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BESIII barrel time-of-flight (TOF) calibration
using cosmic ray data’

YAN Jie(FA%)5Y
AN Qi(z8t)?

SUN Sheng-Sen(#ME#R)%? LI Cheng(Z¥#)%®  HE Kang-Lin(f] FEAK)24)
BIAN Jian-Ming(14#i1%)?  CAO Guo-Fu(HH%)? CAO Xue-Xiang( % 7r)?
CHEN Hong-Fang([4:%:75)" DENG Zi-Yan(X$ 7#)2 FENG Chang-Qing(H % #)"
FU Cheng-Dong(ffifi#)? HE Miao(fi#/)?> HENG Yue-Kun(fff H £)?> HUANG Bin(3&##)?
GUO Jian-Hua(5F#%)"  JIA Lu-Kui(5{ /582 JT Xiao-Bin(ZEHgik)? LI Wei-Dong(%5 TLZ)3
LIANG Yu-Tie(£PF%)? LIU Chun-Xiu(X#75)? LIU Huai-Min(X$f1)?  LIU Shu-Bin(XIAH#)!

LIU Shu-Dong(X|#&%:)% LIU Yong(X]5)? LUO Tao(®'¥#)> MA Qiu-Mei(ZHkHf)2 MA Xiang(h4H)?
MAO Ze-Pu(E#)? MO Xiao-Hu(%MESE)? QIU Jin-Fa(Bl#%)? SHAO Ming(fH])!

SUN Yong-Zhao(fhkHf)?
WANG Ji-Ke(E£4£H?  WEN Shuo-Pin(3CHi#)2 WU Jin-Jie(SR4:74%)2
WU Ling-Hui(fi # #)> WU Zhi(2%)?> XIE Yu-Guang(#f5%/ )2 XU Min(fx%)" YAN Liang(J5%)>
YANG Gui-An(##:%)? YUAN Ye(#B)? ZHANG Chang-Chun(iKK#)?
ZHANG Jian-Yong(ik#5)? ZHANG Yao(#Kk¥E)? ZHAO Chuan(#J11)* ZHAO Lei(iXF)!
ZHU Yong-Sheng(&7k’E)?  ZOU Jia-Heng (4P fEE)*

SUN Xiao-Dong(#MHe4R)? SUN Zhi-Jia(fhi&5%)?

TIAN Hao-Lai( FH#5K)?

SUN Yong-Jie(#)h 5 7%)*

1 Department of Modern Physics, University of Science and Technology of China, Hefei 230026, China
2 Institute of High Energy Physics, CAS, Beijing 100049, China
3 Peking University, Beijing 100871, China
4 Shandong University, Jinan 250100, China

Abstract The principle of the method for the BESIII TOF calibration using cosmic ray data without magnetic
field are reported in this paper. After applying calibration constants, the single-end readout time resolution
could reach about 150 ps, and the time resolution for one layer is achieved to be about 110 ps. The paper also
described the extraction scheme for the event start time of cosmic events.
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1 Introduction

The upgraded Beijing Electron Positron Collider
(BEPCII) [1] is a double-ring, multi-bunch collider
with a designed luminosity of 1 x 10% cm=2.s7! at
1.89 GeV, an improvement of a factor of 100 times
with respect to the BEPC. The Beijing Spectrom-
eter (BESIII) [2, 3] which will operate at BEPCII,
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is designed for high-precision measurements and new
physics searches at T-charm energy region. It con-
sists of a beryllium beam pipe, a helium-based small-
cell drift chamber (MDC), the time-of-flight (TOF)
counters for particle identification, a CsI(T1) crys-
tal calorimeter (EMC), a super-conducting solenoidal
magnet with the field of 1 T, and a muon identifier
of Resistive Plate Counters (MUC) interleaved with
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the magnet yoke plates.

Particle identification (PID) plays a key role in
the study of t-charm physics. The TOF capability of
PID depends on the time resolution of the predicted
and measured time difference of particles of different
types. The scheme of barrel TOF calibration is stud-
ied using cosmic ray data acquired on BESIII without
magnetic field in this paper. The TOF offline cali-
bration and reconstruction software are based on the
BESIII offline software system (BOSS) [4].

