
most 2 entries for a single event, which is mostly true, about 7.2% events have 2 candidates.

The systematic study is done using signal Monte Carlo. In Table 4.9 and Table 4.10, we
show the ratio of true events, which is identified using Monte Carlo truth table, to the number
of reconstructed events in each bin for KirTn~ vs. KirTn~ and Kdrtn~ vs. Klntrm,
respectively. A new fit is made with each M;; (M;;) times the ratio shown in Table 4.9 and
Table 4.10. The difference between this fit and the nominal fit is taken as systematic error.

Table 4.9: The ratio of true events to reconstructed events for K3nt7~ vs. KorTn~ Monte
Carlo. All numbers are in percentage.

M| 0© 1 2 3 4 5 6 7
0 | 95.44

1 |102.26 114.29

2 [100.13 97.28  90.62

3 [101.94 100.00 88.89  62.50

4 |101.69 99.67 100.32 96.67 83.87

5 | 97.49 100.26 100.19 100.00 102.06 92.45

6 |103.91 109.30 100.00 105.15 95.12 99.14  95.29

7 | 9833 97.69 101.23 9479 98.09 103.96 99.77 100.70
Mi;| 0 1 2 3 4 5 6 7
0 |100.85

1 | 9820 106.79

2 [101.06 95.39 101.02

3 | 97.33 101.33 101.63 97.14

4 10258 103.91 101.47 96.63 92.86

5 | 101,72 101.92 98.90 91.35 104.80 98.49

6 |101.98 10217 102.16 107.50 99.32 99.67 104.87

7 [101.28 102.24 9498 9521 100.12 100.28 101.76 97.39

4.11 KJ flight significance cut

We applied K2 flight significance requirement to all K377~ candidates, except for K2mtm™
vs. KomTn™ events.

First, we studied the systematics for the K2 flight significance requirement. K~7", K~ 77
and K 777 tr tag modes vs. K2n 7~ samples are used. Tag side AE sideband and signal
side K3 mass sideband are used for background subtraction. Both data and signal MC results
are shown in Table 4.11. Due to the statistics, we combine the three tag modes and find that
there is 1.5% difference between data and MC.

We estimate the systematic error on (¢;, s;) and (c}, s

0

', ") by varying K3ntn™ vs. K3ntm™
efficiency by 1.5%, the difference is taken as the systematic error.
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Table 4.10: The ratio of true events to reconstructed events for K2nt7~ vs. KY7T7~ Monte
Carlo. All numbers are in percentage.

0 1 2 3 4 5 6 7
100.13 101.69 100.88 96.69 104.84 88.50 104.91 99.72
102.16 101.55 102.18 92,54 96.83 80.00 103.73 103.42
101.53 103.54 100.00 98.82 104.92 89.63 97.18 104.02
94.17 98.00 100.79 100.00 105.21 96.39 88.24 106.58
87.50 104.76 99.28 103.49 102.04 104.51 94.94 105.26
89.96 80.95 95.50 100.00 103.69 97.67 105.90 101.40
97.11 9593 97.58 103.12 102.35 98.40 104.80 105.13
99.33 96.54 96.76 104.00 101.06 98.20 102.33 104.31

0 1 2 3 4 5 6 7
97.79 11288 97.70 96.34 9592 92.06 104.51 100.68
97.85 104.74 95.59 90.82 103.14 98.70 99.63 105.27
96.78 101.58 97.53 101.81 105.73 95.28 104.88 100.33
93.64 152.08 93.79 102.22 111.48 99.46 107.54 92.51
90.83 91.67 102.57 100.63 101.83 103.06 96.86 109.80
98.72 104.60 98.71 105.42 103.23 97.33 107.56 96.60
103.17 99.74 101.56 97.36 105.54 103.56 104.77 96.47
98.92 101.11 97.35 101.15 107.35 95.84 102.42 104.21

.

