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Abstract Using Monte Carlo simulation, reconstruction of photon conversions is studied, and the detection
efficiency and energy resolution as a function of photon energy are obtained. The dE/dz correction for the
electrons from photon conversions and the energy scale for the photons are calibrated with BESII data.
An improved Crystal Ball function describes well the energy distribution of the photons. Photon energy
resolutions in the range from 2.3 to 3.8MeV are found for the photons with energy from 100 to 260MeV at

the BES I detector.
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1 Introduction

Precise measurement of photon energy, specially
for low energy photons, is an important issue in high
energy physics experiments. Photons produced in the
J/b — yne(1S) and h(25) — yxe (J = 0,1,2) ra-
diative decays carry an energy from 115 to 261MeV.
The CsI(T1) crystal calorimeter at CLEO provides
an energy resolution of 4.8MeV for 100MeV energy
photonm. However, energy resolution in a calorime-
ter consisting of proportional wire chamber or self-
quenching streamer tubes is much worse. It is in-
teresting to explore a new method for photon energy
measurement with an improved energy resolution at
the BESII detector™.

We have employed the photon conversion technol-
ogy in photon energy measurement. Each photon is
reconstructed from its converted ete™ pair. Energy
resolutions in the range from 2.3 to 3.8MeV are de-

termined for the photons with energy from 100 to
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photon conversion, photon reconstruction, dE/dx correction, photon energy resolution,

260MeV using GEANT3 based Monte Carlo (MC)
simulation package SIMBES™. MC study shows that
momentum resolution from 1.6 to 4.1MeV/c in the
central part of the momentum distribution can be ob-
tained for electrons carrying momentum as low as 60
to 250MeV /¢, but a tail appears at the lower side of
the distribution. The electrons produced from con-
version process of photons with energy from 100 to
260MeV occur just in this low momentum region.
Momentum correction due to ionization energy loss
(dE/dx) for the electrons and energy scale for the
photons are calibrated using the J/1{ and {(25) data,
collected by the BESII detector operating at the
BEPC ete™ colliding machine.

The BESII, a conventional solenoidal magnet
spectrometer, is described elsewhere®. A 12-layer
vertex chamber (VC) surrounding a beam pipe gives
trigger condition. A forty-layer main drift chamber
(MDC), located radially outside the VC, provides

trajectory and energy loss (dE/dz) information for
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charged tracks over 85% of the total solid angle. The
momentum resolution is o,/p = 0.017y/1+p? (p in
GeV/c), and the dF/dx resolution for hadron tracks
is ~ 8%. An array of 48 scintillation counters sur-
rounding the MDC measures the time-of-flight (TOF)
of charged tracks with a resolution of ~ 200ps for
hadrons. Outside the TOF system is a lead-gas barrel
shower counter (BSC), which has 12 radiation length
and covers about ~80% of the total solid angle with
an energy resolution of o/ F = 22%/vE (F in GeV).
The solenoidal coil supplies a 0.4T magnetic field over

the tracking volume.

2 Photon reconstruction

The process of photon conversion to ete™ pair
happens along the way from the beam line to the
inside of the MDC. It is expected that the observed
conversion rate of photons is peaked in a beam pipe
region, where the beam pipe, outer wall of the VC
and inner wall of the MDC are located.

It is required to find photon conversion point (CP)
with the input parameters of electron tracks calcu-
lated at the origin of the detector coordinate system.
We choose two tracks with opposite charge and good
helix fit. Two circles, as projection of the electron and
positron trajectories in the zy plane (the beam line
is the z axis), touch at a point in principle for nearly
zero opening angle between their outgoing directions.
However, the number of crossing points found in pho-
ton reconstruction procedure can be one, two or zero
due to the uncertainty of the input track parameters.
The photon conversion point is calculated from their
averaged position (coordinates of two circle centers)
if two crossing points are (no crossing point is) found.