2 Barrel TOF detector and cosmic ray
data taking

The time-of-flight sub-detector, made of plastic
scintillator bars and read out by fine-mesh photo-
tubes, is placed between the drift chamber and the
electromagnetic calorimeter. The Barrel TOF con-
sists of two layers of 88 plastic scintillator elements
arranged in a cylinder of the mean radius of about
870 mm. FEach scintillator bar has a length of
2380 mm, a thickness of 50 mm and a width of 50 mm;
it is read out at each end by a fine-mesh PMT. The
target of the time resolution for one layer for muons
is about 100-110 ps. The momentum of 20 K/ se-
paration can go up to 0.8 GeV or 0.9 GeV for single
layer and double layers respectively [2, 5].

After the construction of the BESIII, cosmic ray
events without magnetic field have been collected and
used for calibration and alignment as well as detec-
tor tuning. The cosmic ray incident at the top of the
terrestrial atmosphere includes muons, stable charged
particles and nuclei with lifetimes of order 106 years or
longer [6]. A large amount of cosmic ray sample with
broad momentum range is acquired by the BESIII de-
tector with about 20 Hz trigger rates during the data
taking. In the cosmic ray sample, muons are the most
numerous charged particles, hadrons and other elec-
tromagnetic particles are filtered by the iron yoke,
only a few percent (< 1%) of the hadron background
remains [7].

In general, a single cosmic ray would pass the de-
tector as a straight line without a magnetic field, and
it is reconstructed as a pair of tracks in MDC [g],
as shown in Fig. 1. The event selection of the cos-
mic ray for TOF calibration proceeds as follows: Two
tracks are required to be well reconstructed in MDC,
that is x? of track fitting less than 150 and the num-
ber of hit layers greater than 35. In order to get a
high-quality reconstructed track with good position
resolution, each track must pass the internal region
of the detector, which is defined to be within 5 cm

of the beam line in the transverse plane and within
35 cm of the interaction point along the beam direc-
tion. The deposited energy in EMC should be less
than 0.3 GeV for each track. The hit position of each
track reconstructed using deposited energy in barrel
EMC crystals is required to be consistent with that
of the MDC track extrapolated. In order to filter
low momentum muons and other particles, the re-
constructed track is also required to hit more than 5
layers in the downside region of MUC.

Fig. 1. The illustration of one cosmic ray goes
through the BESIII detecter.

3 TOF calibration

The TOF calibration is proceeded by comparing
the measured time (¢,,..) against the predicted time

(tpre)-
At - tmca - tprcv (1)

the ¢,,. can be expressed as,

L

bore =50 (2)

where L is the corresponding path of flight measured
by the MDC and extrapolated the track trajectory
from the outer radius of the MDC to the scintillator
[9], ¢ is the velocity of light in vacuum, the flight ve-
locity of charged particle, 8 = p/+/p>+m?, p is the
measured momentum by MDC and m is the mass
of the particle. Since cosmic ray data are acquired
without magnetic field, no precise momentum mea-
surement is available. The number of fired layers of
MUC is required to be greater than 5 to ensure that
the flight velocity of the particle is close to the velo-
city of light with 5~0.99.
The t,. is obtained as,

tmca :TDC_tO_tcora (3)



370 Chinese Physics C (HEP & NP)

Vol. 34

where T DC' is the raw measured time recorded by
electronics, t, is the event start time and .., is the
correction term. The term t.,, is a function of pulse
height @ and hit position z along the scintillator, the
following empirical form [10] is taken from BESII:

P1+P2'Z+P3'2'2
V@
P Q*+P-Q*+Pr-z+ P2 +

tcor:PO+ +P4Q+

Py
P, 4
9° % + R2 +Z2 ) ( )
where R is the radius of the layer of TOF detector, P;
(i =0, 1, -+, 10) are the calibration constants: P, is

delay time (cabling, etc.); P,—Ps is time walk effect;
P,—P;s is saturation of PMTs; P,—P, is effective veloc-
ity of light in the scintillator; Py, is different depths
of charged track traversing in the scintillator.

A x? minimization method is applied by defining
a set of

event

x*[counter, readout unit] = Z (tmea — tprea)?s (5)

in each readout unit and counter by counter indepen-
dently. The calibration constants, P, to Piq, are ob-
tained from cosmic ray data by setting the derivative
of Eq. (5) with respect to P; to zero.

