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Studies of dE/dx measurements with the BESIII
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Abstract The Beijing Spectrometer [II (BESIII) is a general-purpose detector used for the study of tT-charm
physics at the Beijing Electron-Positron Collider II (BEPCII). This paper presents our studies of the d£/dx
measurement in the drift chamber of BESIII, which is important for the identification of charged particles.
Corrections applied to the dE/dz measurement in data reconstruction are discussed. After our current dE/dz
calibration, a resolution of about 6% has been obtained for minimum ionization particles, and a 30 K/m
separation is obtained for momenta up to 760 MeV /c. These results meet the design goals of the BESIII drift

chamber.
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1 Introduction

The Beijing Spectrometer III (BESII) [1] is a
general-purpose detector working at the upgraded
Beijing Electron-Positron Collider II (BEPCII). It
is designed for detecting the various final states pro-
duced in ete™ collisions near center-of-mass ener-
gies of about 3-4 GeV. Physics research goals in-
clude charmonium physics, D-physics, spectroscopy
of light hadrons and T-physics, as well as searches
for new physical interactions and phenomena. The
rich physics program of BESIII not only requires high-
precision momentum measurements of charged parti-
cles but also necessitates good particle identification.
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The BESIII detector [2] is composed of the follow-
ing four main sub-detectors: the Main Drift Cham-
ber (MDC), the Time Of Flight (TOF), the Electric-
Magnetic Calorimeter (EMC) and the Muon Cham-
ber (MUC). The MDC sub-detector determines the
momentum, direction and vertex position for charged
particles [3]. Tt can also be used for particle identifi-
cation via the specific energy loss, dE/dz, of charged
particles traversing the MDC. Momentum resolution
is improved by choosing materials to reduce multiple
scattering. For this purpose, a helium-based gas mix-
ture (60/40 He/C3Hg) [4] is chosen as the working
gas of the MDC; this choice will also lead to a good
dE/dx resolution. As shown in Fig. 1, the drift cha-
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mber is divided into two parts, an inner section and
an outer section. There are 8 layers in the inner sec-
tion with an average cell size of about 12 mmx12 mm,
and 35 layers in the outer section with a large cell
size of about 16.2 mmx16.2 mm. The MDC covers a
polar-angle range of —0.93 < cosf < 0.93, and it has
maximum length of 2308 mm. The MDC employs an
approximately square drift cell, with each sense wire
surrounded by eight field wires, shared with neighbor-
ing cells. Sense wires are also staggered in adjacent
layers to resolve the left-right ambiguity inherent in
drift-distance measurements.
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Fig. 1. r-z view of the MDC.

This paper focuses on the dF/dx measurement in
the MDC. The ionization is a function of the parti-
cle velocity and can hence be used for the identifi-
cation of different species of charged particles. Sec-
tion 2 discusses the physics of ionization, Section 3
introduces the various types of corrections applied to
dFE/dx measurement, and Section 4 gives a detailed
description of the dF/dz reconstruction procedure.
Section 5 summarizes the achieved performance of
dF/dz measurements at BESIII, based on recent ex-
perimental data.

2 Energy loss by charged particles

In a magnetic spectrometer, charged particle mo-
menta can be measured through the curvature of a
track in an applied magnetic field. The relation be-
tween momentum p and velocity v is [5]

v=c"p/E=cp/ /P i (1)

where c is the velocity of light and m is the particle
mass. A measurement of the velocity v, combined
with the momentum p, allows the possibility of de-
termining the particle mass and obtaining definitive
separation among particle species.

Particles traversing through a gas detector will
lose energy primarily by ionization. The most proba-
ble energy loss can be described by the Bethe-Bloch
formula [6]

dF 2? 2mo > Winax (12)
- . 1 e max _ 2 2 5
<dx> meﬁg[n w 6~ d()|
(2)
where D =27n.e*/c?, p=p/m= v, n, and I repre-
sent the electron density and mean ionization poten-

tial in the gas medium, respectively, z is the atomic

number, e and m, are the electron charge and mass,
Wnax (1t) is the maximum energy transferred to the
electron in a single collision, 3 is the ratio of the par-
ticle velocity over the velocity of light in the vacuum,
v=1/4/1—=pB2, and § is related to the so-called density
effect correction. It is seen that the value of dE/dx
thus depends on the velocity of the charged particle,
as required to provide the possibility of particle iden-
tification.

