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Alignment and measurement of the magnetic field for
the BESIII muon counter
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Abstract: Based on cosmic ray events without a magnetic field taken with the BESIII detector during the summer
shutdown of BEPCII in 2012 and di-muon events from a data sample taken at center-of-mass energy of 3.686 GeV
in 2009, we compare the coordinates of hits registered in the BESIII muon counter with the expected interaction
point extrapolated from reconstructed tracks from the inner tracking system in the absence of a magnetic field. By
minimizing the difference, we align the muon counter with the inner tracking system. Moreover, the strength of the
magnetic field in the muon counter is measured for the first time with di-muon events from data taken at a center-
of-mass energy of 3.686 GeV. After the alignment and the magnetic field strength measurement, the offsets in the
reconstructed hit positions for muon tracks are reduced, which improves the muon identification. The alignment and
magnetic field strength measurement have been adopted in the latest version of the BESIII offline software system.
This addition to the software reduces the systematic uncertainty for the physics analysis in cases where the muon

counter information is used.
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1 Introduction

The Beijing Spectrometer IIT (BESIII) detector [1]
is a general-purpose magnetic spectrometer operating at
the Beijing Electron-Positron Collider 1T (BEPCII) [2].
It is primarily used for measurements of the inclu-
sive/exclusive final states of electron and positron col-
lisions and the study of properties of composite parti-
cles and interaction laws. The muon counter (MUC) is
the outermost sub-detector of BESIII, with a solid angle
coverage of 89% of 47. It plays an important role in sep-
arating muons from other charged particles, especially
charged pions. Limited by the energy losses of parti-
cles with inner sub-detectors, the minimum momentum
for a muon that can reach the MUC is approximately
0.4 GeV/e. The MUC is designed to provide a position
resolution of 2 mm with a detection efficiency of 95% and
a noise level lower than 0.4 Hz/cm?.

When a particle passes through the MUC, the read-
out strips of the resistive plate chambers (RPC), will fire
and provide the spatial coordinate. The coordinate of
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each readout strip is assigned according to the design.
However, the real position [3] might deviate from the de-
sign due to imperfections in the installation or due to
strip distortion over time. For these reasons, a regular
alignment procedure for the BESIII MUC is required.
For this, we compare the positions of fired strips of the
MUC with the expected interaction points of extrapo-
lated tracks from the inner tracker, the main drift cham-
ber (MDC) [1]. The MUC is placed in the magnetic flux
return yoke and the magnetic field strength is calculated
based on the field properties in the MDC and on electro-
magnetic laws using the software package ANSYS [4]. To
optimize such a calculation, a measurement of the field
strength is desired.

In this paper, we introduce a method to align the
MUC with the MDC, which is similar to that described
in Ref. [5]. We also measure the magnetic field strength
in the MUC using separate u* and u~ tracks obtained
from beam data. The MUC geometry information within
the BESIII Offline Software System (BOSS) [6] has been
updated based on the alignment results.
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2 The muon counter and alignment
method

The BESIII MUC consists of three parts, the barrel
and the two endcaps, as shown in Fig. 1. Each part is
made of RPCs sandwiched by iron absorbers. The barrel
part is octagonal in shape. It is composed of eight seg-
ments with nine layers. A layer of a segment is referred
to as a box. Each endcap has four segments with eight
layers. There are 136 boxes in total. The numbering of
the boxes (boxId) for the east endcap, the barrel and the
west endcap are [0, 31], [32, 103], [104, 135], respectively.
The order of boxId for each segment of each part is from
the innermost layer to outer layers. The relative coordi-
nates of the strips in one box are fixed independently of
the absolute position of the box. Hence, we only need to
align the MUC in terms of a box. The thicknesses of the
iron absorbers of the barrel from the inner part outwards
are three absorbers of 3 cm, two of 4 cm, three of 8 cm,
and one of 15 cm. The coordinates of the boxes are de-
scribed in three orthogonal directions, x, y and z. The
z-axis is along the e~ beam and the y-axis is upright. In
the barrel, the strips for the odd RPC layers are oriented
azimuthally and provide the z-coordinate, while those in
the even layers are oriented in the z direction and provide
the z-y coordinate. In the endcaps, the z-coordinate for
odd layers and y-orientation for even layers are read out.