The photon conversion length R, is defined as
a distance between ete” interaction point (IP) and
the CP. A MC sample for the {(2S5) — yx.o decay
is generated with zero widths of both {(25) and X
states, where the photons are emitted with an unique
energy of 260.7MeV. Comparisons between kinema-
tics in MC generation and output from the photon re-
construction for R, ¢r,,, and z position of electrons

at the CP are shown in Fig. 1. Here, ¢g,, is the az-

imuthal angle of the vector R,,. Resolutions in R,,,
®r,,, and z position of electrons at the CP are deter-
mined to be og,, =1.340.1cm, Tony, = 0.57°4+0.03°,
and o,, =1.6+0.1cm in the central region of their dis-
tributions. The uncertainty in the R, determination
is mainly caused by a small opening angle between
outgoing directions of electron and positron, and may
become larger for photons with higher energy. Two-
dimension scatter plots for the CP distribution in the
zy plane at the beam pipe are shown in Fig. 2 for

the MC generated and reconstructed photons, respec-

tively.
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Fig. 1. Difference in R, (upper), ¢r,, (mid-

dle) and z position of electrons (down) at the
CP between the MC generation and photon
reconstruction. The histograms are the obser-
vation, and the solid lines are the fit to double
Gaussian function.
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Fig. 2. Scatter plots for the CP distribution in

the zy plane are shown for MC generated (left)
Round
shape for the beam pipe is clearly seen.

and reconstructed (right) photons.
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Charged tracks in the MDC are reconstructed un-
der an assumption that each track is originally pro-
duced at the beam crossing line, and that their mo-
mentums are calculated at the closest point of orbit
to the beam line. Therefore the outgoing directions
of the electron and positron produced at the CP, as
well as the momentum of the electrons to that point,
need to be recalculated. The difference in the mo-
mentum pe+ and its direction ¢, , and 6, , for the
electrons at the origin between MC generation and
MDC tracking before the photon reconstruction are
shown in Fig. 3. Wide spread in the distribution of
the difference A¢, , shows that it is necessary to
swim electron momentum from the origin to the CP.
Comparisons for the differences in the photon mo-
mentum p, and its direction ¢, and 6, at the CP
between the MC generation and photon reconstruc-
tion are also made using the MC events, and good
agreement is reached (see Fig. 4). The invariant mass
of eTe™ pairs and cosine of the opening angle between
the vector R,, and photon momentum after the pho-
ton reconstruction are shown in Fig. 5 for the MC

events of P(25) — yXco-
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Fig. 3. Difference in p.+ (upper), ¢p_, (mid-
dle) and 6,_, (down) of electrons at the origin
between the MC generator and MDC tracking
before photon reconstruction. The histograms
are the observation, and the solid lines are the
fit to double Gaussian function.
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Fig. 4. Difference in p, (upper), ¢p, (middle)
and 6, (down) of photon momentum between
the MC generation and photon reconstruction.
The histograms are the observation, and the
solid lines are the fit to double Gaussian func-

tion.
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Fig. 5. The invariant mass of e*e™ pair (right)

and cosine of the opening angle between R,
and photon momentum (left).

Electrons converted from photons of interest in
physics usually carry low momentum. Because of
0.4T magnetic field and marginal circling of the
eletron trajectory in the MDC, the reconstruction ef-
ficiency for the electron tracks is low, and tends to
be nearly zero when their momentum goes down to
a lower limit around 50MeV/c. In order to enhance
the reconstruction efficiency for photon conversions,
it is necessary to apply loose selection criteria in the
photon reconstruction.

The region of R,, < 40cm covers the volumes of
the beam pipe, the VC, inner wall of the MDC and
first 2—3 layers of the MDC wires. The deflection
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angle 04.q4 between the photon momentum and pho-
ton track (a vector from the IP to the CP) should be
small. Preliminary requirments on cosf,.4 and invari-
ant mass of ete™ pair (see Fig. 5) are applied in the
selection of photon conversion candidates as follows.

1) R,, <40cm.

2) cosB4en <0 is allowed, if photons are produced
within the region of R,, < 0.9cm near the beam line.
Otherwise, requiring that cosf4.q > 0.

3) The invariant mass Mq+.- < 200MeV/c2.

The opening angle between the outgoing direc-
tions of electron and positron is nearly zero due to
zero mass of photon (see Fig. 5), and the observed
non-zero of this angle are mostly attributed to the
effect of detector resolution. MC study shows that
the poor precision in determination of the CP, due
to the parallel flying of the electron and positron, is

improved for low momentum electrons.