In a practical experiment, the deposited energy
detected by the detector is not the same as the en-
ergy loss when the particle passes the detector due to
various effects. In practice, the experimental energy
loss is a semi-empirical equation. Based on the ex-
perience from other experiments [7-13], and our own
studies with both Monte Carlo and real experimental
data on the BESIII, finally we choose the following
equation for most-probable energy loss [14]

() e () o

where p; are the five fitting parameters that can be
obtained from data samples. It can be seen that our

dE
empirical <d—> is similar in form to the Bethe-
x

Bloch result. Our function adequately parameter-
izes the different regions: a 1/3? fall-off at low S,
a minimum-ionizing region, and finally a relativistic
rise ending in the Fermi plateau (a constant limit-
ing value at very large ). Re-writing in terms of
y=p/m= (v, we obtain

)= “Zﬂ {prln [p?’* GH } e

Our dF/dz measurement is only related to Sy =p/m,

and can be combined with a particle’s momentum to,
in principle, achieve particle identification.

3 dE/dx calibration

A precise and accurate dE/dz measurement is
crucial for quality particle identification. But dur-
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ing data taking, variations in temperature, atmo-
spheric pressure and other environmental conditions
will affect the dFE/dx measurements. Furthermore,
the geometric structure of the MDC and the charge-
particle trajectory, and non-uniformity of the electric
and magnetic fields, also cause biases in the dE/dz
measurement. In order to get unbiased dE/dx val-
ues, a dedicated calibration procedure is critical to
achieve the high accuracy required for particle iden-
tification.

In our dF/dx calibration, the following effects
have been considered:

(1) path lengths in each drift cell differ due to
variations in the polar angle of the tracks;

(2) path length also varies due to the detailed
manner in which each track crosses the projected (ap-
proximately) square drift cell;

(3) external atmospheric pressure variations,
which directly influence gas density and thus the gas
gain;

(4) non-uniformity of gas gain in different MDC
cells;

(5) non-uniformity of charge collection across a
drift cell, which couples to the detailed track geome-
try;

(6) a space-charge effect, dependent on the polar
angle, which causes a screening of the electric field
and leads to gain variations;

(7) predication calibration, including both a de-
termination of the empirical ionization as a function
of the particle velocity (87) and the dF/dx measure-
ment resolution, parameterized as a function of rele-
vant parameters.

The above corrections may be grouped into
two categories—hit-level corrections and track-level
corrections—according to whether they are applied
to the individual ionizations measured from each drift
cell, or to the track-average ionization. The hit-level
corrections normalize the response of the individual
wires in the MDC and also account for the track ge-
ometry relative to the drift cell. Track-level correc-
tions are used to treat the space-charge effect.

3.1 dE/dz distribution

We first need to have a clear picture of the dis-
tribution of measured ionizations in a single drift
cell. Fig. 2 shows the distribution of the indepen-
dent dF/dxz measurements in a single wire obtained
from Bhabha events. These high-energy electrons are
at very large B and thus all have the same intrinsic
ionization. The distribution is similar to the familiar
asymmetric Landau distribution, but a Landau func-

tion does not describe the distribution well due to the
atomic structure of the material [15]. Many functions
have been tried to achieve a better fit result, such as a
bifurcated Gaussian, Vavilov function and improved
Landau (Mylan) function. Testing with the BESIII
experimental data, we find that the Mylan function,
(f(:c) =poe~ 2N where A = w) gives a good

b1
description of our dE/dx distribution. Table 1 shows

the x?/ndof of each fitting function, and a fit of My-
lan is displayed in Fig. 2.
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Fig. 2. The distribution of dE/dx for a single

drift cell (arbitrary units) for Bhabha events.
The fitted curve is the Mylan function de-
scribed in the text.

