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Abstract: A photon conversion finder (PCF) based on track information from the main drift chamber (MDC)
of the Beijing Spectrometer (BESIII) at the Beijing Electron Positron Collider (BEPCII) is developed. The
validation of the PCF is done by reconstructing 71 and measuring the branching fraction of J/{ —yn’. Using

the developed PCF tool, we mapped the materials from the interaction point through the BEPCII beam pipe

up to the inner wall of the MDC.
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1 Introduction

Photons with an energy greater than twice the
mass of the electron (E, > 1.02 MeV) have a finite
probability to convert into an electron positron pair
through the process YA — eTe” A when they are in
the presence of a Coulomb field of the nucleus of the
material with atomic number A. For photons with en-
ergy above 10 MeV, pair conversion is the dominant
interaction process [1]. The probability of conversion
is directly related to the intensity of the electromag-
netic field encountered by the photons. Thus pho-
tons converted in the material of the detector with a
rate proportional to the radiation length reveals the
macroscopic properties of the material traversed.

Reconstruction of the converted photon is often
used for detector-related studies such as mapping
the material of the detector with the vertices recon-
structed from eTe™ pair of the photon conversion;
physics analysis for the process with photons such
as the radiative decay process X* — yX.

This work is aiming at building a proper photon
conversion finder (PCF), using the ete™ pairs de-
tected with MDC, for the BESIII detector, which may
play an important role in validating the material in-
put in the Monte Carlo simulation of the detector.
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In Section 2 we briefly describe the BESIII detec-
tor, particularly the MDC and the beam pipe of the
accelerator inside the MDC. The algorithm for the
photon conversion finder and the efficiency for the
detection of the converted photon are described in
Section 3. In Section 4 we validate the PCF by re-
constructing 7t°, measuring the branching fraction of
J/¥ —yn’ with the radiative photon detected based
on the photon conversion. The BESIII material map-
ping from the beam pipe up to the inner wall of the
MDC, using the PCF, is depicted in Section 5.

2 The BESII detector

The BESIII detector with a geometrical accep-
tance of 93% of 47 has four main components: (1) A
small-cell, helium-based drift chamber with 43 layers
providing an average single-hit resolution of 135 pm,
charged-particle momentum resolution in a 1 T mag-
netic field of 0.5% at 1 GeV/¢, and the dE/dx resolu-
tion that is better than 6%. (2) An electromagnetic
calorimeter (EMC) consisting of 6240 CsI(T1) crystals
in a cylindrical structure (barrel) and two end caps.
The energy resolution at 1.0 GeV/c is 2.5% (5%) in
the barrel (endcaps), and the position resolution is
6 mm (9 mm) in the barrel (endcaps). (3) A time-of-
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flight (TOF) system composed of 5 cm thick plastic
scintillators, with 176 detectors of 2.4 m long in two
layers in the barrel and 96 fan-shaped detectors in the
endcaps. The barrel (endcap) time resolution of 80
ps (110 ps) provides 20 K/ separation for momenta
up to ~1.0 GeV/e. (4) A muon counter (MUC) con-
sists of 1000 m? of resistive plate chambers in nine
barrel and eight endcap layers and provides 2 cm po-
sition resolution. Since the material mapping will be
done up to the inner wall of the MDC, we present the
detailed information for the structure and the corre-
sponding materials inside it in Section 2.1 and Sec-
tion 2.2. More detailed information about the detec-
tor can be found in Ref. [2].

2.1 The beam pipe

The structure of the beam pipe [3] has a to-
tal length of 1000 mm and an inner diameter of
@63 mm. The beryllium beam pipe is composed of
a 0.8 mm thick inner beryllium pipe which is coated
with 14.6 um gold, a 0.6 mm thick outer beryllium
pipe, and two copper extension pipes at both ends.
A special paraffin oil or synthetic machine oil SMO-1
(sparking machining oil No.1) chosen as the coolant
for the beryllium beam pipe fills the narrow cool-
ing gap between the inner and outer beryllium beam

pipes. The total thickness that particles produced |

at the IP must penetrate corresponds to 1.04% (Be:
0.4%, gold: 0.44%, SMO: 0.2%) of a radiation length
at normal incidence.

2.2 The MDC

As the innermost sub-detector of BESIII detec-
tor, the MDC [3] consists of two parts, an inner
chamber and an outer chamber with the polar an-
gle coverage of the innermost and outermost wires
being |cosf| < 0.93 and |cosf| < 0.83, respectively. It
adopts the multilayer small cell drift chamber design.
The outer radius of the MDC is chosen to be 810 mm
and the inner radius 59 mm. The stepped structure
end plate of the inner chamber is made of aluminum
(Al-7075) with a thickness of 25 mm. The inner skin
of the chamber is made of carbon fiber, 1 mm thick
(0.45%X,). A helium based gas mixture He/C3Hg
60:40 is chosen to be the drift chamber gas.