=

4.12 Kirtr~ vs Kirtm~ background

The major background for KorTn~ vs Kor ™7~ comes from nonresonant four charged pions
decay. We have subtracted that part of background from Monte Carlo study. The residue
backgrounds (about 30%) are not subtracted in the fit. We study the systematics from generic
Monte Carlo. We identify the backgrounds (excluding 77~ 7%7~) by consulting Monte Carlo
truth, then count the number of background events in each bin. The ratios of yields with
background subtracted to the original yields are shown in Table 4.12. A new fit is made with
the data yields time this table. The difference is taken as systematic error.

4.13 Partial reconstruction

Some of the Kortm~ vs K)mTn~ events are partially reconstructed by identifying a missing
pion. The background level is about 20% with some four charged pions peaking background.
The peaking background has been subtracted from Monte Carlo study in the fit. The rest
backgrounds are considered here as systematic errors.

From Table 2.12, there is 15.4% non-peaking backgrounds in the signal region. The system-
atic errors on ¢; are estimated by subtracting 15.4% signals from the partially reconstructed
events. Since this part of background is only a very small fraction for the full data sample, we
assume the backgrounds are uniformly distributed over the Dalitz plot.
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Table 4.11: Systematic study for K9 flight significance cut. Tag side AFE sideband and signal
side K2 mass sideband are used for background subtraction.

Data No cut  fyy >2 ratio(%)
K7t 1078 955 88.6+1.0
K ntx® 1859 1707 91.8+0.6
K ntata™ 1368 1223 89.4+0.8
Total 4305 3885 90.240.5
Generic MC | No cut  fg, > 2 ratio(%)
K 7t 6842 6265 91.61+0.3
K-mtx0 12811 11706 91.440.2
K-rntata™ 10134 9321 92.04+0.3
Total 29787 27292 91.6+0.2

4.14  Npo/po

The total number of D°/D" is calculated from luminosity, which is 818 4+ 8 pb~!, and cross
section. A systematic study is performed for all the associated errors.

4.15 Backgrounds from non-D"/D"

Continuum Monte Carlo is checked for non-D°/D° backgrounds. No significant peaking back-
ground is seen for double tagged K3ntm~ samples. The yields for double tagged K7 *7~, and
Kpm® vs. Kgntrn~ are shown in Table 4.13. The M}, ;.. distributions are shown in Fig. 4.2.
These yields are already sideband subtracted. The continuum Monte Carlo sample used here is
about 4.6 times of the real data. For KK, 7", K91 modes, the contribution are negligible.
For other modes, there are 1~2% contributions. A systematic study is performed assuming the

background is uniform distributed in the Dalitz plot.

4.16 K)n"n~ backgrounds

We use M7, ., sidebands to subtract K7n"7n~ backgrounds. The missing mass sideband is
the best way to estimate the background distributions in the Dalitz plot, however, there still
might be some difference. To be conservative, we made a new fit assuming the backgrounds of
K77~ are uniformly distributed in the Dalitz phase space. The differences between the new
fit and the nominal fit are taken as systematic errors. The systematics for flavor tagged, C P-

even tagged, CP-odd tagged, and K2nt7~ tagged KYn*m~ samples are considered separately.

4.17 Fit constrain

In the global fit, Ac; and As; are constrained using a x? term. The errors on Ac; and As;
are studied from BaBar, Belle, and CLEO D° — Kjr "7~ Dalitz fit results. For a systematic
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Table 4.12: Ratios of yields with background subtracted to the original yields.
M, ; 0 1 2 3 4 5 6 7
1 10.948
2 10948 0.979
3 |0.860 0.877 0.952
4 10.882 0.969 0.929 0.857
5 10933 0.989 0.797 0.955 0.906
6 |0916 0.868 0.914 0.864 0.987 0.938
7 10988 0.964 0.927 0.818 0.949 0.929 0.878
8 10957 0.920 0.870 0.898 0.855 0.866 0.890 0.974
M; ; 0 1 2 3 4 5 6 7
1 10.955
2 | 0.950 0.947
3 10974 0.977 0.968
4 10944 0.944 0.948 1.000
5 10994 0.973 1.000 0.903 0.960
6 |0984 0.984 0971 0.959 0.988 0.967
7 10974 0.969 0.988 0.977 0.991 0.982 0.962
8 10976 0.987 0.977 0.964 0.973 0.983 0.989 0.979

