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1 Introduction

Hadronic DY decays play an important role in both charm and beauty physics. Precise
measurements of the absolute branching fractions (BF) of hadronic D decays provide useful
information to understand the underlying decay mechanism and help improve theoretical
models [1-8]. The D} - KTK—nt, Df — K2r*, and Df — KT K77 decays are not
only used as the reference modes for measurements of relative BFs of DI decays, but also
used to measure the modulus of the Cabibbo-Kobayashi-Maskawa matrix element |V in
decays B? — D; X [9]. Furthermore, searching for CP asymmetries in hadronic D;t decays
allows a more comprehensive understanding of CP violation in the charm sector. Therefore,
precision measurements of the absolute BFs of hadronic D are an important component
of the experimental and theoretical heavy-flavor physics program.

In this paper, we perform the measurements of the absolute BFs of fifteen D} decays:
KKt KtK—7nt, KK+ 70 KOKont, KK ntn% KK ntn, KK ntat, atotn,
7y, 7ty atrtroy, oty, ata%, K2rtr% Ktatr~, based on a sample of ete™
annihilation data corresponding to an integrated luminosity of 7.33 fb~! taken at the center-of-
mass energies in the interval /s = 4.128-4.226 GeV with the BESIII detector [10]. Thirteen
of these decay modes have been previously measured by the CLEO-c collaboration [11].
Moreover, CP asymmetries for these decays are measured in this paper. Throughout this
paper, charge-conjugated processes are implied except in CP asymmetry measurements.



2 Measurement technique

The double-tag (DT) method [12] is employed to obtain clean signal samples of ete™ —

0 is not

D**DF — (v,7%)D}F D7 in the following analyses. The transition photon or =
reconstructed. In this analysis, a single-tag (ST) candidate requires only one of the DF
mesons to be reconstructed via a hadronic decay, and a DT candidate has both D} and D
mesons reconstructed via hadronic decays. Considering two ST modes, DI — i and D — j,
and one DT mode D} — i, Dy — j, the BF for the i and j decays are B; and B;. We assume

CP violation is negligible while determining the BF (B; = B;), then we have:

+ —
Y; = NP P Bie;

~ _ NDIDi g
;=N Bjej , (2.1)
+ —
Y;; = NP Ds Bilgjfﬁ,

where € and ¢€; are the ST efficiencies, €;7 is the DT efficiency, Y; and Y; are the expected ST

yields, Y;; is the expected DT yield, and N DIDS s the number of DF D7 pairs.

For ST and DT yields, we calculate the expected yields based on eq. (2.1) using B;,
B; and N DDy , and perform a maximum likelihood fit to the obtained ST and DT yields.
Through the fit, we obtain the results of the parameters, considering both statistical and
systematic uncertainties.

We constrain B; to be the same for different final states involving 7 (1) in the intermediate
state, taking into account different detection efficiencies and BFs of the n (') meson.

We analyze fifteen decay modes (nineteen final states) and seven data sample groups (see
table 1), leading to a total of 266 (19 x 2 x 7) ST yields, 2527 (19 x 19 x 7) DT yields,
fifteen BFs and seven ND<Ds values.

We derive the CP asymmetry for each decay mode by:

Nifei — Ni/€;

2.2
Ni/Ei-i-Ng/e;’ ( )

Acpi =

where N; (NV;) is the obtained yield for ST mode i (i).

)

3 Detector and data sets

The BESIII detector [10] records symmetric e™e™ collisions provided by the BEPCII storage
ring [13] in the center-of-mass energy range from 2.0 to 4.95 GeV, with a peak luminosity of
1 x 1033 em~2s7! achieved at /s = 3.77 GeV. The cylindrical core of the BESIII detector
covers 93% of the full solid angle and consists of a helium-based multilayer drift cham-
ber (MDC), a plastic scintillator time-of-flight system (TOF), and a CsI(Tl) electromagnetic
calorimeter (EMC), which are all enclosed in a superconducting solenoidal magnet providing a
1.0 T magnetic field [14]. The solenoid is supported by an octagonal flux-return yoke with re-
sistive plate counter muon identification modules interleaved with steel. The charged-particle
momentum resolution at 1 GeV/c is 0.5%, and the dE/dx resolution is 6% for electrons from
Bhabha scattering. The EMC measures photon energies with a resolution of 2.5% (5%)
at 1 GeV in the barrel (end cap) region. The time resolution in the TOF barrel region is



