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R. A. Briere , T. E. Browder , A. Budano , S. Bussino , M. Campajola , L. Cao , G. Casarosa ,

C. Cecchi , J. Cerasoli , M.-C. Chang , P. Chang , P. Cheema , V. Chekelian , B. G. Cheon , K. Chilikin ,

K. Chirapatpimol , H.-E. Cho , K. Cho , S.-K. Choi , S. Choudhury , J. Cochran , L. Corona , S. Das ,

F. Dattola , S. A. De La Motte , G. de Marino , G. De Nardo , M. De Nuccio , G. De Pietro ,

R. de Sangro , M. Destefanis , S. Dey , R. Dhamija , A. Di Canto , F. Di Capua , J. Dingfelder ,
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We measure the lifetime of the D+
s meson using a data sample of 207 fb−1 collected by the

Belle II experiment running at the SuperKEKB asymmetric-energy e+e− collider. The lifetime is
determined by fitting the decay-time distribution of a sample of 116× 103 D+

s →φπ+ decays. Our
result is τ

D
+
s

= (498.7 ± 1.7+1.1

−0.8) fs, where the first uncertainty is statistical and the second is

systematic. This result is significantly more precise than previous measurements.

The lifetime of a particle, like its mass and spin, is
one of the fundamental properties that distinguishes it
from other particles. The lifetime is the reciprocal of the
total decay width, which is the sum of all partial decay
widths. Each partial width is proportional to the magni-
tude squared of the sum of all decay amplitudes to a final
state, and thus every decay amplitude potentially affects
the lifetime. As a result, the lifetime can provide infor-
mation about amplitudes that are difficult to measure or
calculate.
Lifetimes of D mesons are dominated by partial widths

to hadronic final states. The relatively long lifetime of
the D+ meson, 2.5 times that of the D0, is interpreted
as due to a reduction in hadronic partial widths due
to destructive interference between a “spectator” ampli-
tude and a color-suppressed amplitude (Fig. 1, left) [1].
The closeness of the lifetimes of the D0 and D+

s mesons
is attributed to the dominance of the spectator ampli-
tude for hadronic decays and different color factors that
enter subdominant “exchange” (D0) and “annihilation”
(D+

s ) amplitudes [2]. The latter amplitude for D+
s de-

cays (Fig. 1, right) is Cabibbo-favored and thus plays
a larger role than it does for D+ decays, in which it is
Cabibbo-suppressed.
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FIG. 1. Left: spectator amplitude (top) and color-suppressed
amplitude (bottom). Right: annihilation amplitude.

Hadron lifetimes are difficult to calculate theoretically,
as they depend on nonperturbative effects arising from
quantum chromodynamics (QCD). Thus, lifetime calcu-
lations are performed using phenomenological methods

such as the heavy quark expansion [3–8]. Comparing cal-
culated values with measured values improves our under-
standing of QCD, which leads to improved QCD calcula-
tions of other quantities such as hadron masses, structure
functions, etc. [9]. Measurements of the D+

s lifetime have
been reported by many experiments [10–16]; the world
average value is τ

D+
s

= (504 ± 4) fs [17]. In this Letter,

we present a new measurement of the D+
s lifetime using

D+
s →φπ+ decays [18] reconstructed in 207 fb−1 of data

collected by the Belle II experiment [19, 20]. Our result
has significantly greater precision than the world average
value.

The Belle II experiment runs at or near the Υ(4S) reso-
nance at the SuperKEKB e+e− collider [21]. The overall
detector [19] has a cylindrical geometry and includes a
two-layer silicon-pixel detector (PXD) surrounded by a
four-layer double-sided silicon-strip detector (SVD) [22]
and a 56-layer central drift chamber (CDC). These de-
tectors reconstruct tracks (trajectories of charged parti-
cles). Only one sixth of the second layer of the PXD
was installed for the data analyzed here. The axis of
symmetry of these detectors, defined as the z axis, is al-
most coincident with the direction of the electron beam.
Surrounding the CDC is a time-of-propagation counter
(TOP) [23] in the central region, and an aerogel-based
ring-imaging Cherenkov counter (ARICH) in the forward
region. These detectors provide charged-particle identi-
fication. Surrounding the TOP and ARICH is an elec-
tromagnetic calorimeter based on CsI(Tl) crystals that
provides energy and timing measurements for photons
and electrons. Outside of the calorimeter is an iron flux
return for a superconducting solenoid magnet. The flux
return is instrumented with resistive plate chambers and
plastic scintillator modules to detect muons, K0

L mesons,
and neutrons. The solenoid magnet provides a 1.5 T
magnetic field that is parallel to the z axis.