Table 4.13: Peaking yields from continuum Monte Carlo. The yields are already sideband

subtracted.
K-nt K-ntn® K-ntats= KK~ ntn- Kon® Kn Kintn—
Kintm 87 253 89 2 -1 40 1 46
Kjn° / / / / / / / 26
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Figure 4.2: Sideband subtracted K)ztn~ M7, ;,, distributions in continuum Monte Carlo.
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study, we release the constrain by a factor of 2, i.e. increase the errors by a factor of 2. A new
fit is made and the difference is taken as systematic error.

4.18 All systematics

All the systematics are grouped together in Table 4.14, Table 4.15, Table 4.16, and Table 4.17.
The following items are considered:

Item 1: Uncertainties from momentum resolution.

Item 2: Uncertainties from efficiency systematics.

Item 3~8: Uncertainties from CP modes single tag numbers.

Item 9: Uncertainties from By -o+,.

Item 10:
Item 11:
Item 12:
Item 13:
Item 14:
Item 15:
Item 16:
Item 17:
Item 18:
Item 19:
Item 20:
Item 21:
Item 22:
Item 23:
Item 24:
Item 25:
Item 26:

Item 27:

Uncertainties from number of flavor tags.

Uncertainties from total number of D%/ DO.

Uncertainties from By ro.

Uncertainties from K270 systematics.

Uncertainties from K?7° backgrounds.

Uncertainties from K2n°7® vs. Kdr™n~ peaking backgrounds
Uncertainties from K97° vs. K377~ peaking backgrounds.
Uncertainties from K27 vs. Kor ™7~ peaking backgrounds.
Uncertainties from K2w vs. Kortn~ peaking backgrounds.
Uncertainties from Kgr 7~ backgrounds.

Uncertainties from K27° vs. K{7t7~ peaking backgrounds.
Uncertainties from K9n vs. K nt7m~ peaking backgrounds.
Uncertainties from K27t~ vs. Kom ™7~ multi-candidate selection.
Uncertainties from K9 flight significance cut.

Uncertainties from K27 t7~ vs. Kor™n~ residue backgrounds.
Uncertainties from K2ntm~ vs. KymTr~ partial reconstruction.
Uncertainties from K277~ vs. K?7 "7~ multi-candidate selection.

Uncertainties from flavor tags vs. K%7"7~ background consideration.
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Item 28:
Item 29:
Item 30:
Item 31:
Item 32:
Item 33:
Item 34:
Item 35:
Item 36:

Item 37:

Uncertainties from CP-even tags vs. KY7"7~ background consideration.
Uncertainties from CP-odd tags vs. KYn*7~ background consideration.
Uncertainties from K2n 7~ vs. K?7 "7~ background consideration.
Uncertainties from flavor tagged K977~ non-D/D events.

Uncertainties from C P tagged K277~ non-D/D events.

Uncertainties from Kor 7~ vs. K¢n+m~ non-D/D events.

Uncertainties from K%7° vs. K377~ non-D/D events.

Uncertainties from K~7" Doubly Cabibbo Suppressed Decay.

Uncertainties from K~7t7% K~-7t7t7~ Doubly Cabibbo Suppressed Decay.

Flavor tagged Kg,,-jrﬂr_ statistical error.

The total systematic uncertainty is the quadrature sum of all the above systematic uncertainties.
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Table 4.14: Systematic errors for c;.