Vs (GeV) Lint (pb71) Myee (GeV/c?)
4.128 401.5 [2.060, 2.150]
4.157 408.7 [2.054,2.170]
4.178 3189.0 £0.2+31.9  [2.050,2.180]
4.189 570.0£0.1£2.2 [2048,2.190]
4.199 526.0+£0.1£2.1 [2.046, 2.200]
4.209 572.1+£0.1£1.8 [2.044,2.210]

[ ]
[ ]

4.219 569.2+0.1£1.8 2.042,2.220
4.226 1100.9+0.1£7.0 2.040,2.220

Table 1. The integrated luminosities (L) and the requirements on M. for various center-of-mass
energies [20, 21]. The first and second uncertainties are statistical and systematic, respectively. The
definition of M, is given in eq. (4.1). The integrated luminosities for data samples of /s = 4.128 GeV
and /s = 4.157 GeV are estimated by using online monitoring information.

68 ps, while that in the end cap region is 110 ps. The end cap TOF system was upgraded
in 2015 using multigap resistive plate chamber technology, providing a time resolution of
60 ps [15-17]. About 84% of the data used in this paper benefits from this upgrade.

Data samples corresponding to a total integrated luminosity of 7.33fb~! are used in this
paper. The integrated luminosities for the individual center-of-mass energies [18] are given in
table 1. Data samples of /s = 4.128 GeV and /s = 4.157 GeV are merged into one group
due to their low statistics. Since the cross section of eTe™ — D!* DT production in ete~
annihilation is about twenty times larger than the one of ete™ — DI D [19] in this energy
region, the signal events discussed in this paper are selected from the process ete™ — D:FDT.

To determine the detection efficiencies and estimate backgrounds, we produce and
analyze GEANT4-based [22] Monte Carlo (MC) simulation samples for all data sets listed in
table 1, with sizes that are 40 times the integrated luminosity of data. The MC samples
are produced using known decay rates [23] and correct angular distributions by two event
generators, EVTGEN [24] for charm (D**, DF, D*0#) and D)) and charmonium decays
and KKMC [25] for continuum processes. The samples consist of eTe™ — DD, D*D, D*D*,
DsDs, D¥Ds, D:D¥, DD*r, DDr, qq(q = u,d,s), vJ /1, v (3686), and 777~. For the
fifteen D signal processes, twelve multi-body processes are generated based on amplitude
models [26-36],! while the three two-body processes are modeled with a uniform phase-space
distribution. Charmonium decays that are not accounted for by exclusive measurements are
simulated by LUNDCHARM [37]. All MC simulations include the effects of initial-state radiation
(ISR) and final-state radiation (FSR). We simulate ISR with ConExc [38] for ete™ — cc
events within the framework of EVTGEN, and with KKMC for non-charm continuum processes.
The simulation models the beam energy spread in the e™e™ annihilations with the generator
KKMC. FSR from charged final state particles is incorporated using PHOTOS [39].

'The amplitude model for the K¢K 77~ mode is taken from an unpublished BESIII internal results,
which are on going.



4 Event selection

The Dgt candidates are constructed from combinations of 7+, K+, Kg, n, ', p(770)°, and v
candidates in nineteen final states. The D — 77 decay is reconstructed via two distinct final
states, Df — 7tn,, and D — 79,1 0. The D — 7tn is reconstructed in three final
0 .
states DF — 7r+77;r+7r,77w, Df — 7T+n;r+ﬂ*m,+,r—,ro’ and D — ntn,. The Df — n7% is
reconstructed in two final states which are D} — n 7%/ ey A0 D — w7/ ,. Here,

the subscripts on 7y, Ni+r-70, N and n/vp indicate the reconstructed decay modes

/
rtr—n)
n—=yy,n—=atr w0,y = atay ar?d n' — ~p, where p denotes p(770)°.