3 Photon selection

Further selection of good photon is employed in
the analysis procedure. The Z positions of electron
and positron trajectories at the CP, Z,+ and Z.-,
are calculated, and dZ is defined as the difference of
Zo+ — Zo—. It is required that

1) |[dZ] < 5cm,

2) the invariant mass Mg +.- <20MeV/c?,

3) 2< R,, <22cm,

4) the deflection angle cosfy.q > 0.9 and

5) |cosf| < 0.8, where 6 is the polar angle of the
electron track.

Fig. 6 shows the number of good photons in con-
version to ete™ pair in the BESII detector as a func-
tion of R,, for the {(2S) hadronic decays in data
and MC. To suppress the background from beam-gas
and beam-pipe interactions, the total energy E.; and
momentum asymmetry Dasym in event must satisfy
Eiot > Eheam/2 and pusym < 0.9, respectively. Both
the charged and neutral tracks are included in calcu-
lation of the total energy. The ratio of vector sum to
scalar sum of the momentum for all charged and neu-
tral tracks in the event is defined as the momentum
asymmetry. Two peaks at around 0.05m and 0.16m

in Fig. 6 correspond to the beam pipe region, and the

shape of each peak in data and MC basically agree
with each other. The position of the left peak is af-
fected by photon conversions in the VC and slightly
shifted from the beam pipe. To assure that R,, is de-
termined correctly in the photon reconstruction, the
R, versus R, distribution with the VC and the MDC
inner wall removed in the MC simulation are drawn
in Fig. 2. As one expects, the reconstructed photon
conversion points in the xy plane are well scattered
around the beam pipe. However, the area of the left
peak, where the beam pipe and the VC are located,
in the MC is less than that in the data. It shows that
the equivalent material for the VC needs to be fur-
ther improved in the MC simulation. The material
parameters for the beam pipe, the VC and the MDC
are listed in Table 1%,
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Fig. 6.
to eTe™ pair in the BESII detector as a func-

Number of good photons in conversion

tion of Rsy. The photons are selected from
hadronic events in the {(25) data (right) and
MC (left) sample.

Table 1. The material parameters for the beam
pipe, VC and MDC of the BESII detector.
Here, Xy is radiation length.

. radius  thickness  X/Xp
component material
/cm /mm (%)
beam pipe Be,Ni,Ti 4.826 1.27 0.536
Al
ve cover 13.536  0.762 0.375
outer wall carbon fiber
VC wires  tungsten 0.657
gas argon-ethane
MDC aluminum = o 2.0 1.107
inner wall carbon fiber
total 2.675

4 dE/dx correction for electron

Energy loss (dE/dz) by ionization of atoms is
well described by the Bethe-Bloch equationlﬁ], and
corrected in the study. In the dE/dz correction for
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charged particles produced near the beam line and
traversing the whole beam pipe region, one should
take account of the full thickness of materials in the
region . However, ete™ pairs converted from pho-
tons are produced mostly in a region where the VC
outer wall and the MDC inner wall are located. Thus
the effective thickness of materials between the loca-
tion, where a pair produced, and the first layer of the
MDC wires is required to be estimated in the dE/dx
correction for each electron or positron track.

A dE/dz correction as a function of R,, is re-
quired for electrons converted from photons. How-
ever, the calculation of R,, needs electron momentum
vector as input parameter. Thus, the dE/dx correc-
tion for the electrons in the study is made with the
following steps:

1) Helix fit for charged tracks without dE/dx cor-
rection;

2) A preliminary dE/dz correction using half the
full thickness of the materials in the beam pipe re-
gion for the fitted electron energy, and followed by
reconstruction of photon conversions, determination
of R,, and selection of good photons;

3) Final dE/dx correction as a function of R,
is estimated with the effective thickness of materials
between the CP and first layer of the MDC wires.

Our study shows that the photon energy scale is
improved by using the R,,-dependent dE/dz correc-
tion. However, the uncertainty of R,, is dominated
by the error of the opening angle between the out-
going directions of electron and positron. Iteration
with small dF/dx correction, depending on R, with
poor precision, may not improve the result and thus
is unnecessary.