Fig. 1. Structure of the MUC and definition of the
x-, y-, z-directions.

Without the magnetic field, we assume that a charged
particle will keep its original direction and the energy
loss is due to the energy loss of ionization dE/dz. Muon
decay and multiple scattering events are not excluded
in the study. We select muons from cosmic ray events
taken during the summer shutdown of BEPCII in 2012
and compare the expected position with the measured
position. The expected position is the intersection of the
muon track with each layer of the MUC. The muon track
is extrapolated from tracks reconstructed from the MDC
to the RPCs with GEANT4 [7]. The measured position
corresponds to the coordinate of the fired strip. For well-
aligned detectors, the two positions should coincide with
each other. The difference between them, i.e., the resid-

— —
ual (R = |V expect — Vobs|), comes from a misalignment

of the MUC with the MDC. The residual of the strips
in one box follow a Gaussian distribution, whose mean
value represents the deviation between the two positions.
The standard deviation (o) of the Gaussian represents
the uncertainty of the extrapolated position.

The track of a charged particle bends in the magnetic
field and the direction of curvature will depend upon the
sign of its charge. Any overestimate or underestimate of
the field will result in a deviation of the particle trajec-
tory from its expectation. The sign of the deviation from
the expected position for u™ and = tracks is opposite.
We use di-muon events produced in electron-positron col-
lisions, ete™ — putu~, to estimate the field strength. By
the residual of ut and pu~, we can measure the magnetic
field strength.

3 Alignment

3.1 Barrel

A sample of cosmic ray events taken by BESIII with-
out a magnetic field is used to align the barrel of the
MUC with the MDC. During this data taking, the end-
caps of the MUC were not included, hence, only the bar-
rel part can be aligned by this data sample. When the
muons of cosmic ray events pass through the detector,
they will leave straight tracks from the outermost layer
of MUC to the inside of the detector and leave in the op-
posite direction. To make use of the extrapolated tracks
from the MDC, we select cosmic ray events in which the
muon passes through the MDC near the ete™ interac-
tion point (IP). Each of those events is reconstructed
to have two tracks originating from the MDC. The
time difference between the two tracks, obtained from
the information of the time-of-flight (TOF) detector [1],
peaks around 6 ns. The selection criteria are discussed
below.

In this analysis, only tracks in the barrel which have
a polar angle of |cosf| < 0.8 are accepted. Candidate
events must have two charged tracks. The two tracks
are back-to-back and the azimuthal and polar angles are
required to be |¢p; — ¢y — 71| < 0.6, |0, + 62 — 7| < 0.7, re-
spectively. The timing information of the TOF satisfies
t1 € [-5,1.9] ns and |dt| = |t1 —¢2] > 5 ns, where 1 and
t2 are the timings of the charged tracks.

After imposing the previously discussed selection cri-
teria, we obtain a sample of muon candidates in which
the magnetic field was turned off. The sample is split
into two parts. The first part is used for the alignment,
and the other part is for validation. By plotting the
residual of hits of each box for the selected candidates
and fitting the distribution, we get the averaged residual
of every box in the barrel, as shown by the red dots in
Fig. 2 (boxId from 32 to 103). The uncertainty of the
residual is statistical and very small. The residual obvi-
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ously deviates from zero for most boxes. We modify the
coordinate of each box by adding the residual to the ini-

of the sample. The blue stars in Fig. 2 (boxId from 32
to 103) show the residuals of each box after alignment.

tial coordinate and validate the effect by the second part | The residuals are significantly reduced.
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are before alignment, blue stars are after alignment. The barrel is aligned by cosmic ray events (solid markers),
the endcaps (hollow markers) are aligned by di-muon events.

3.2 Endcaps

To align the two endcaps, a di-muon sample selected
from data taken at 3.686 GeV is used, where the BESIII
regular magnetic field was turned on. We do not use cos-
mic ray events for the endcap alignment because of the
low counting rate. Since the magnetic field will bend pu*
and u~ tracks in opposite directions, the residual caused
by incorrect magnetic field values should cancel if we
sum put and p~, so the averaged residual of ut and p~
indicates a misalignment of the detector.