All charged tracks detected in the MDC are required to be within a polar angle (6)
range of |cos | < 0.93, where 6 is defined with respect to the z-axis, which is the symmetry
axis of the MDC. For charged tracks not originating from Kg decays, the distance of closest
approach to the interaction point (IP) must be less than 10 cm along the z-axis, |V.|, and
less than 1cm in the transverse plane, |V,,|. Particle identification (PID) for charged tracks
combines measurements of the d£/dz in the MDC and the flight time in the TOF to form
likelihoods £ (h) (h = K, ) for each hadron h hypothesis. The charged kaons and pions are
identified by requiring £ (K) > £ (w) and £ (7) > L (K), respectively.

The K9 candidates are reconstructed from pairs of oppositely charged tracks satisfying
|V.| < 20cm. The two charged tracks are assigned as 77~ without imposing the above PID
criteria. The quality of the vertex fits is ensured by a requirement of x? < 100. The invariant
mass of the 7+ 7~ pair is required to be within [0.487,0.511] GeV/c?. For the D — K2K2r™
and D — K9r 7" modes, to avoid the peaking background from Df — 7Tntrtr—n~
and D — 7t7 77~ 7% modes, the decay length from the IP of the K2 candidate is required
to be greater than twice the resolution.

Photon candidates are identified using showers in the EMC. The deposited energy of
each shower must be more than 25MeV in the barrel region (|cosf| < 0.80) and more than
50MeV in the end cap region (0.86 < |cosf| < 0.92). To exclude showers that originate
from charged tracks, the angle subtended by the EMC shower and the position of the closest
charged track at the EMC must be greater than 10 degrees as measured from the IP. To
suppress electronic noise and showers unrelated to the event, the difference between the EMC
time and the event start time is required to be within [0, 700] ns.

The 7° and 1~ candidates are reconstructed from photon pairs with invariant masses in
the ranges [0.115,0.150] GeV/c? and [0.490, 0.580] GeV /c?, respectively. We require that at
least one photon comes from the barrel region of the EMC to improve their invariant mass
resolutions. A kinematic fit constraining the invariant mass of the selected photon pair to

0

the known 7° or 1 mass [23] is performed, and the x? of the kinematic fit is required to

+ 0

be less than 30. The 7, +,.-,0 candidates are formed from 777~ 7" combinations with an

invariant mass in the range [0.530,0.560] GeV/c%.
For the 7’ candidates formed from 777 and vp(770)° combinations, we require invariant
masses to be within the ranges [0.943,0.973] GeV/c? and [0.946,0.970] GeV /c?, respectively.

+7~ combinations with an invariant

Furthermore, the p(770)° candidates are formed from 7
mass within the range [0.570,0.970] GeV/c%.
For the Dy — K™7"7~ mode, we require the 777~ invariant mass to be outside of

the range [0.487,0.511] GeV/c? to exclude the K9 — n*7~ contamination from the process



Df — KYK*. Similarly, for the D} — 7777~ mode, we require the 7777 invariant
mass to be outside of the range [0.943,0.973] GeV/c? to exclude the ’ — w71 contribution
+y.

The invariant masses of DI candidates (M D;l:) are required to be in the range of
[1.88,2.06] GeV/c?. The recoil mass M is defined as

from the process DY — =«

‘262, (4.1)

2

]\41?(%04 = (\/g - \/|ﬁD;"’262 + m2D;rC4> - ‘ﬁD;"
where pjp+ is the three-momentum of the DY candidate in the ete™ center-of-mass frame
and mp+ is the known D7 mass [23]. We use two different requirements on M,ec: a tighter
selection, within the interval of [2.10,2.13] GeV/¢?, for Df — ntntn™n, Df — a0 |
and D} — Kg7r+7r0 final states for all energy points to reduce background, and the looser
intervals given in table 1 for the remaining final states. If there are multiple ST candidates,
the candidate with the M. closest to the known D** mass [23] is kept.

The DT D candidates are required to pass the same selections as those for ST candidates,
and we require one of the two D;t candidates to satisfy M. > 2.10GeV/ c2. If there are
multiple combinations in an event, the combination with the average D candidate invariant
mass (M = (Mp+ + Mp-)/2) closest to the known D¥ mass [23] is retained. About 19.7%
(20.1%) of events in data (simulated samples) contain multiple DT candidates, and the
distributions of the multiplicity of DT candidate show good consistency between data and
simulated samples. This requirement retains more than 97.7% of DT signal candidates.