A MC sample of 3.8 x 10® photons, each carrying
261MeV energy, are generated. The electron momen-
tum difference between measurement and MC gener-
ation is shown in the left plot of Fig. 7 for the dif-
ferent dE/dx corrections by (a) this study, (b) full
thickness of materials in the beam pipe region, and
(¢) no correction. Offset in electron momentum is
reasonably small after the R,,-dependent dE/dx cor-
rection by this study. The middle and right plots in

Fig. 7 show photon energy difference between mea-

surement and MC generation in various regions of
R,, and cosf.+. Here, 0.+ is the polar angle of elec-
tron momentum. It is seen that the bias in photon
energy after the dE/dz correction by this study be-
comes much smaller. Notice that the radiative length
of materials for the beam pipe, the VC and the MDC

used in dE/dx correction is quoted from Ref. [5].

3000 d E/dx correction for electron

% 2500 | corrected >
E by this study
g 2000
s < corrected
5 1500 (no correctiop by full
2 thickness
£ 1000
=
500
0
—0.02 0 0.02
difference in momenta/GeV
0270 dE/dx correction for y—~e‘e”
=« by full thickness
> by this stud:
& 0265 | o ng correptio}r]y
< P
B — .
20260 [ - T
o S oo
put -
2 . B 1
20255 | - [MDC inner wall
& ~ VC outer wall
VC inner wall
0.250 : : !

0 0.1 0.2 0.3 0.4
R,,/m

0.270 dE/dx correction for y—~e'e™
. = by full thickness
@ by this study
) 0.265 | 1 correction
20
% 0.260 ) )
£ ° ° e
2 1
202
< 0.255 MDC end cap
0.250 : :

0 0.25 0.50  0.75 1.00
cos O+

Fig. 7. Momentum difference of the electrons
between measurement and MC generation
(upper). Photon energy versus R, (middle)
and cosf.+ (down). Three cases: dE/dz cor-
rections are made by this study, full thickness
of materials in the beam-pipe region and no
correction.

5 Energy scale for photon

Momentum of charged particles at BESII has
been well calibratedm7 and thus measured masses for
the KZ, K*°(892) and ¢ resonances are in good agree-
ment with the PDG’s values'”. Momentum of daugh-

ter particles from decays of these resonances is higher,
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while that for electrons from photon conversions is
usually much lower and even reaches a marginal limit
in momentum measurement. Hence, it is necessary
to check the lower momentum scale, as well as the
energy scale of the photons reconstructed from e*te™
pairs.

Large amount of 7° mesons can be found in the
J/ decays. A data sample of 1° mesons decaying
to two photons, with both converted to ete™ pair,
are selected from the 58 x 10 J/1 events. To sup-
press hadron contamination, electron identification is
applied. Good photons are selected with the same
selection criteria as described in the previous section.
Background is further suppressed by requiring E, <
1GeV for both photons and 0.75 < |cosb,,| < 0.97,
where 0, is the opening angle between two photons.

Selections of 71° — vy with both photons in con-
version to ete” pair from the J/1{ data yields 503+
66 m%s. A MC sample of 63 x 10® 7n’s is generated
with the same momentum and polar angular dis-
tributions as that found from the 7° data sample.
The invariant mass distributions of yy pairs selected
from the J/1 data and the MC 7° sample, after
the specific dE/dx correction for the electrons, are
fitted to an improved CB function plus a 1st or-
der polynomial background (see Fig. 8). The result-
ing 7° mass, (134.4740.42)MeV/c? in the data and
(134.864+0.20)MeV/c? in the MC, are consistent with
the PDG’s value of 134.98MeV /¢? within error.
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B D
(=] (=}

[}
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Fig. 8. Fitting of invariant mass of photon pair
from the J/1 data (left) and MC (right). The
solid line is the fit.

Furthermore, large statistics of two photon events
produced in the QED process of eTe™ —yy may pro-
vide precise test in high energy region. The J/{ — vy
decay is a C-violating process, and thus its contami-

nation in selecting two photon samples is negligible.

A MC sample using QED radiative two photon gener-

ator (radgg)™

is generated, and events with one pho-
ton converted to ete™ pair are selected. Two photons
are required to be emitted in back-to-back directions.
The fitted photon energies, (1547.68 +0.77)MeV in
data and (1548.734+0.39)MeV in MC, agree with each
other within an error at the same level as that for the
correction factor of the magnetic field™. Our study
assures that the energy scale of photons reconstructed

from ete™ pair is correct in the energy region from

100 to 1550MeV.