4 Event start time determination

4.1 The principle of event start time deter-
mination

In the case of beam collision events, BEPCII will
be operated in the two-ring and multi-bunch collid-
ing mode, 93 bunches with the bunch spacing of 8 ns
will be filled in each storage ring. The time mea-
surement system of TOF adopts the CERN HPTDC
(High Performance Time to Digital Converter) chip.
The trigger cycle is 24 ns, which equals the duration
of 3 bunches. When two bunches collide and generate
a good event, the measured TDC got from TOF is
the time interval of the start time to the arrival time
of the detector’s hit signal. This time interval may
differ from the time interval between the collision and
the arrival time of the hit signal in the detector. The
interval of the start time to the real collision time, de-
scribed as event start time t,, depending on the event
is created at a particular bunch [11]. Since the inci-
dent time of the cosmic ray which hits the detector
is stochastic, it would not have a relatively accurate
event start time as collision events. In this analysis,
the event start time of the cosmic ray event is defined
as the time when the cosmic ray passes the midpoint

of the trajectory in MDC. Then the event start time
of the cosmic ray event is expressed as:

t() :TDO_tsig:Fttof; (6)

where TDC' is the measured time of TOF, and tg,
is the time interval from the time when the cosmic
ray hits TOF scintillator, which is expressed as ¢; or
ty for “up” or “down” track respectively in Fig. 2, to
the arrival time of the hit signal. ¢, is the time of
flight of charged particle, it can be obtained as ¢,
in Eq. (2). The positive or negative sign of ¢ is for
“up” or “down” track respectively. tg, is described
by the following equation:

tsig = tpro + tPMT + telou (7)

toro 1s the light propagation time in the scintillator,
which corresponds to the P; term in the empirical
time calibration formula Eq. (4),

lpro,forward /backward = Z/Qi, (8)

Vett

where [ is the length of scintillator, z is the hit po-
sition along z-axis, I/2F z are the displacements for
forward and backward PMT respectively. And v.g is
the effective velocity of light propagation in scintilla-
tor. It is easily found that the light propagation time
would be a Gaussian like distribution when summing
up tpro for forward and backward PMTs of particular
scintillator. tpyr is the transmit time of the photo-
electron signal in PMT and ¢, is the delay-time of
the electronic signal. tpyr and tg. are the contribu-
tion of term Py of time calibration formula Eq. (4).
The assumption is taken that tpyr and t.. are con-
stants. The measured time diagram of cosmic ray for
BESIII TOF system is shown in Fig. 2.
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Fig. 2. The illustration of TOF time system.

4.2 Time difference

The TOF counter has an intrinsic readout time
difference between each other, which includes the dif-
ference of light propagation time in scintillator, trans-
mit time of photoelectron signal in PMT and delay-
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time of electronics signal. For the same hit signal, the
measured times of different TOF counters would not
be the same. This discrimination should be corrected
before the event start time extraction and time cali-
bration and it is named as the time difference of TOF
counter, which is described as follows,

tdiff = tsig,forward +tsig,baokward =
tpro,scin + tPMT,forward + telc,forward +
tPMT,baokward + telc,baokward 9 (9)

where t,0,scin = pro,forward + tpro, backward =/ Vet

The distribution of the sum times of forward and
backward PMT readout of one counter (T'DClorwara+
T DChackwara)/2 is shown in Fig. 3(a). It is fitted with
a cumulative distribution function (CDF) [12]:

Cuo2(T)= - 127_[ roo exp (%) d¢, (10)

where p and o2 are the mean and variance of the
normal distribution respectively. The distribution of
mean values, half-height of the rise time, versus TOF
counter numbers is shown in Fig. 3(b).

For the “up” part TOF counters, the mean value
includes the time difference of the counter and a mul-
tiple of the whole trigger cycles which are the same
for different TOF modules; for the “down” part TOF
counters, the time of flight which the cosmic ray
passes the TOF detector is also included. The path
of flight could be calculated from the fit to the hits in
MDC and extrapolation, and the time of flight would
be easily obtained. After the correction of time of
flight for the “down” part TOF counters, the dis-
tribution of the time difference counter-by-counter is
shown in Fig. 3(c). Since most of the cosmic rays are
incident perpendicularly, the statistics of the horizon-
tal counters are insufficient to do the study of TOF
calibration, and the results of those TOF counters are
not shown in the plots. Time delay for each readout
PMT would not be consistent with each other, and
for the counters which are close to horizon, the con-
taminant is more serious. Then the sum of measured

times of one counter with time difference correction
can be expressed as tg,m,, which is:

tsum = TDCforward + TDCbackward - 2 Xtdiff' (1 1)

After tq;q correction, the propagation time in the scin-
tillator, the transmit time of photoelectron signal in
PMT and cable length time delay have been excluded.
The time walk effect, the saturation of PMT, and the
auxiliary item which describe the light propagation
time in the scintillator and other minor contribution
still remain in toum-
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Fig. 3. (a) The distribution of the sum times

of forward and backward PMT readout of one
counter, (b) The distributions of half-height of
the rise time versus TOF counter numbers be-
fore time of flight correction, (c) The distribu-
tions of time differences versus TOF counter
numbers after time of flight correction.