5 Single-tag and double-tag yields

The ST yields are determined from fits to the M D distributions. As an example, the fits
to the M Dt and M D distributions of the selected ST candidates from the data sample at
/s = 4.178 GeV are shown in figure 1 and figure 2, respectively. We use the MC-simulated
shape convolved with a Gaussian function to describe the signal. The background is described
by a second-order polynomial. The MC-simulated shapes of the final states D" — Kg#“
and D} — ntntn~n,, are included as peaking background components in the fits for the
final states D} — K$K* and D} — ntyl +m-,,> Tespectively. The various ST yields in
data at /s = 4.178 GeV are summarized in table 2.

Since each ST final state may receive crossfeed background from other ST signal final
states, we create an efficiency-correction matrix, C5T, to describe simultaneously the detection
efficiencies (diagonal elements) and the crossfeed probabilities (off-diagonal elements) [40].
The elements CZ-SJ-T are defined to be the probabilities that an event of signal mode j is
reconstructed and counted in the yield for mode i, as determined using MC samples.

The DT yields are determined by counting events in a signal and two sideband regions in
the plane of M pg versus M - This provides a unified method that works well, considering
the low statistics of some DT final states. Figure 3 shows the M py versus M D distribution
of all DT candidates in data, as well as the signal and the sideband regions. The signal
region requires that the average invariant mass satisfy [m —m D;\ < 15MeV /c? while the
invariant mass difference Am = Mp+ — M), satisfies [Am[ < 30 MeV/ c2. We define a
sideband region with the same m requirement but with 80 < |Am| < 140 MeV/c?. The
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Figure 1. Fits to the M+ distributions of the ST candidates from the data sample at Vs =4.178 GeV.
The points with error bars are data, the blue solid curves are the fit results, the pink dotted curves
are the fitted background shapes, and the red dashed curves are the signals.
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Final state Yield Final state Yield
Df — KK 16668 =166 D, — K2K~ 16739 == 166
Df - KTK-nt 732524379 Dy - KYK 7 73048 = 380
D} — KJK*r0 6375+£249 D, — KK 7" 6616 + 249
Df — KYKJn+ 2546+79 Dy — K3K9m~ 2686 + 80
D} — KtK-atqY 24033 +425 D; - K*K-7 n° 24295 + 426
Df — KYK*trtn™ 4944 +£217 D7 — KYK ntn~ 4580 £ 215
D} — KYK rntnt 9156 £182 Dy — KKt r 7~ 8904 + 181
Df - nfntr~ 20655 +444 D = whr o 20875 £ 446
Df — ntn,, 107552225 D — w1y 11131 226
Df — 7%, 24551 +£649 D; — 1’1, 24050 £ 648
Df = atatnn,, 6140319 Dy — wta~m 0., 6215 = 320
D = T gt g0 280888 Dy — T Nyt p—ro 2914 + 87
Df =ty BWT£99 Dy =7, 5239 + 99
DY —»atan, ., 2326136 Dy — 7w, 2197 £139
Df —watnly o, 62433 Do—wnl, o 609+£33
Df — 'ty 13192+£359 D7 — 7 1, 14042 =+ 362
Df — ntnly, 5156 £468 Dy — 7w, 5859 +471
Df — Kdrtn0 1910+172 D; — Kor n° 1703 +171
Df — Ktrtr™ 10589+£394 Dy — K ntrn~ 9991 + 390

Table 2. ST yields in data with statistical uncertainties at /s = 4.178 GeV.

numbers of events for nineteen final states of seven data samples in the signal region and

the sideband regions are 42965 and 14728, respectively.

The DT backgrounds have two main components: a uniform background and the crossfeed
background. Based on the fact that the inclusive MC samples adequately describe the data
sample, we estimate the uniform background by using inclusive MC samples to derive a

scale factor f for the uniform background as:

where Ny, is the number of the uniform background events in the signal region and Ngigeband
is the number of the uniform background events in the sideband regions. To describe the
crossfeed background, we use a method analogous to the one used for the ST crossfeed to

kag = f X Nsideband;

create an efficiency-correction matrix, CPT, and include this matrix in the BF fit.
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Figure 3. Invariant mass of the D} candidate versus invariant mass of the D candidate for all
361 DT final states and seven data samples. The squares show the signal region (red) and two
sideband regions (green). There are 42965 events in the signal region and 14728 in the combined
sideband regions.