Table 1. Fitting status.
function x?2 /ndof
Mylan function 410/227
Bifurcated Gaussian 505/227
Vavilov function 1185/227
Landau 504/228

3.2 dE/dx hit-level calibration

3.2.1 Path length correction

Ionization energy loss, dE/dz, is the energy loss
normalized per unit path length. A track that goes
near the wire in the cell center creates more ions than
a track that goes through the corner. Both this path
length in the r-¢ plane and the path length in the
r-z projection affect the measured energy loss. In
the procedure of calibration, the r-¢ path length is
first calculated using track parameters and the MDC
geometry information. The three-dimensional path
length is obtained by dividing this by sinf. Then
this path is used to normalize our measurements.
3.2.2 Run gain

Gas gain in the detector is affected by envi-

ronmental changes, most notably the atmospheric
pressure[16], and this effect can be absorbed in run
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gain correction. Circles on Fig. 3 shows the normal-
ized dE/dx values from Bhabha events. The values
change with data run numbers, which crudely trans-
late into time. This figure covers the entire BESIII
1(2s) data sample from an approximately two-month
run in 2009. Fig. 3 shows the variations that are much
larger than our final resolution, necessitating a careful
correction. We use this Bhabha sample to obtain this
gain correction, reflecting the changing environmen-
tal situation. After the run gain correction, an over-
all stability of d£/dz in different runs is obtained, as
shown with stars in Fig. 3.
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Fig. 3. The normalized dE/dz value versus run

number.

3.2.3 Wire gain

The cell geometry and sense wire diameter will
affect the gas gain, leading to different gains in dif-
ferent cells. Therefore, a wire gain calibration is per-
formed. Fig. 4 shows the mean dF/dx value versus
the wire number. In the figure, the circles show the
distribution before calibration; we can clearly see the
non-uniformity of d¥/dx in different cells. There are
four dead wires (Number 1248, 1519, 1534 and 6257)
in the MDC, and high voltage is lower in Layer 1 than
in Layer 4 (corresponding wires 1 through 188). So
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Fig. 4. Results of our wire gain calibration: cir-
cles (stars) are the mean values of dE/dx for
each drift cell before (after) the wire gain cal-
ibration.

those dF/dx values have an even larger deviation
from the mean. After the wire gain calibration, a very
uniform response is obtained across different cells, as
shown with the stars in Fig. 4.

3.2.4 Doca and entrance angle correction

Even after correcting for path length, there are
residual effects related to the geometry of the track
relative to the sense wire in the r-¢ projection. This
is due to the non-uniformity of charge collection, and
the fact that the signal generated by the same ion-
ization in different positions inside a cell could have
different amplitudes.

The geometry of the track is described by two vari-
ables: the “doca” (the closest approach of the track
to the wire) and the “entrance angle” (the angle be-
tween the track and the radial direction). We deter-
mine an empirical correction using radiative Bhabha
events. These electrons all have the same intrinsic
ionization, and the range of momenta is needed to
cover all possible track geometries.

This empirical 2-D correction plays an important
role in removing the asymmetry between positive and
negative charged tracks (which differ in the sign of
their entrance angle). Fig. 5 shows the improvement
of mean value of dE/dz of radiative Bhabha events
before and after this correction. The discrepancy be-
tween electron and positron becomes much smaller
after the correction, and the resolution is also im-
proved.
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Fig. 5. The distribution of the dE/dz mean

value for radiative Bhabha events before and
after our empirical track-cell geometry correc-
tion.

These hit-level calibrations greatly improve the
dE/dx resolution. Before the hit-level calibrations,
the dE/dz resolution for Bhabha events is about
6.2%. After the hit-level calibration (and including
the electron saturation correction discussed next), the
resolution is improved to 4.9%.
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3.3 dE/dx track-level calibration

3.3.1 Space charge effect correction

When primary electrons reach a sense wire, they
cause an avalanche due to the large electric field: the
energy gained in one mean-free path becomes suffi-
cient to ionize further the gas molecules, leading to
an avalanche of ionization. This multiplication of the
primary electron occurs only very close to the wire,
and it acts as a sort of pre-amplifier, with a certain
“gas gain”. However, the cloud of electrons from one
avalanche will reduce the local electric field [17], re-
ducing the gas gain of primary electrons that arrive
later. The practical consequence is a dependence of
dE/dx on cosf® due to this effect: as the polar an-
gle varies, the charge cloud is spread over different
lengths of sense wire in the z direction, leading to
variations in the efficiency of the screening. Thus, a
space-charge calibration should be applied [11]. The
difficulty of doing this calibration is that there is no
simple relation of the cosf dependence at different
momentums for different particles, since the intrin-
sic dE/dx, and hence the amount of screening, varies
with momentum as well. For example, the space-
charge effect in the 1/3? region of large ionization
is much larger than in the minimum-ionizing region.
We thus need to calibrate as a function of both po-
lar angle and intrinsic ionization: control samples of
particles with varying (v are needed. In practice,
this means we must use many particle types, such as
e, W, m, K, p, over a range of momentum. We first
correct for the polar-angle dependence seen in our
electron samples, since this can be easily obtained.
We then use the other particle samples to do a fur-
ther calibration, relative to electrons, which takes into
account the dependence on intrinsic ionization.