4.3 Event start time extraction

For collision events, the preliminary result of event
start time calculated by TOF using a Monte Carlo
simulation sample is shown in Fig. 4(a), it could be
easily found that the events from different bunches
separated clearly, and the intrinsic TOF time reso-
lution, time walk effect and other effects would con-
tribute to the time resolution of the event start time.
Since 8 ns is the bunch time interval, the time reso-
lution would only impact the judgement of which
bunch the event belongs to, and would not introduce
additional uncertainty for the event start time.
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For a cosmic event, the event start time ¢, is ob-
tained with the average value of the four PMT read-
out times with the time difference correction of one
layer,

1
to[layer] = 3 Z tsums (12)
pos

to is a function of layer(inner or outer), and the sub-
script “pos” represents the “up” or “down” track. In
order to avoid the correlation of measured time of the
two layers of the barrel part of TOF, this event start
time is calculated using only one layer. The distribu-
tion of ¢, for cosmic events is shown in Fig. 4(b),
it is a uniform distribution within a trigger cycle,
about 24 ns, which is caused by the L1 latency of
trigger system. The error of event start time caused
by the uncertainty from ¢, could not be simply re-
moved as collision events. And this error would be
transferred into the measured time t,., calculated
using Eq. (3), which could not be neglected. For-
tunately the main contribution of uncertainty of raw
measured time T'DC' from light propagation and de-
lay time have been excluded using t4;g correction.
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Fig. 4.
collision events using Monte Carlo sample.

(a) Event start time distribution for

(b) The distribution of event start times for
cosmic events.

A method is adopted in this analysis that repeated
the iteration of TOF time calibration and successive
approximation to the accurate event start time of cos-
mic events. The calibration of raw measured time of

the other layer is done using this ¢, in Eq. (3), and
more precise observed times of the other layer with
time walk effect and other effects correction are ob-
tained. These times could be used to calculate a more
accurate event start time for repeated iteration,

1
to [layer] = Z Z tmeaa (13)

PMT,position

where the subscript “PMT” represents forward or
backward PMT. The uncertainty of event start time
is suppressed. After several times alterant iteration
of measured time calibration of the inner and outer
layers, the x? of Eq. (5) would be convergent. Fig. 5
shows the distribution of x? versus the iteration num-
ber. The iteration number is chosen as 15 in this
analysis.

o
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Fig. 5. The variation of x? versus iteration number.
5 Results

Using the selected cosmic ray data, the single-end
time resolution of the barrel TOF counters is about
2.6 ns as shown in Fig. 6(a) before calibration. Each
raw measured time is subtracted from the time dif-
ference which corrects the inconsistency of TOF coun-
ters. Since there is no magnetic field, the cosmic ray
is reconstructed as a straight line in MDC, the z hit
position and path of flight are obtained from the ex-
trapolated MDC reconstructed track. The predicted
time is calculated as Eq. (2).

After applying the repeated iteration and succes-
sive approximation of the t, process, the single-end
readout time resolution is about 150 ps as shown in
Fig. 6(b).
two end PMT readout units is about 110 ps as shown
in Fig. 6(c). The distributions of time resolutions for
single-end and for one layer of the barrel TOF versus
counter numbers are shown in Fig. 6(d).

The weighted time resolution combining
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Fig. 6.
end readout time before (a), after repeated it-

At =tmea — tpre distributions for single-

eration of time calibration and successive ap-
proximation of event start time (b), and for
one layer (c); (d) the distributions of time res-
olutions for single-end and for one layer of the
barrel TOF versus counter numbers.

A quadratic polynomial is used as the weighted
function,

f2=1-f1. (14)

The measured time of one layer, weighted average
time of two single-end readouts, is expressed as:

tw:flX(tl_tpre)+f2X(t2_tpre)+w47 (15)

where f;(i=1,2) are the weights and w; (i = 1, 2, 3,
4) are the parameters. The distributions of time res-

fi=wi +ws X z+ws X 22,
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