6 Systematic uncertainties

The systematic uncertainties in the BF measurements mainly come from tracking and PID
efficiencies, ~, Kg, 79, and 7 reconstruction, intermediate decays, amplitude model, MC
statistics, background shape, crossfeed probabilities and the scale factor from the uniform
background distribution of DT yields. The efficiency systematics accounts for the momentum
distributions of the relevant particles. We discuss each of them in detail below.

o 7, K7 tracking efficiency. The decays ete™ — KT K- KK~ Kt K- ntn~ (7%), and
atr~atr (70) are used to study the K+ and 7t tracking efficiencies. The 7t (77)
and K+ (K~) data-MC tracking efficiency ratios, including the 7= from 7,4+, o,
0 4. — o and p(770)°, are given in table 3.

o 7, K* PID efficiency. The 7% /K* PID efficiency is studied with the same control
samples as the tracking efficiency. The 7 (77) and K+ (K~) data-MC PID efficiency
ratios, including the 7% from 7+ -0, n s o and p(770)°, are given in table 3.

o« K g reconstruction. The uncertainty for the K g reconstruction efficiency is studied using
the control samples of J /1) — K¢KTn~ and ¢ KK Tr~ decays [41]. The data-MC K2
reconstruction efficiency ratios are given in table 3.

o 7 and 1y reconstruction. The systematic uncertainty associated with the 70 recon-
struction efficiency is investigated by using a control sample of the process ete™ —



Final state Tracking PID K 70— vy (n = vv)
[(g[(Jr 1.001+0.002 1.000+0.002 1.02040.005 —
K+*K=z+  1.00740.010 0.983+0.006 — —
KgK+7TO 1.0024+0.002 0.996 £0.002 1.0284+0.006 1.014+0.010
KgKgﬂJr 0.995+0.004 0.99540.002 1.056+0.013 —
KYK—nt7% 1.010+0.015 0.97640.006 — 1.017+£0.010
KgK+7T+7T* 1.003+£0.011 0.986+0.006 1.035+0.008 —
KgK*WJFWJF 1.003+0.011 0.987+0.006 1.034+0.008 —
atate™ 1.005+£0.006 0.99140.006 — —
7t 1.00240.002 0.994 + 0.002 — 0.987+0.016
ntaln 0.9994£0.002 0.996 £ 0.002 — 0.996 +0.020
rtatrn 0.996 +0.007 0.992 £ 0.006 — 1.001 +0.010
- 0.997+0.007 0.989 £ 0.006 — 1.0204+0.010
wt 0.9894+0.011 0.984 4+ 0.006 — 0.999 +£0.010
ataly 0.980£0.013 0.981 4+ 0.006 — 1.0254+0.020
7r+77;r+7r,7737r 0.973+0.021 0.971+0.010 — 1.033£0.018
Tt 1.002£0.006  0.992 % 0.006 — —
7r+7r0n;),y 1.001 £0.006 0.994 4+ 0.006 — 1.009 £ 0.010
K2rtn0 0.999+0.002 0.997+0.002 1.026+0.006 1.005+0.010
Ktotea— 1.005+£0.007 0.990 4+ 0.006 — —

Table 3. The data-MC efficiency ratios. The MC efficiencies have been corrected to data by these
ratios and the uncertainties of the ratios are assigned as the systematic uncertainties. A “—” indicates
that the ratio is not applicable.

KTK~—nt7n~ 7% The systematic uncertainty for 1~ reconstruction is assigned to be the
same vs. momentum as that of 7° reconstruction. The average ratio between data and
MC efficiencies of 7° and 7y~ reconstruction, weighted by the corresponding momentum
spectra are given in table 3.

e v reconstruction. The systematic uncertainty of v detection efficiency is 1% per photon,
obtained by studying the control sample of J /1 — p(770)%7° [42].

o Intermediate resonance decays. The uncertainties in the BFs of intermediate resonance
decays are considered, as listed in the PDG [23]:

- B (K% — nrn™) = (69.20 &+ 0.05)%,
— B (7% = yv) = (98.823 £ 0.034)%,

,10,



Intermediate Amplitude

Final state ~ reconstruction
resonance decay model

KYK™ — 0.07 —
KtK—nt — — 0.50
KYK+70 — 0.08 0.80
KYK — 0.14 0.50
KtK—rtr0 — 0.03 0.40
KYK ntn™ — 0.07 0.40
KK nhn™ — 0.07 0.60
rtata~ — — 0.50
Ty — 0.51 —
7T 70n,, — 0.51 0.60
atrt TN, — 0.51 0.40
T Nt e 0 — 1.01 —
Tty - — 1.28 —
TN e — 1.28 0.40
7T+77;r+7r*n,r+7,77,o — 1.18 —
My 1.00 1.36 —
m ), 1.00 1.36 0.50
Knta0 — 0.08 0.80
Ktntn— — — 0.50

Table 4. Systematic uncertainties from - reconstruction, intermediate resonance decays and amplitude
model for the BF measurement (%). The “—” indicates that the uncertainty is not applicable.

B (n — vv) = (39.41 £+ 0.20)%,
B (n— atr—nY) = (22.68 £ 0.23)%,
B (n — 7t n) = (42.5+0.5)%,
B (7 — p(770)%) = (29.5 + 0.4)%.
e Amplitude model. The uncertainties from the amplitude models are estimated by

varying the amplitude model parameters based on their error matrix. Here we assign
the uncertainty according to the amplitude [26-36] as listed in table 4.

e MC statistics. The systematic uncertainties due to MC statistics arise from the
statistical uncertainties of 266 ST and 2527 DT efficiencies. The total uncertainty from
MC statistics for each mode is given in table 5.

— 11 —



) MC Background  Crossfeed DT background
Final state

statistics shape probabilities factor
KYK™ 0.10 0.01 0.01 0.01
KtK—r*t 0.05 0.01 0.00 0.01
KYK 7Y 0.15 0.07 0.01 0.07
KYKm 0.26 0.07 0.01 0.07
KtK-ntax®  0.08 0.04 0.00 0.04
KK rtn™ 018 0.12 0.01 0.12
KK —nrnt  0.14 0.05 0.00 0.05
e 0.09 0.06 0.01 0.06
Tt 0.13 0.03 0.00 0.03
0y 0.08 0.04 0.00 0.04
atatan 0.16 0.13 0.01 0.13
T N3 0.25 0.05 0.01 0.05
L 0.18 0.02 0.00 0.02
ataly/ 0.27 0.10 0.00 0.10
LA 0.50 0.05 0.00 0.05
), 0.12 0.05 0.00 0.05
mtaln, 0.21 0.19 0.01 0.19
K3ntr® 0.35 0.20 0.01 0.20
Ktatn- 0.12 0.07 0.00 0.07

Table 5. Total systematic uncertainties from each of these sources: MC statistics, background
shape, crossfeed probabilities and the scale factor from uniform background of DT yields for the BF
measurement (%).

e Background shape. To estimate the uncertainty due to the background shape of the
signal D} invariant mass distribution, the MC background shape is used to replace the
second-order polynomial. The total uncertainty of the background shape for each mode
is given in table 5.

e Crossfeed probabilities. The systematic uncertainty due to crossfeed probabilities is
obtained by propagating the statistical uncertainties of the C5T and CPT matrices.
The total uncertainty from crossfeed probabilities for each mode is given in table 5.

e The scale factor from uniform background of DT yields. The systematic uncertainty
due to the scale factor from uniform background of DT yields is taken as the statistical
uncertainty of f from the inclusive MC sample. The total uncertainty of the scale factor
from uniform background of DT yields for each mode is given in table 5.
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For the data-MC efficiency ratios in table 3, the MC efficiencies have been corrected by
these ratios and the uncertainties of the ratios are assigned to be the systematic uncertainties.

7 Branching fraction measurement

We use a maximum-likelihood fit to obtain the BFs and the number of D} D, pairs by
the observed ST and DT yields.