We use Monte Carlo (MC) simulated events to opti-
mize event selection criteria, calculate reconstruction ef-
ficiencies, and study sources of background. We generate
e+e− → qq̄ (q = u, d, s, c, b) events using the KKMC

package [24] and simulate quark hadronization using the
Pythia 8 package [25]. Hadron decays are simulated
using EvtGen [26], and the detector response is sim-
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ulated using Geant4 [27]. Final-state radiation is in-
cluded in the simulation via Photos [28]. Both MC-
simulated events and collision data are reconstructed us-
ing the Belle II analysis software framework [29, 30]. To
avoid introducing bias in our analysis, we analyze the
data in a “blind” manner, i.e, we finalize all selection
criteria and the fitting procedure before evaluating the
lifetime of signal candidates.

We reconstruct D+
s →φπ+ decays by first reconstruct-

ing φ → K+K− decays and subsequently pairing the
φ candidate with a π+ track. We select well-measured
tracks by requiring that each track have at least one hit
(measured point) in the PXD, four hits in the SVD, and
30 hits in the CDC. We select tracks that originate from
near the interaction point (IP) by requiring |δz| < 2.0 cm
and δr < 0.5 cm, where δz is the displacement of the
track from the IP along the z axis, and δr is the radial
displacement in the plane transverse to the z axis. The
IP position is measured at regular intervals of data-taking
using e+e− → µ+µ− events. The spread of the IP posi-
tion is typically 250 µm in the z direction, 10 µm in the
transverse horizontal direction (x), and only 0.3 µm in
the transverse vertical direction (y).

We identify tracks as pions or kaons based on
Cherenkov light recorded in the TOP and ARICH, and
specific ionization (dE/dx) information from the CDC
and SVD. This information is combined to calculate a
likelihood LK,π for a track to be aK+ or π+. Tracks hav-
ing a ratio LK/(LK + Lπ) > 0.60 are identified as kaon
candidates, while tracks having LK/(LK + Lπ) < 0.55
are identified as pion candidates. These requirements are
90% and 95% efficient for kaons and pions, respectively.
To reconstruct φ → K+K− decays, we combine two

kaon candidate tracks having opposite charge and an in-
variant mass satisfying 1.010 GeV/c2 < M(K+K−) <
1.030 GeV/c2. This selected range retains 91% of φ→
K+K− decays. We pair φ candidates with π+ tracks to
form D+

s candidates and require that the invariant mass
satisfy a loose requirement of 1.922 GeV/c2 < M(φπ+) <
2.020 GeV/c2. We fit the three tracks to a common ver-
tex using the TreeFitter algorithm [31]. The vertex
position resulting from the fit is taken as the decay ver-
tex of the D+

s . The fit includes a constraint that the D+
s

trajectory be consistent with originating from the IP; this
constraint improves the resolution on the D+

s decay time
by a factor of three.

To eliminate D+
s mesons originating from B decays,

which would not have a properly determined decay time,
we require that the momentum of the D+

s in the e+e−

center-of-mass frame be greater than 2.5 GeV/c. This se-
lection eliminates all D+

s mesons from B decays while re-
taining 67% of those produced via e+e−→cc̄. We reduce
background arising from random combinations of φ and
π+ candidates by requiring | cos θK | > 0.45, where θK is
the angle in the φ rest frame between the K− momentum
and the direction of the D+

s . This requirement reduces

combinatorial background by 40% while retaining 90% of
signal decays. After applying all selection criteria, about
2% of events have more than one D+

s →φπ+ candidate.
False signal candidates arise mainly from combinations
of φ decays with unrelated π+ tracks. These do not peak
in M(φπ+) and are counted as background in our fits for
signal yield and D+

s lifetime; consequently, they have a
negligible effect on the fitted lifetime. We thus retain all
signal candidates.
The final M(φπ+) distribution is shown in Fig. 2. We

perform an unbinned maximum likelihood fit to M(φπ+)
to determine the yield of D+

s →φπ+ decays. The signal
shape is modeled as the sum of two Gaussian functions
and an asymmetric Student’s t distribution. The back-
ground contains no peaking structure (> 95% consists
of random combinations of φ and π+ candidates) and
is well-modeled by a 2nd-order Chebyshev polynomial.
To measure the D+