C1 Co C3 C4 Cs Cg Cr Cg
p resolution 0.008 0.014 0.010 0.017 0.010 0.011 0.015 0.008
Efficiency 0.004 0.007 0.011 0.008 0.006 0.008 0.010 0.006
Ng+g- -0.000  0.000 0.001 -0.000 -0.000 0.000 0.001 -0.001
Nt - -0.000  0.000 0.001 -0.000 -0.001 0.000 0.001 -0.001
N0 zo70 0.000 0.001 0.001 0.000 -0.000 0.001 0.001 0.000
NKg,,o -0.000  0.000 -0.000 -0.000 -0.000 0.001 -0.000 -0.000
NKgn -0.000  0.000 0.000 -0.000 -0.000 0.001 -0.000 -0.000
Nng -0.001 -0.000 -0.000 -0.001 -0.001 -0.000 -0.001 -0.001
Br-e+v 0.001  0.003 0.004 0.003 0.001 0.002 0.004 0.002
Niiavor -0.000 0.000 0.000 -0.001 -0.001 0.000 -0.000 -0.001
Npo/po 0.001 0.002 0.003 0.002 0.000 0.002 0.003 0.001
BKgﬂ.o 0.005 0.007 0.013 0.010 0.004 0.008 0.015 0.006
K979 sys. 0.004 0.006 0.009 0.008 0.003 0.006 0.009 0.006
K?%7° BG. 0.004 0.006 0.011 0.009 0.004 0.006 0.010 0.007
K2m97% vs. K2rtn~ | 0.001 0.001 0.004 0.002 0.001 0.002 0.002 0.001
K279 vs. Kntm -0.001 -0.001 -0.001 -0.001 -0.001 -0.000 -0.002 -0.001
K2n vs. Kdntn— -0.000  0.000 -0.000 -0.001 -0.000 0.000 -0.000 -0.001
Klw vs. Kdrtn— -0.001 -0.000 -0.001 -0.002 -0.000 -0.001 -0.001 -0.001
Signal side -0.001 -0.001 -0.008 -0.026 -0.013 -0.005 0.003 -0.002
K270 vs. KOntn 0.001 0.002 0.001 0.001 0.001 0.002 0.001 0.001
Knvs. KQrtn— -0.000  0.000 0.001 0.000 -0.000 0.001 0.000 -0.000
Multi. Candidate (1) 0.000 -0.000 0.002 -0.005 -0.000 -0.000 -0.003 -0.000
K2 cut -0.000  0.000 0.001 0.000 0.000 0.001 0.001 0.000
KYntn~ BG. 0.001 0.001 0.004 0.002 0.001 0.003 0.000 -0.002
Partial Reconst. 0.000 0.001 0.001 -0.004 -0.001 0.001 0.000 -0.001
Multi. Candidate (2) 0.001  0.003 0.000 -0.004 -0.0056 -0.006 -0.001 0.001
K%n+tn~ BG.(1) 0.006 0.011 0.002 0.002 0.001 0.002 0.006 0.001
K2nt7n~ BG.(2) -0.000 0.001 -0.000 0.010 -0.007 -0.003 -0.003 0.001
K?nt7~ BG.(3) 0.002 0.015 0.003 -0.005 -0.000 0.001 -0.002 0.001
Krtr~ BG.(4) 0.004 -0.004 -0.000 -0.021 -0.015 -0.011 -0.016 0.005
Constrain 0.001 0.003 0.041 0.024 -0.023 0.011 0.028 -0.004
Non-D/D (1) 0.001 0.003 0.002 0.001 0.000 0.001 0.003 0.001
Non-D/D (2) 0.007 0.015 0.002 0.004 0.002 0.004 0.003 0.003
Non-D/D (3) -0.000 0.000 -0.002 -0.004 -0.003 -0.003 -0.002 -0.001
Non-D/D (4) 0.006 0.007 0.003 0.003 0.001 0.002 0.004 0.002
DCSD (1) 0.009 0.012 0.005 -0.013 0.014 0.012 0.013 0.005
DCSD (2) 0.002 0.001 0.004 0.001 -0.000 0.001 0.003 -0.001
Flavor stat. 0.010 0.015 0.015 0.019 0.010 0.015 0.019 0.009
Sum 0.022 0.038 0.062 0.056 0.039 0.033 0.060 0.020
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Table 4.15: Systematic errors for s;.