Figure 1 shows the locations of photon conversions
in the BESIII detector as found in the true Monte
Carlo (only photons interacting with detector mate-
rials are handled by Geant4 but without tracking elec-
trons) from a sample of 0.5 GeV single photon events.
Electron-positron pairs from the converted photons
which can be detected by the MDC are mainly from
the beam pipe and the inner MDC wall. This can be
clearly seen in the plot.
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Fig. 1. Mapping of the BESIII detector using photon conversion (Monte Carlo true information).

3 The photon conversion finder

Charged tracks reconstructed from MDC are re-
quired to be in the polar angle region | cosf| < 0.93. In
order to reject beam related backgrounds, tracks are
also required to be originated within £30 cm of the in-
teraction point (IP) in the beam direction. Candidate

| events must have no less than two charged tracks.

In order to suppress the hadronic charged tracks
background, electron identification based on the com-
bined information of MDC (dE/dz), TOF, EMC and
MUC from the sub-detectors is performed to calcu-
late x? values and the corresponding confidence lev-
els prob(x) with an electron/muon/pion/kaon/proton
assumption, where x (x=e/u/m/K/p) isthe particle
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type [4]. To identify an electron/positron, the proba-
bility prob(e) is required to be greater than 0.1% and
prob(x) (where x means p, 7t, K and p).

Tracks are looped over and combined into pairs.
Any two oppositely charged tracks which survive af-
ter electron identification will be considered as elec-
tron/positron candidates from converted photouns.

If we extrapolate and project a pair’s trajectories
onto x-y plane, they are circles tangent with each
other at the point where the photon converts. Based
on this, we define A,, [5, 6] to be the minimum dis-
tance between the electron and positron tracks in z-y
plane and A, [5, 6] in z direction. A,, and A, are
expected to be around zero.

As photons have zero mass, the signature of a
conversion is two tracks with a zero opening angle
that originates in the material of the detector, i.e.,
electron-positron tracks are parallel if they are not
bending in the magnetic field. ., [7] is defined as the
opening angle which is the angle between the momen-
tum vector of the electron and that of the positron.

Pt pa- ) . (1)

b= (2T
But actually, because of the improper reconstruction
of the electron’s transverse momentum, the pair ac-
quires an artificial azimuthal opening angle. This an-
gle leads to a “mass” m, for the reconstructed pho-
ton.
If we define the azimuthal opening angle Ay, of
the ete -pair as the azimuthal angle of the electron

¢o(e”) minus the azimuthal angle of the positron

oolet):

Ayo =do(e”) —o(e"), (2)
and the polar opening angle Ay, as:
Agy =0bo(e™) —bo(e"), (3)

where 6,(e™) is the polar angle of electron and 6,(e™)
that of positron, then we can easily get the angle
Ypair [7] between the plane defined by the momen-
tum vectors of the electron and the positron in which
the pair splits up and the plane perpendicular to the
magnetic field which is the z-y plane in the coordinate
system:

1/}pair = arCSin <?60 ) ’ (4)

ep
Ypair 18 @ measure for the contribution of the opening
in polar direction Ay, to the opening angle £.,. Pho-
ton conversions will have a sharp distribution around
zero radians in .., and other events a rather flat
distribution.

Because most of the photons come from IP, in or-
der to further suppress the background from decays

such as M’ — ete™y, an extra parameter 0., is de-
fined which is the angle between the vector of the
reconstructed photon and the direction from IP to
the reconstructed conversion point.

Without considering correlations between cuts, we
studied the parameters using Monte Carlo events and
defined a set of cuts. The electron pair candidates
which satisfy the criteria listed below are considered
to originate from a conversion photon.
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Fig. 2. The reconstructed photons in R-z plane.
(a) Monte Carlo truth; (b) Monte Carlo recon-
structed.
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Two dimensional plots for reconstructed photons
in the R-z plane and z-y plane are shown in Fig. 2
and Fig. 3, which means we have successfully built
the finder.
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Fig. 3. The reconstructed photons in z-y plane.
(a) Monte Carlo truth; (b) Monte Carlo recon-
structed.