s lifetime, we select candidates having
an invariant mass satisfying 1.960 GeV/c2 < M(φπ+) <
1.976 GeV/c2. This range retains 95% of D+

s →φπ+ de-
cays. In this signal region, the fit yields 115560 signal
decays and 9970 background events; the signal purity
(ratio of signal over the total) is 92%.
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FIG. 2. Distribution of M(φπ+) for D+
s → φπ+ candidates,

with the fit result overlaid. Black dots correspond to the data;
the red dashed curve shows the background component; and
the blue solid curve shows the overall fit result. Vertical dot-
ted lines denote the signal region, and vertical dot-dashed
lines denote the upper and lower boundaries of the lower and
upper sidebands (see text). The corresponding pull distribu-
tion is shown in the lower panel, where the pull is defined as
(data− fit)/(uncertainty in data).

The decay time of a D+
s candidate is calculated as

t =

(

~d · ~p

p2

)

m
D+

s

, (1)

where ~d is the displacement vector from the IP to the
D+

s decay vertex, ~p is the D+
s momentum, and m

D+
s

is

the known D+
s mass [17]. The average resolution on t

is 108 fs. We determine the D+
s lifetime by performing
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an unbinned maximum likelihood fit to two observables:
the decay time t and the per-candidate uncertainty on t
(σt) as calculated from the uncertainties on ~d and ~p. The
likelihood function for the ith candidate is given by

L(τ |ti, σt
i) = fsig Psig(t

i|τ, σt
i)Psig(σt

i) +

(1− fsig)Pbkg(t
i|τ, σt

i)Pbkg(σt
i), (2)

where fsig is the fraction of events that are signal D+
s →

φπ+ decays; Psig(t|σt) and Pbkg(t|σt) are probability den-
sity functions (PDFs) for signal and background events,
respectively, for a reconstructed decay time t given an
uncertainty σt; and Psig(σt) and Pbkg(σt) are the respec-
tive PDFs for σt. To reduce highly mismeasured events
that are difficult to simulate, we impose loose require-
ments −2000 fs < t < 4000 fs and σt < 900 fs. These
requirements reject less than 0.1% of signal candidates.
The signal PDF is the convolution of an exponential

function and a resolution function R:

Psig(t
i|τ, σt

i) =
1

τ

∫

e−t′/τ R(ti − t′;µ, s, σt
i) dt′, (3)

where R(ti − t′;µ, s, σt
i) is a single Gaussian function

with mean µ and a per-candidate standard deviation
s× σt

i. The scaling factor s accounts for under- or over-
estimation of the uncertainty σt

i. The PDF Pbkg(t |σt)
is determined by fitting the decay-time distribution of
events in the M(φπ+) “upper” sideband 1.990 GeV/c2 <
M(φπ+) < 2.020 GeV/c2, which has no contamination
from signal decays with final-state radiation. We model
Pbkg(t|σt) as the sum of three asymmetric Gaussians with
a common mean. We use MC simulation to verify that
the decay-time distribution of background events in this
sideband describes well the decay-time distribution of
background events in the signal region.
The PDFs Psig(σt) and Pbkg(σt) are taken to be finely

binned histograms. The former is determined from the σt

distribution of events in the signal region, after subtract-
ing the σt distribution of events in the M(φπ+) sideband.
The latter is determined from background events in the
M(φπ+) sideband. The resulting distribution matches
well that of MC-simulated signal decays. The signal frac-
tion fsig is obtained from the earlier fit to the M(φπ+)
distribution (Fig. 2) and fixed in this fit. Thus there are
three floated parameters: the lifetime τ , and the mean
parameter µ and scaling factor s of the resolution func-
tion. These are determined by maximizing the total log-
likelihood

∑

i lnL(τ |t
i, σt

i), where the sum runs over all
events in the signal region.
The result of the fit is τ = 498.70± 1.71 fs, where the

uncertainty is statistical only. The projection of the fit
for t is shown in Fig. 3 along with the resulting pulls; the
χ2 divided by the number of degrees of freedom (100 −
4 = 96) is 1.02. The values µ = 0.56 ± 0.86 fs and
s = 1.22 ± 0.01 obtained for the resolution function are
similar to those obtained from MC-simulated samples.
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FIG. 3. Distribution of t for D+
s →φπ+ candidates, with the

fit result overlaid. Black dots correspond to the data; the red
dashed curve shows the background component; and the blue
solid curve shows the overall fit result. The corresponding
pull distribution is shown in the lower panel.