S1 S9 83 S4 S5 S6 St S8
p resolution 0.017 0.031 0.018 0.027 0.028 0.016 0.021 0.017
Efficiency 0.018 0.012 0.019 0.010 0.013 0.018 0.013 0.012
Ng+g- 0.001 0.000 0.000 0.000 -0.000 -0.000 0.000 0.000
Nt - 0.001 0.000 0.000 0.000 -0.000 -0.000 0.000 0.000
N0 zo70 0.001  0.000 0.000 0.000 -0.000 -0.000 0.000 0.000
NKg,,o 0.000  0.000 -0.000 0.000 -0.001 0.000 0.000 0.000
NKgn 0.000 0.000 -0.000 0.000 -0.000 0.000 0.000 0.000
Nng 0.000 0.000 -0.000 0.000 -0.000 0.000 0.000 0.000
Br-e+v -0.004 0.000 -0.006 -0.004 -0.005 0.002 -0.005 -0.002
Niiavor 0.000 0.000 -0.000 0.000 -0.000 -0.000 0.000 0.000
Npo/po -0.000 0.000 -0.001 -0.001 -0.002 -0.000 -0.001 -0.000
BKgﬂ.o 0.004 -0.000 0.003 0.002 -0.000 -0.003 0.002 0.001
K979 sys. 0.003 -0.000 0.002 0.002 -0.000 -0.002 0.001 0.001
K?%7° BG. 0.003 -0.000 0.003 0.002 -0.000 -0.003 0.002 0.001
K27m97% vs. K9rTn~ | 0.001 0.000 0.000 0.001 -0.000 -0.000 0.000 0.000
K279 vs. Kntm 0.000 0.000 -0.000 0.000 -0.000 0.000 0.000 0.000
K2n vs. Kdntn— 0.000 0.000 -0.000 0.000 -0.000 -0.000 0.000 0.000
Kw vs. Kdrtn— 0.000 0.000 -0.000 0.000 -0.000 0.000 0.000 0.000
Signal side 0.001 0.000 -0.001 -0.002 -0.000 -0.000 0.000 0.001
K270 vs. KOntn 0.001  0.000 -0.000 0.000 -0.001 -0.000 0.000 0.000
Knvs. KQrtn— 0.000  0.000 -0.000 0.000 -0.000 0.000 0.000 0.000
Multi. Candidate (1) | -0.003 -0.003 0.015 0.004 0.002 0.003 -0.010 0.006
K2 cut -0.000  0.000 0.000 0.000 -0.001 0.001 0.000 0.001
KYntn~ BG. -0.009 0.011 -0.038 -0.024 -0.011 0.001 -0.019 -0.013
Partial Reconst. -0.000  0.004 -0.001 0.003 0.003 0.005 0.002 -0.004
Multi. Candidate (2) 0.035 0.017 0.029 0.011 0.024 -0.026 0.024 0.007
K%n+tn~ BG.(1) -0.011  -0.008 -0.012 -0.009 -0.003 -0.002 -0.009 -0.005
K2nt7n~ BG.(2) -0.000 -0.001 0.000 0.002 -0.000 0.000 0.000 0.000
K?nt7~ BG.(3) -0.000 -0.001 -0.001 0.001 0.002 0.000 0.000 0.000
Krtr~ BG.(4) 0.065 0.016 0.035 0.041 0.012 -0.043 0.008 -0.010
Constrain 0.037 0.008 0.040 0.025 0.007 -0.030 0.014 -0.004
Non-D/D (1) -0.002 -0.001 -0.002 -0.001 -0.002 -0.000 -0.002 -0.001
Non-D/D (2) 0.002 -0.001 0.001 0.001 -0.001 -0.001 0.001 0.000
Non-D/D (3) 0.004 0.001 0.005 0.005 0.003 -0.003 0.002 0.001
Non-D/D (4) 0.002 -0.001 0.001 0.001 -0.000 -0.002 0.001 0.000
DCSD (1) 0.004 0.001 -0.003 0.002 -0.001 -0.003 0.002 0.001
DCSD (2) 0.021 -0.004 0.031 0.017 0.015 -0.005 0.024 0.016
Flavor stat. 0.034 0.032 0.045 0.033 0.034 0.029 0.036 0.024
Sum 0.096 0.064 0.096 0.074 0.057 0.070 0.062 0.041
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Table 4.16: Systematic errors for .