For the data sample k, we denote the number of D} D} pairs as N ,? 4 DS_, the observed
ST yield matrix as N7 (1 x 38 matrix) and the expected yield matrix Y31 (38 x 1 matrix):

YT = NijD;BSTCET, (7.1)

where B5T (1 x 38 matrix) is the BF matrix and C}T (38 x 38 matrix) is the ST efficiency-
correction matrix. The likelihood function of ST yields for data sample k (£37) can be
expressed as:

1

\/2m |det VET|

where T is the transpose operation of a matrix, det is the determinant operation for a matrix,
and V3T (38 x 38 matrix) is the ST statistical uncertainty matrix [40]:

ST — exp [(VET = NI (VED) YT -NETT 2], g

OST,i0ST,j, ©=1]
Vg = e (7.3)
k] 2 . .

The diagonal elements are the statistical uncertainty of ST yields (ogT,;) and the off-diagonal
elements are evaluated as the observed DT yield (opT ;). Since any event can contain both ST
and DT candidates, the ST yields are correlated among themselves as well as with DT yields.

For a DT final state, Dy — i and D; — 4, in data sample k, we denote the observed

DT yield in sideband regions as S%Tk and the observed DT yield in the signal region as

EVT

NPT The expected yield at generator level is ik

1,5,k

. + -
EPT = NP BiB;. (7.4)

Based on eq. (7.4), we denote an expected yield matrix EET (1 x 361 matrix) and an
efficiency-corrected expected yield matrix YPT (1 x 361 matrix) as:

YPT - BPTCP 75

where CPT (361 x 361 matrix) is the DT efficiency-correction matrix constructed in section 5.
The DT likelihood function [,%Tk is given by the usual description of a Poisson signal

in the presence of Poisson backgr(’)t’md [43]:

£PT (NPT gDT .yDT gDT )

ig ke Vi b Qi Yig ko Pig k) =
DT GDT YN ST (5,6 52T,)
1 (Yl,;,k fi,;,k i:;,k) .7,k 1 (fz’j’kS,LJJg) 1,5,k%3.5 k (76)

)

DT o ~ DT =
(N3t exp(Y5 + figadizy) (Fgadig)t  exp(figrSiyy)

7
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Mode B (%) PDG B (%)
Df — KK 1.502 £ 0.012 £ 0.009 1.453 £ 0.035
Df - KTK nt 5.49 £ 0.04 £+ 0.07 5.37 + 0.10
Df — KK +7Y 1.47 +0.02 £ 0.02 1.47 + 0.07
Df — KYK3nt 0.73 £0.01 £0.01 0.71 + 0.04
Df - K*K ntx®  5.5040.05+0.11 5.50 + 0.24
Df - KYKTrtr~  0.93+0.02+0.01 0.95 £ 0.08
Df —» KJK—nrnt  1.564+0.02+0.02 1.53 & 0.08
Df —» nfntn 1.09 + 0.01 £ 0.01 1.08 + 0.04
Df — 7ty 1.69 + 0.02 £ 0.02 1.67 + 0.09
Df — 770y 9.10 £ 0.09 £+ 0.15 9.5+ 0.5
Df = ntatrn 3.08 £ 0.06 + 0.05 3.12 £ 0.16
Df — oty 3.95 £ 0.04 £ 0.07 3.94 £ 0.25
Df — ntaly 6.17+£0.124+0.14 6.08 £ 0.29
Df — Krtr0 0.51 £0.02 £ 0.01 0.54 + 0.03

Df - Ktntr~ 0.620 £ 0.009 £ 0.006  0.620 £ 0.019

Table 6. Results of the BF fit and comparison to the PDG values. For results in this paper, the
first uncertainties are statistical and the second ones systematic. For the PDG total uncertainties
are shown.

where f; 7 ;. is the scale factor from uniform background of DT yields in eq. (5.1) and .S DT . 1s the
expected yield in sideband regions and eliminated by solving G(EDT )/ aSDT =0 analytlcally.

Based on seven data samples and 19 x 19 DT final states, the ﬁnal hkehhood function (L)
can be expressed as:

19 19

L= H I IT 2% (7.7)

=15=1

The results of the BF fit and comparisons to the PDG [23] are listed in table 6. The fitted
numbers of produced DF D pairs for seven data samples are list in table 7.

We check the internal consistency of the BF fitting procedure using the inclusive MC
sample, which corresponds to an integrated luminosity of 40 times the recorded data set, and
find that central values and pull distributions for the fitted parameters are reasonable.