Single energy photon with a uniform angular dis-
tribution in the full geometry space at each energy
point was used for the PCF efficiency study. As
shown in Fig. 1, most of the conversions occur out of
the geometrical acceptance of the MDC. Considering
the general track cuts used, we demand |cosf| < 0.93
and |z] < 30 cm for electron and positron tracks and
R,, < 10 cm for the conversion photons in Monte
Carlo truth. The conversion detection efficiency € is

defined as:
Ngconv

€= e )

where N&°™ is the number of reconstructed con-
verted photons; N™C is the number of generated
Monte Carlo events in the detector geometry accep-
tance, i.e., those events that passed the general track
cuts. It includes the efficiencies like tracking and pair
selection. The result is shown in Fig. 4.
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Fig. 4. The converted photon detection efficiency.

4 Validation of PCF

4.1 Reconstruction of 7

71 is largely produced in BESIII experiment. We
have enough data to do a most accurate measure-
ment of 7° with both photons producing conversion
pairs. After reconstruction of two converted photons,
an extra cut fro, which is defined as the absolute

E,,—F
value of —YL 2

Pro
to remove background events in which a 7t° is falsely

reconstructed from a high energy photon and second
spurious shower. Fig. 5 shows the final invariant mass
distribution of yy and clear 7t° and 1) signals are seen.
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Fig. 5. Invariant mass spectrum of yy.
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Single Gaussian plus a polynomial function where
Gaussian function describes signals and polynomial
function describes the background is used to fit the
vy mass spectra (Fig. 6 and Fig. 7) and the results
are listed in Table 1 and Table 2. The reconstructed
7° mass is about 10 MeV higher than the PDG [§]
value and n mass is about 4 MeV higher.

Table 1. The fitting results of 7 signal.
#signal mass/MeV sigma/MeV
DATA 591+27 145.0940.40 8.07£0.36
inclusive MC 532+£25 144.214+0.39 7.794+0.34

Table 2. The fitting results of 1 signal.
#signal mass/MeV sigma/MeV
DATA 128+17 551.82+0.65 4.37£0.64
inclusive MC 112417 550.83+£0.99 5.70£1.01

Electron-positron pairs originating at different po-
sitions of 7° are studied (Table 3). The result shows
the effect of different positions of conversion which
occurred for photons.

inclusive MC

0.05 0.10 0.15 0.20 0.25 0.30
m(yy)/(GeV/c?)

The fitting of 7° signal.

inclusive MC

040 045 050 055 060 065 0.70
m(yy)(GeV/c?)

The fitting of n signal.

4.2 The branching fraction of J/1{ — yn’

The photon conversion finder is used to study the
1’ signal in J/1{ radiative decays. If the photon con-
verts, it will have two extra charged tracks. We re-
construct the photon based on these two tracks using
PCF. Fig. 8 is the photon recoil mass spectra. Clear
1’ signal is shown in the recoil mass spectra of recon-
structed photons.
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Fig. 8. Recoil mass spectra of the reconstructed

converted photon.
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We apply a simple fit to ' mass spectra (Fig. 9)
using function

BW (m;mo, I[,)@G(m;o)+ B, (6)

where BW (m;my, Io) is the natural line shape of the
resonance of 1. G(m;o) describes the instrumental
mass resolution function. B describes the flat back-
ground. The natural widths of the n’ states are fixed
according to PDG while their masses and resolutions
are free parameters to be determined. The fitting
results are shown in Table 4. The mass of the recon-
structed 1’ is about 8 MeV lower than the PDG value
(957.66+0.24 MeV/c?). 1 performs in the opposite
way to 71° and 1 because we study the recoil mass of
the converted photons here.
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Fig. 9. The fitting of the n’ signal.

We generated 0.5 million J/1p —yn’ Monte Carlo
sample to study the detection efficiency of 1’ using
converted photons. The efficiency is (0.48+0.01%%*)%
and the branching fraction is measured to be (5.31+

0.215%2%) x 10~ which is consistent with the PDG
value (5.2840.15) x 102,

4.3 The dE/dx correction

No vertex tracker is a shortage for the BESIII de-
tector in the detection of photon conversions since
conversion occurs wherever photons encountered ma-
terial. For the BESIII MDC tracking, it chose the
innermost fired wire as the pivot in track fitting and
then extrapolated the track back to IP. Issues such
as material effects, non-uniform magnetic field wire
sagita, are done using the Kalman Filter method [9].
Our PCF uses the track’s helix parameters read out
after the Kalman Filter. So there might be two rea-
sons to cause the invariant mass shift for 7t°, 1 and
1’: one is that the energy loss is overestimated for
electron tracks and the other is that the transverse
momentum of the tracks is improperly reconstructed.