ch ch ch cy ck A ck Ccg
p resolution 0.007 0.015 0.010 0.018 0.009 0.012 0.017 0.007
Efficiency 0.006 0.006 0.009 0.009 0.004 0.007 0.011 0.006
Ng+k- -0.001 -0.001 -0.002 -0.001 -0.000 -0.001 -0.002 -0.001
Nptq- -0.001 -0.000 -0.002 -0.001 -0.000 -0.001 -0.001 -0.001
NKg,ro,ro -0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000
NKoﬂ.o 0.000 -0.000 0.001 0.002 0.001 0.001 0.002 0.000
NKg77 -0.000 -0.000 0.000 0.000 0.000 0.001 0.001 -0.000
Nng -0.001 -0.001 -0.001 -0.000 0.000 -0.000 -0.000 -0.001
Bg-e+y 0.001 0.002 0.003 0.003 0.002 0.003 0.003 0.002
Nttavor -0.001 -0.000 -0.000 -0.000 0.000 0.000 0.000 -0.000
Npo/po 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
BKgﬂo 0.004 0.006 0.006 0.005 0.003 0.004 0.005 0.006
K270 sys 0.002 0.004 0.003 0.004 0.003 0.003 0.003 0.005
K?7° BG 0.003 0.006 0.004 0.005 0.003 0.003 0.003 0.006
K2m%7% vs. K2nt7= | 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.001
K279 vs. Kntm -0.001 -0.001 -0.001 -0.001 -0.000 -0.000 -0.000 -0.001
K2n vs. Kdntn— -0.001  -0.000 -0.000 -0.000 0.000 0.000 0.000 -0.000
Kw vs. Kdrtn~ -0.001 -0.001 -0.001 -0.001 0.000 -0.000 -0.000 -0.001
Signal side -0.002 -0.001 -0.005 -0.012 -0.007 -0.003 -0.001 -0.002
Km0 vs. KOmtm— 0.002 0.002 0.003 0.003 0.002 0.003 0.004 0.001
K%nvs. Kdrtn— -0.000 -0.000 0.001 0.001 0.000 0.000 0.001 -0.000
Multi. Candidate (1) | -0.000 -0.001 0.000 -0.002 0.000 -0.000 -0.001 0.000
K2 cut -0.000 -0.000 0.000 0.000 0.001 0.000 0.000 0.000
Klntn~ BG. 0.000 0.001 0.002 0.001 0.001 0.002 0.001 -0.001
Partial Reconst. -0.000  0.000 0.000 -0.002 -0.000 0.000 -0.000 -0.001
Multi. Candidate (2) 0.003 0.003 0.000 -0.004 -0.002 -0.004 -0.000 0.001
K%n+t7~ BG.(1) 0.007 0.012 -0.002 0.001 0.001 0.000 0.009 0.001
K27r+7r BG.(2) -0.000  0.000 -0.005 0.035 -0.012 -0.006 -0.009 0.001
K2ntn~ BG.(3) 0.004 0.016 0.007 -0.017 0.000 -0.001 -0.007 0.002
K07r+7r BG.(4) 0.003 -0.004 0.011 -0.025 -0.013 -0.012 0.003 0.006
Constrain -0.003 0.006 -0.046 -0.047 0.032 -0.022 -0.028 0.006
Non-D/D (1) 0.002 0.003 0.001 0.000 0.000 0.000 0.003 0.001
Non-D/D (2) 0.011 0.016 0.0056 0.006 0.003 0.004 0.008 0.004
Non-D/D (3) -0.000 -0.000 -0.001 -0.003 -0.002 -0.002 -0.001 -0.001
Non-D/D (4) 0.004 0.006 0.001 0.002 0.001 0.001 0.001 0.002
DCSD (1) -0.011  0.012 0.007 -0.014 0.014 -0.013 0.014 0.005
DCSD (2) 0.002 0.001 0.001 0.000 0.001 0.001 0.004 0.001
Flavor stat. 0.010 0.015 0.011 0.013 0.009 0.012 0.017 0.009
Sum 0.024 0.039 0.063 0.074 0.043 0.036 0.045 0.020
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Table 4.17: Systematic errors for s.