Systematic uncertainties are propagated to the final results by adjusting fit inputs,
including efficiencies, ST yields, DT yields in the signal region and the sideband regions
and scale factors from uniform background of DT yields. The appropriate correlations are
included using the detailed results of section 6. The uncertainties from tracking and PID
efficiencies, intermediate decays, amplitude model and the K2, 7°, n, and v reconstruction
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Vs (GeV) NDIDS (x107)
4.128 and 4.157  6.29+0.06 +0.01

4.178 31.79£0.24 +£0.06
4.189 5.51+0.05£0.01
4.199 4.924+0.056+0.01
4.209 5.07+£0.05£0.01
4.219 4.32+£0.04+0.01
4.226 6.821+0.07£0.02

Table 7. The numbers of produced D D; pairs for the seven data samples. The first and second
uncertainties are statistical and systematic uncertainties, respectively.

are correlated while the uncertainties from MC statistics, ST background shape, crossfeed
probabilities and the background of DT yields are uncorrelated.

For each correlated systematic uncertainty, we change all corresponding input values
of all ST final states and DT final states with the expected systematic in that mode and
obtain the new fit values. For each uncorrelated systematic uncertainty from every final
state, we only change the corresponding input value of that final state with the expected
systematics. For each parameter, the changes in the fitted value are taken as the contribution
to the systematic uncertainty, and the sum of all contributions in quadrature gives the
total systematic uncertainty.

8 CP asymmetries measurement

We derive the CP asymmetry for each mode by:

7
D k=1 (NZSI;P/QSE - N;S;;F/fgsz)

= Y
Dk (NG €0k + N /)

ACRZ‘ = (8.1)

where NE,;F and elsg (st];r and 6285) are the yields and efficiencies for the ST mode i (i) from
date sample k. Almost all systematic uncertainties cancel in Agp calculations, except the
ST efficiency statistical uncertainty, the ST yield fit uncertainties, and the uncertainties from
tracking efficiencies. The results of the Acp calculation and comparison to the PDG [23]
are listed in table 8.

9 Summary

We have measured the absolute BFs for fifteen hadronic D decays, reconstructed in nineteen
final states, using a sample of eTe™ collision data corresponding to an integrated luminosity
of 7.33fb™! collected with the BESIII detector at center-of-mass energies between 4.128 and
4.226 GeV. The BFs obtained and shown in table 6 are in agreement with the world-average
values [23], but typically with much improved precision. The BFs of selected important
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Mode Acp (%) PDG Acp (%)

D — KYK* 0.29+£0.50+£0.21  0.09+0.26
Df - Kt*K—n* 0.4840.264+0.24 —0.540.9
D — KYK*n" —0.85+1.97+0.46 —2+6
D — KYKJr* 1.14+1.58 +0.44 345

Df - KTK-ntr% —0.66+0.914+0.33 0.0£3.0
Df - KYK*rtr=  200£237+£0.70 —6+5
D » KYKFr*r®t —0.24+£1.05+1.07 4.1+28

D — rEatr- —0.88+1.174+0.38 —0.7+3.1
DT — 7*y —0.44+0.89+0.19  0.3+£0.4
DF — a0y 1.05+1.45+0.62 —1+4
D — r¥ntay 2.42+2.85+0.78 -
D — nty/ —0.594+0.76 £0.20 —0.9+0.5
DF — 7 q0%/ —1.60 £2.57 4 0.64 0+8
DFf — Kdr*r® —2.174+4.65+1.10 3+6
Df - K*rtn~ 1.814+2.01+£0.45 4+5

Table 8. Results of the Agp calculation for this paper and comparison to the PDG. For results in
this paper, the first uncertainties are statistical and the second ones systematic. For the PDG total
uncertainties are shown.

reference modes are:

B(Df — KTK nt) = (5.49 + 0.04 & 0.07)%,
B(Df — KYK*) = (1.50 £ 0.01 £+ 0.01)%,
B(Df - K"K 7"7%) = (5.50 £ 0.05 + 0.11)%,

where the first uncertainties are statistical and the second are systematic. Additionally, the
CP-violating asymmetries of the fifteen hadronic DF decays are measured. No significant
asymimetries are observed.
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