To select di-muon candidates, charged tracks are re-
quired to originate from the IP with V,, = \/V2+V?2 <
1 cm and |V,| < 10 cm, where V,, V,, V, are the
x,y,2 coordinates of the point of closest approach to
the run-dependent IP, respectively. Only tracks in the
endcaps are accepted with polar angles in the region
0.8 < |cosb, ] < 0.93. The momentum (p) of each
track should be larger than 1.7 GeV/c. The ratio of
energy deposit (E) in the electromagnetic calorimeter
(EMC) [1] to the reconstructed momentum is required
to be within 0.06 < E/p < 0.2 to suppress backgrounds
from Bhabha events. Candidate events are required to
have two oppositely charged tracks and the two tracks
are back-to-back with pzr.; < 0.1 GeV/e, pyior < 0.1
GeV/e, pzior < 0.1 GeV/c, the angles between the two
tracks |¢p; — o — 7| < 0.4, |0, + 6, — 7| < 0.05, where ¢, »
and 6; » are the azimuthal and polar angles of the two
tracks, respectively. The timing information of the TOF
satisfies |dt] = |t1 — 2| < 4 ns to suppress cosmic ray
events, where t1 and ¢2 are the timing of the TOF for
the charged tracks.

After imposing the previously described selection cri-
teria, we obtain a di-muon sample. This sample is also

|split into two parts. The first part is used for the align-

ment, and the other part is for validation. By the same
method as used for the barrel analysis, we get the resid-
ual of fired hits for selected candidates for each box in the
endcaps, as shown by the red circles in Fig. 2 (boxId in
range [0,31]U[104,135]). The uncertainty of the residual
is statistical and very small. The residual obviously de-
viates from zero for most boxes. The coordinate of each
box is modified by the same method as was used for the
barrel and we validate the effect by the second part of
the sample. The empty blue stars in Fig. 2 (boxId in
range [0,31]U[104,135]) show that the residual of each
box after the alignment is much closer to zero.

4 Magnetic field strength measurement

Since there are no large changes in the residuals in
the z-direction of ut and w~ tracks after alignment, im-
plying that the magnetic field in the r-¢ direction is sim-
ulated well by ANSYS, we only focus on the measurement
of the magnetic field in the z-direction of the barrel.
By using the residuals in the r-¢ direction for u* and
u~ tracks separately, the magnetic field strength can be
measured. The correct strength of the field is the current
value (based on the calculation using ANSYS) multiplied
by a factor that is determined by minimizing the resid-
uals. We will get 72 factors (8 segments x 9 layers) for
the magnetic field strength measurement.

The left-hand panel in Fig. 3 illustrates the accu-
mulation of residuals. Only the even layers are shown
because the odd layers give only the z-direction informa-
tion. The variables LO, L2, L4 refer to the layers 0, 2,
and 4, respectively; h2 =14 cm is the distance from L0
to L2 and h4 =15 cm is that from L2 to L4; R0, R2, R4
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are the residuals in L0, L2, L4, respectively. R0 mainly
comes from the statistical uncertainty of alignment for
layer 0. R2 is partially from R0, and partially from
AR2= R2— R0 due to the inaccuracy of magnetic field of
L0. The residual R4 comes from three parts. The first is
R0. The second part comes from the magnetic field in-
accuracy of L0. By assuming that the residual increases
linearly along the trajectory of the particle, the contribu-

racy of the former layer, AR4 = R4—R0— xAR2.

AR2 and AR4 are used to calculate the magnetic field
of LO and L2. Similarly, we can obtain AR6 and ARS,
the pure contribution of residual for layer 6 (L6) and
layer 8 (L8) coming from the magnetic field inaccu-
racy of the L4 and L6, which are used to get the mag-
netic field for L4 and L6 and are independent of the

h2-+h4
h2

h2+ hd magnetic field for former layers. Thus we can get the
tion of this part is x AR2. The third part is the  strength of the magnetic field for all layers at the same
pure contribution coming from the magnetic field inaccu- | time.
residual/mm
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Fig. 3.