st sh sh sy sk S§ sh g
p resolution 0.023 0.036 0.025 0.040 0.028 0.022 0.028 0.024
Efficiency 0.018 0.012 0.015 0.009 0.012 0.018 0.013 0.013
Ng+k- 0.001 0.000 0.000 0.001 -0.000 -0.000 0.001 0.000
Nptq- 0.001 0.000 0.000 0.001 -0.000 -0.000 0.001 0.000
NKg,ro,ro 0.001 0.000 -0.000 0.001 -0.000 -0.000 0.000 0.000
NKg,ro 0.000 0.001 -0.000 0.000 -0.000 0.000 0.000 0.000
NKg77 0.000 0.001 -0.000 0.000 -0.000 -0.000 0.000 0.000
Nng 0.000 0.001 -0.000 0.000 -0.000 0.000 0.000 0.000
Bg-e+y -0.004 0.001 -0.006 -0.003 -0.004 0.002 -0.005 -0.002
Nttavor 0.000 0.000 -0.000 0.000 -0.000 -0.000 0.000 0.000
Npo/po -0.000  0.001 -0.001 -0.000 -0.002 -0.000 -0.001 -0.001
BKgﬂo 0.004 -0.000 0.002 0.002 -0.000 -0.004 0.002 0.000
K70 sys. 0.003 0.000 0.002 0.002 -0.000 -0.003 0.001 0.001
K?7° BG. 0.003 0.000 0.002 0.002 -0.000 -0.003 0.002 0.001
K2m%7% vs. K27t7— | 0.001 0.001 0.000 0.001 -0.000 -0.001 0.000 0.000
K279 vs. Kntm 0.000 0.001 -0.000 0.000 -0.000 0.000 0.000 0.000
K2nvs. Kdntn— 0.000 0.000 -0.000 0.000 -0.000 -0.000 0.000 0.000
Kw vs. Kdrtn~ 0.000 0.000 -0.000 0.000 -0.000 0.000 0.000 0.000
Signal side 0.001 0.000 -0.000 -0.002 -0.000 -0.000 0.001 0.001
Km0 vs. KOmtm— 0.001 0.001 -0.000 0.000 -0.001 -0.000 0.000 0.000
K%nvs. Kdrtn— 0.000 0.001 -0.000 0.000 -0.000 -0.000 0.000 0.000
Multi. Candidate (1) | -0.003 -0.002 0.013 0.004 0.002 0.002 -0.009 0.006
K2 cut -0.000  0.001 -0.000 0.001 -0.001 0.001 0.000 0.001
Klntn~ BG. -0.009 0.012 -0.035 -0.021 -0.010 0.002 -0.018 -0.015
Partial Reconst. -0.000 0.004 -0.001 0.003 0.003 0.005 0.002 -0.003
Multi. Candidate (2) 0.037 0.018 0.029 0.006 0.024 -0.026 0.024 0.008
K%n+t7~ BG.(1) -0.011 -0.008 -0.011 -0.008 -0.002 -0.001 -0.009 -0.006
K%r+tn~ BG.(2) -0.000 -0.000 0.000 0.003 -0.000 0.000 0.000 0.000
K2ntn~ BG.(3) -0.000 -0.001 -0.001 0.001 0.002 0.001 0.000 0.000
K%7nt7n~ BG.(4) 0.067 0.015 0.029 0.038 0.006 -0.043 0.006 -0.011
Constrain 0.022 -0.039 0.007 -0.000 -0.009 -0.0568 0.035 0.035
Non-D/D (1) -0.002 -0.001 -0.002 -0.001 -0.002 -0.000 -0.002 -0.001
Non-D/D (2) 0.002 -0.001 0.000 0.001 -0.001 -0.001 0.001 0.000
Non-D/D (3) 0.004 0.002 0.005 0.005 0.003 -0.003 0.002 0.001
Non-D/D (4) 0.002 -0.000 0.001 0.001 -0.000 -0.002 0.001 0.000
DCSD (1) 0.004 0.001 -0.002 0.002 -0.001 -0.003 0.002 -0.001
DCSD (2) 0.020 -0.005 0.028 0.014 0.013 -0.005 0.024 0.018
Flavor stat. 0.034 0.033 0.042 0.029 0.033 0.031 0.037 0.028
Sum 0.095 0.070 0.082 0.069 0.055 0.088 0.073 0.060
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Chapter 5