3.3.2 ty correction

For charge measurement, a numerical integral
method was chosen in the MDC charge readout elec-
tronics, based on FADC [2] technology. The basic
principle is to successively digitize the input signal
with the FADC, and then integrate this digitized
data. If the integral window is not wide enough,
the full charge will not be measured, and the dF/dz
will be smaller than the true ionization. This is
not a problem as long as the loss is a constant frac-
tion. However, during our 2009 1 (2s) data taking, we
found that the integration time window was not large
enough, and variations in the “t,” (event start time)
[18] led to a variation in the amount of charge loss due
to being outside our integration window. Fig. 6(a)
shows the relation between ¢, and dE/dz for Bhabha

events. It is seen that the dF/dz value decreases as
to increases. We obtain a correction from Bhabha
events based on the value of dE/dx versus t, as seen
in this data, and apply this correction to the affected
1 (2s) data sample. Fig. 6(b) shows the performance
of the calibration, monitored with pions from the de-
cay P (2s) — yX. — yrtn . Due to the differ-
ence in trigger conditions, for pions, there are more
smaller ty, most of which come from neutral events
trigger in EMC.
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Fig. 6. Scatter plots of dE/dx vs event start
time, to. Panel (a) shows uncorrected Bhabha
electrons, which are used to determine a cor-
rection. Panel (b) shows the success of the
correction when applied to a sample of pions
from P(2s) —yxe —yntn i,

3.3.3 Prediction calibration

After various types of hit-level calibrations and
track-level corrections are applied to the dFE/dx mea-
surement, the truncated mean method (Section 4) is
used to calculate the dE'/dx value for each track using
the energy deposited in the MDC cells. As described
in Section 2, the mean value of dE/dz can be pa-
rameterized as a function of v. Fig. 7 is the dE/dz
energy loss curve obtained from (2s) samples, which
include five types of particles: e, u, 7, K and p. The
following physical channels are chosen for pure con-
trol samples because no dE/dx information is needed
for event selection:

1) electrons: Bhabha and radiative Bhabha
events;

2) muons: cosmic ray events and ete™ — putp=;
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3) pions: P(2s) = yx. = ynin i

4) kaons: P(2s) —yx. — YKTK KK~

5) protons: selected from inclusive 1 (2s) decays
using TOF information.

In order to use dE/dx for particle identification,
we also need to predict the resolution for any given
measurement. With the above control samples, the
mean error oqg,q, can be parameterized as a function
of the mean dF/dx value itself, the track’s polar an-
gle, the number of hits available for the track [7, 8],
and the event start time (o).
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Fig. 7. The energy loss curve fitting with con-

trol samples.

4 dE/dx reconstruction

The BESIII offline data reconstruction processes
the raw data recorded by the online DAQ system
and produces the reconstructed data containing all
the information needed by the physics analysis. The
dF/dz reconstruction is an important part of this
data reconstruction chain. A schematic view of the
procedure is shown in Fig. 8. At the calibration stage,
the dE/dx calibration algorithm, DedxCalibAlg, pro-
duces the calibration constants for all the corrections
described in Section 3. Then, the calibration con-
stants are written into the ROOT files and stored in
the database, which can be retrieved via the Dedx-
CorrecSve service at the reconstruction stage. The
dF/dz reconstruction mainly consists of the follow-
ing steps:

(DObtaining the track information from recon-
structed track parameters (momentum, polar angle)
as well as individual hit information (doca, entrance
angle), and so on.

@Applying the basic corrections to get unbiased
dFE/dz values for hits lying on the track according to
the MDC geometry. The basic correction items have

been described in Section 3.2; they include the effects
of path length, run gain, wire gain and an empirical
doca vs. entrance angle correction.

(3 Using the truncated mean method to get the
mean dF/dz value for each track. More details will
be given below.

@ Applying track-level calibration to remove the
space-charge effect described in Section 3.3.