The main systematic uncertainties are listed in Table I
and evaluated as follows. Uncertainty arising from pos-
sible mismodeling of the detector response and possible
correlations between t and σt not accounted for by the
resolution function is assessed by fitting a large ensemble
of MC signal events. The mean fitted value is calculated,
and the signed difference between the mean value and
the input value is assigned as a systematic uncertainty.
There is uncertainty arising from modeling the back-

ground decay-time distribution. We model this distri-
bution using background events in the upper M(φπ+)
sideband 1.990 GeV/c2 < M(φπ+) < 2.020 GeV/c2. To
evaluate uncertainty in this model, we choose a lower
sideband 1.922 GeV/c2 < M(φπ+) < 1.946 GeV/c2,
a combination of the two sidebands, and also the MC-
simulated background spectrum in the signal region. The
largest difference observed between the resulting fitted
lifetime and our nominal result is assigned as a system-
atic uncertainty.
We model both signal and background σt distributions

using histogram PDFs, and there is systematic uncer-
tainty arising from our choice for the number of bins (i.e.,
statistical fluctuations of the sideband data used to ob-
tain the histogram PDF). We evaluate this by changing
the number of bins from the nominal value (80) to other
values in the range 60–400. For each choice of binning,
we refit for τ . The largest difference observed between
the resulting values and our nominal value is taken as a
systematic uncertainty.
As measuring the decay time depends on a precise de-

termination of the displacement vector ~d and momentum
~p (Eq. 1), there is uncertainty arising from possible mis-
alignments of the PXD, SVD, and CDC detectors. We
study the effect of such possible misalignment using MC
events reconstructed with various misalignments. Each



5

sample is equivalent in size to that of the collision data
used. The difference between the fitted value of τ and
the result obtained with no misalignment is recorded,
and the root-mean-square (r.m.s.) of the distribution of
differences is taken as the systematic uncertainty due to
possible detector misalignment.
There is uncertainty arising from the fraction of signal

candidates (fsig), which is fixed in the decay-time fit to

the value obtained from the fit to the M(φπ+) distribu-
tion. We vary this parameter by its uncertainty and take
the resulting change in the fitted lifetime as a systematic
uncertainty.
There is an uncertainty arising from the global mo-

mentum scale of the detector, which is calibrated using
the peak position of D0 →K−π+ decays. We evaluate
this by varying the global scale factor by its uncertainty
(±0.06%) and assigning the resulting variation in the fit-
ted lifetime as a systematic uncertainty.
Finally, we include a systematic uncertainty due to un-

certainty in the D+
s mass [17], which is used to calcu-

late the decay time from the displacement vector ~d [see
Eq. (1)]. The total systematic uncertainty is obtained
by adding together all individual contributions (listed in
Table I) in quadrature. The result is +1.14

−0.76 fs.

Source Uncertainty (fs)

Resolution function +0.85

Background (t, σt) distribution ±0.40

Binning of σt histogram PDF ±0.10

Imperfect detector alignment ±0.56

Sample purity ±0.09

Momentum scale factor ±0.28

D+
s mass ±0.02

Total +1.14

−0.76

TABLE I. Summary of systematic uncertainties.

As a final check of our analysis procedure, we divide the
data sample into subsets based on D+

s (or D−

s ) charge,
D+

s momentum, D+
s polar angle, D+

s azimuthal angle,
and data-collection (run) period, and we measure the
lifetime separately for each subset. All measured val-
ues are consistent with statistical fluctuations about the
overall result. The fitted lifetime for different run periods
is plotted in Fig. 4.
In summary, we have used 116×103 D+

s →φπ+ decays
reconstructed in 207 fb−1 of data recorded by Belle II in
e+e− collisions at or near the Υ(4S) resonance to mea-
sure the D+

s lifetime. The result is

τ
D+

s

= (498.7± 1.7+1.1
−0.8) fs, (4)

where the first uncertainty is statistical and the second
is systematic. This is the most precise measurement to
date. It is consistent with, but has twice the precision of,
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FIG. 4. Fitted lifetime for different data-collection peri-
ods (c1–c15). For these fits, the parameters of the resolution
function are fixed to the overall fitted values. All values are
consistent with the overall result, which is plotted as a red
data point. The red dashed line shows the average of the life-
time results for the different data-collection periods.

the current world-average value of (504± 4) fs [17]. It is
also consistent with theory predictions [3, 6, 8].
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