Conclusion

The final results are shown in Fig. 5.1 and Table 5.1. In Table 5.1, the first error is statistical
error, the second error is systematic error. The correlation matrix among ¢;, s; is shown in
Table 3.19.

For s; and s, they have two-fold ambiguities, we choose the one predicted by the isobar
model.

The impact on v measurement of the input ¢; and s; measured in this analysis is studied
using Monte Carlo samples. Assuming plenty of B — DK data, we found the uncertainty
on v due to CLEO-c results is about 2°, which is much lower than the model dependent
uncertainty. The results presented here can be used by LHCb and future Super-B factories to
improve the determination of ~.

c&c’
=
T
]

S &S’
=
T

0 4
- i B KgTTC

P ; " K . i H = Krns A

Figure 5.1: Final results. (¢;, ¢}) are shown in the left plot, (s;, s}) are shown in the right plot.
Inner errors are statistical errors, outer errors are the total errors.
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Table 5.1: Final results. First error is statistical error, second error is systematic error. (c;, s;)
are associated with Kontm~, (¢}, s) are associated with K27t m™

i

Ci

c

Si

SI

0 ~JO Ut LN

0.74240.041+0.022
0.607+0.073+0.038
0.064+0.077+0.052
-0.492+0.113+0.056
-0.91840.053+0.039
-0.743£0.071£0.033
0.156+0.09240.050
0.398+0.047+0.020

2
0.839+0.041+0.024
0.776+0.073+0.039
0.251+0.078+0.053
-0.347+0.1354+0.074
-0.796+£0.056+0.043
-0.548+0.080£0.036
0.481+0.094+0.045
0.586+0.048+0.020

-0.0224+0.168+0.096
0.009+0.22040.054
0.548+0.1984+0.096
0.12440.227+0.074
-0.1184+0.194+0.057
-0.296+0.203+0.070
-0.870+£0.183+0.062
-0.438+0.146+0.041

2
-0.059+0.1654+0.095
-0.071+0.22340.070
0.529+0.200+0.082
0.252+0.2334+0.069
-0.082+0.197+0.055
-0.344+0.208+0.088
-0.768+0.189+0.073
-0.405+0.158+0.060
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