(BCalculating the normalized deviations of the
dFE/dx measurement from expectations (“x”) for the
e, u, m, K, p particle hypotheses.

/ dE/dx Reconstruction ™

MDC reconstructed : ; :
d 4.7 D get track information
reconstruction MDC Tracks Dg

s '4@ hit level corrections ‘

@) calculate dE/dx mean
value for each track

I

A@ track level corrections‘

I

prediction 4| © produce dE/dx
\ | reconstruction results

dE/dx calibration
Constants

DedxCalibAlg

i

Fig. 8. A chematic view of dE/dx reconstruction flow.

For a given track, every hit on the track offers an
energy loss measurement. Energy loss follows a typi-
cal Landau distribution due to the statistical fluctu-
ation of gas ionization. A long tail is mainly caused
by hard collisions or delta electrons with large energy
transfer. In order to get the best unbiased dE/dx
value, step @ is taken after sample measurement of
the track in the MDC. Many different methods have
been investigated for dE'/dx reconstruction: the trun-
cated mean, the double truncated mean, the median,
the geometric mean and so on. Considering our needs
and the experience of other experiments, the dou-
ble truncated mean method is adopted here. In this
method, both some of the largest values and some of
the smallest ones are dropped from the track aver-
age, according to a simple prescription, and the rest
are used to calculate an average dF/dx value. Based
on the studies with MC and real data, we find the
best resolution when we keep the 70% of hits that
remain after dropping the largest 25% and the lowest
5% of the individual hit measurements. In addition,
this truncation method results in a nearly Gaussian
resolution function.

After unbiased dE/dz measurement is obtained,
step ® produces the normalized dE/dx defined as



1858 Chinese Physics C (HEP & NP)

Vol. 34

XdE/d=z

dF/dxz(meas) —dE/dx(expect)
XdE/dz = . (5)
OdE/dx

The Xag 4. for different particle hypotheses is sup-
plied to users for use in particle-identification algo-
rithms.

5 Performance of dFE/dx measure-
ment

The key parameter for evaluating our calibration
of the dE/dz measurements is the resolution. With
100 million P (2s) events taken in 2009, we have com-
pleted the dE/dx calibration and reconstruction. All
calibration items mentioned above are taken into ac-
count and the double-truncation at 70% is used. A
dE/dz resolution of 6% is obtained for minimum-
ionizing particles (0.5-0.6 GeV/c m, By : 3.6-4.3) for
tracks with more than 20 dE/dx samples. This is
better than the design goal of the BESIII drift cham-
ber (6%—7%). Fig. 9(a) shows the distribution of
minimum-ionizing particles with a Gaussian fit.

Another important parameter to quantify dE/dx
measurement is the separation power, which is criti-
cal to physics analysis. It reflects the ability of parti-
cle identification using the dE/dz measurement. The
particle separation power between two types of par-
ticle A and B is defined as [13]

. AEAB - dE/d(EA—dE/d.’IIB

OAB OdE/dz(AB)

SAB

(6)

where 045/44(aB) is the average resolution for the two
particle species A and B. Fig. 9(b) shows the separa-
tion power between two particles as a function of the
momentum. The separation power is calculated using
the curve in Fig. 7 with 04g/ds(as) from the parame-
terized function mentioned in Section 3.3.3. Separa-
tion power in the low-momentum region (< 1 GeV/¢),
particularly K-mt separation, is most important for
the BESIII experiment. Currently, 30 7t/K separa-
tion can be achieved up to 760 MeV/c, as shown in
Fig. 9(b).
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Fig. 9. Performance of dE/dz reconstruction

and particle identification ability: (a) resolu-
tion for minimum ionization particles (7t with
momentum of 0.5-0.6 GeV/e, By : 3.6-4.3);
(b) separation power as a function of momen-
tum.

6 Conclusion

BESIII is a new detector operating at the eTe™ col-
lider BEPCII. With its first data sample collected
at the P (2s) peak in 2009, we have completed the
dE/dx calibration at both hit-level and track-level.
After calibration, we obtained a resolution of 6% for
minimum ionization hadrons and 3¢ 7/K separation
for momenta up to 760 MeV/c. Both of these meet
the design goals of the BESIII drift chamber. As more
data are accumulated at the other resonances in the
future, these well-established calibration procedures
can be used to continue to achieve accurate ionization
measurements and quality particle identification.
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