We vary the strength of magnetic field in the MUC
by multiplying by a factor. Subsequently, the data are
reconstructed with the modified settings and we obtain
new residuals. This procedure is repeated several times
by randomly selecting factors {0, 0.3, 0.5, 0.6, 0.8, 1}.
As an example, the right-hand panel of Fig. 3 shows the
scatter plot of the correction factor versus AR4 for one
segment. We fit the relation by a straight line to get the
factor that is associated with AR4 equal to zero. Us-
ing the same method, we obtained the factors for the
other boxes as well. For the outermost layer (L8), no
correction is used because we do not have much infor-
mation available to measure the magnetic field strength.
By assuming that the magnetic changes linearly, the odd
layers take the average of their two neighboring layers.
The results of the measurements for each box are listed in

Left, the residuals of layer 0, 2, 4 and the increase of residual AR2, AR4. Right, by fitting to the factors as
described in the text, we obtain the optimum solution.

| Table 1, where the uncertainty of the factor is statistics-

dominated and about 0.03, which is ignored. The fac-
tors for LO are around zero and sometimes negative be-
cause the LO RPC is in the middle of the superconducting
solenoid and iron absorber. The magnetic field strength
in the L0 RPC is about 10~ T, which is much weaker
than that in absorber iron. ANSYS cannot describe well
such small magnetic field strength and the very small
correction factors in L0 can be accepted. The factors
becomes larger in the outer layers, which implies that
the drop in the magnetic field strength is slower than
given by ANSYS.

The results after reconstructing the data with the
updated magnetic field strength are shown in Fig. 4.
Clearly, the residuals of u* and p~ tracks for selected
di-muon events are reduced.

Table 1. The magnetic correction factors for each box.
segment LO L1 L2 L3 L4 L5 L6 L7 L8
0 0.037 0.33 0.62 0.7 0.89 1.44 2.00 1.50 1
1 0.089 0.59 1.09 0.94 0.78 1.39 2.00 1.50 1
2 —0.26 0.48 1.20 1.10 1.00 1.26 1.52 1.26 1
3 0.07 0.58 1.10 1.03 0.96 1.18 1.40 1.20 1
4 —0.28 0.21 0.70 1.23 1.76 1.41 1.08 1.04 1
5 0.24 0.51 0.78 0.69 0.60 1.30 2.00 1.50 1
6 —0.27 0.32 0.90 0.92 0.95 1.50 2.06 1.53 1
7 0.09 0.49 0.89 0.82 0.76 1.41 2.06 1.53 1
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Fig. 4. (color online) Measurement of the magnetic

field strength. The residuals of reconstructed data
before (left) and after (right) measurement of the
field. Blue circles are p~, red dots are p*, and
the dashed line is the reference line at zero.

5 Validation of the alignment and mag-
netic field strength measurement with

Yisrutp~

To validate the alignment and magnetic field strength
measurement, we select 0.2 million yisg LT L™ events from
a data sample collected at a center-of-mass energy cor-
responding to the mass of the J/1. The residuals be-
fore the alignment and magnetic field strength measure-
ments of u* and p~ tracks are shown in the left-hand
panel of Fig. 5. Apart from an additional requirement of
0.1 < E/p < 0.4, the selection criteria of charged tracks
are the same as were used for the selection of di-muon
events. Candidates are required to have at least one pho-
ton candidate with deposited energy in the EMC larger
than 40 MeV. A four-constraint (4C) kinematic fit is per-
formed to the two tracks and the photon candidate with
respect to the initial J/{ four-momentum. A goodness-
of-fit of x2o <15 is required. The track with the largest
momentum is required to have a depth (the distance that
the charged particle travels) in the MUC larger than 41
cm and more than 4 layers of RPCs should be fired. The
momentum of each track is required to be in the range
(1, 1.5) GeV/c to reject the events from J/Pp — putu~,
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6 Conclusion
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the paper will improve BESIII data analysis involving
the information from the MUC.
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