By studying the electron-positron pairs originat-
ing at the beam pipe and MDC inner wall separately
which are shown in Table 3 and Table 4, we can con-
clude that dF/dx is really improperly corrected for

the electrons from converted photons. Considering

Table 3. Electron-positron pairs of photons
from 7° decays originating at different posi-
tion.

position #signal mass/MeV sigma/MeV
BP+BP! 264418 141.184+0.40 5.321+0.40
BP+MI? 237+17 147.5240.51 6.44+0.51
MI+MI3 47+8 154.59+0.89 5.25+0.80

1 BP+BP: both photons converted at beam pipe;

2 BP+MI: one photon converted at beam pipe and the
other at MDC inner cylinder;

3 MI+MI: both photons converted at MDC inner cylinder.

Table 4. The fitting results of n’ signal.

position #event mass/MeV width/MeV sigma/MeV
total 7426 +130 950.00+0.11 0.205 22.52£0.43
beam pipe 3379+ 78 952.80+0.53 0.205 21.39£0.52
MDC inner 2344+64 946.01+£0.64 0.205 21.68+£0.63
Table 5. Invariant mass comparison before and after dE/dz correction.
dE/dx correction
particle type old/(MeV/c2) now/ (MeV /%) PDG/(MeV/c?)
n’(958) 950.06+£0.41 954.37+£0.41 957.66+£0.24
0 145.09£0.40 143.68+0.33 134.9766 £ 0.0006
n 551.82+£0.65 548.70+£0.57 547.853+£0.024
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dE/dx corrected too much for electron tracks, a new
dE/dx correction approach is needed. We got the
track’s helix information at the first layer of the MDC
and extrapolated it to IP by considering the ioniza-
tion and multi-scattering for energy loss from the
MDC first layer to the conversion point. In Table 5,
after new dF/dx correction, the results are better.

5 The material mapping

The Monte Carlo simulation of BESIII detector is
fulfilled by a GEANT4-based software BOOST [10].
It includes the geometric and material description of
detectors, detector response, and digitization models,
as well as the tracking of the detector running condi-
tions and performance. The production of J/1 and
1’ resonances are simulated by the Monte Carlo event
generator KKMC [11], while the decays are generated
by EVTGEN [12] for known modes with branching
fractions being set to the PDG world average val-
ues and by LUNDCHARM [13] for the remaining un-
known decays. From the previous section, we have
enough statistics to do a detector material scan us-
ing photons coming from J/{ — yn’ channel. R,,
distributions of real data and 225 million inclusive
Monte Carlo samples generated by the BESIII Monte
Carlo group are compared in Fig. 10. From Fig. 10, it
can be seen that Monte Carlo and data are consistent
with each other very well except a little difference for
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Fig. 10. Distribution of R., shows that data
(black dots) and inclusive Monte Carlo are
consistent with each other where J/\p — yn’
signal (blue grid histogram) comes from the
inclusive Monte Carlo sample and the contri-
bution from other sources are described by n’
sideband (pink shaded histogram) from data.
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Fig. 11. Two Monte Carlo samples of J/{ —

yn' are generated to study the input of ma-
terial in simulation: (a) MDC inner cylin-
der with 1.2 mm carbon fiber (blue grid his-
togram); (b) MDC inner cylinder with 1.2 mm
carbon fiber plus 150 pm aluminum film (blue
grid histogram).

the MDC inner cylinder, which means the amount of
material implemented in the Monte Carlo simulation
might be a little less than the real case. In the Monte
Carlo simulation, it has only implemented 1.2 mm
carbon fiber for the MDC inner cylinder.

It was found necessary to add a 150 pum aluminum
film to the MDC inner wall in Monte Carlo simulation
later. Two samples of J/1b — yn’ were generated to
study the performance of the Monte Carlo simulation
before and after the aluminum film was added: one
has only a 1.2 mm carbon fiber for the MDC inner
cylinder and the other has a 1.2 mm carbon fiber plus
a 150 pm aluminum film. After we added a 150 pm
aluminum film to the MDC inner cylinder which is
about 0.17%X, extra in the Monte Carlo simulation,
Monte Carlo performs much better (see Fig. 11).
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6 Conclusion

We successfully built the photon conversion finder
at BESIII. By reconstruction of 71°, 1 and measuring
the branching fraction of J/{ — yn’, the PCF is
proved to work well. A new dE/dx correction for the
electrons is applied to solve the problem of invariant
mass shift for reconstructed resonances, which turns
out to be feasible. A material scan of the detector
based on this PCF is done. The input of material
for the beam pipe and MDC inner wall in the Monte
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