6 Energy resolution function for pho-

ton

Electrons traversing detector may lose energy via
the processes of bremsstrahlung and ionization!®.
The bremstrahlung induces a long tail at the lower
side of electron energy distribution, and thus the en-
ergy loss caused by it is hard to be corrected. For the
case of small thickness of material in the BES beam
pipe region and electron energy above a few tens of
MeV, the energy loss for electrons in the central part
of the energy distribution is dominated by the ioniza-
tion of atoms. Multiple scattering of electrons, spe-
cially at large angle, may bring additional tail effect at
both the lower and upper sides in the photon energy
distribution. The ionization loss of electrons in the
detector can be corrected with the effective materials
traversed. However, the uncertainty in determining
the photon conversion point may bring an additional
error to the corrected photon energy at the conversion
point.

Overall detector resolution in photon energy mea-
surement using photon conversion technology can be
well modeled by full MC simulation. Under an as-
sumption of pure E1 transition, the polar angle distri-
butions for photon productions in the {(2S5) — yXes
decays (J=0,1,2) have a form of 14 kcos? 0™, where

1 1
the coefficient k=1, —3 and 13 for Xeo, Xe1 and Xez,

respectively. A MC sample of 5 x 107 photons from
the P(25) — yX.s decays with the corresponding po-
lar angle distributions are generated.

The original Crystal Ball (CB) function, fop(z),



384

HORE W B 5 & % B (HEP & NP)

530 &

has a Gaussian in the central and upper regions but

a long tail at the lower side!”.
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Our study shows that the CB function does not fit
the energy distribution at its upper side in photon
conversions. The shape of energy spread for signal
photons reconstructed from the converted ete™ pairs
in full region can be well fitted by an Improved Crys-
tal Ball (ICB) function, fios(z), which is defined as
the same as the CB except an additional tail at the

upper side.
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would carry monochromatic energy of 260.72, 171.27
and 127.50MeV for the x.; (J =0,1,2) final states,
respectively. The observed energy distributions of the
signal photons from the {(25) — yx.; decays in MC
are given in Fig. 9.

Fits of the photon energy distributions to the ICB
function are performed, and the fitting results for
photon energy and detector resolution are shown in
Fig. 9 and Table 2. The deviations in the resulting
photon energy from the input values in the MC are
negligibly small for the x.o, and x.; states, while that
for the x.. state is as large as 0.2440.06MeV. The lat-
ter is attributed to the uncertainty in the dE/dz cor-
rection for the very low momentum electron. Three
sets of ICB parameters for the ¥(25) — yXes (J =
0,1,2) decays are listed in Table 3, which can be fed
back as input data to a detector resolution function
for the x.; widths measurement? .

Table 2.

its resolution from the P(25) — yxes (J =
0,1,2) decays. The ICB function is used in

Fitted results for photon energy and

where x is the observed photon energy. There are the fit.
seven parameters: mean and resolution of photon en- state Xc0 Xcl Xc2
ergy (Fo, o), tail shape at the lower and upper sides Ey/MeV
o input 260.72 171.27 127.50
(ny, a;) and (ng, ay), and normalization factor S. By MoV
If we take widths of both {(2S) and x.; states to output 260.7440.03  171.3240.03  127.7440.06
be zero and mass to be values given by the PDG, 0B, /MeV
. .04 2. .04 2.2 11
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Energy spectrum of signal photons from the {(2S5) — yxcj decays with zero widths of both {(25) and

Xcs for the xco(left), Xc1(mid) and Xe2(right) final states. The points are the MC. The solid line are the fit

to the ICB function.
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Table 3. The parameters of the ICB function
for photons from the ¥(2S) — vyxecs (J =
0,1,2) decays.

state Xco Xc1 Xc2
o/MeV 3.78074 2.57692 2.26002
o1 1.3265 1.3019 1.1416
N1 1.9839 2.3521 4.5556
o2 1.6128 1.4119 1.2900
No 5.7821 4.6773 4.8321

7 Energy dependence for detection

efficiency and resolution

Energy dependence for the photon detection ef-
ficiency and energy resolution is studied in a photon
energy region from 100 to 400MeV using MC method.
Totally 108 of monochromatic photons at different
energy points with polar angle distributions, as the
same as that for the P(25) — yx.; and X.; — any-
thing decays, are generated. The observed photon
energy distributions at each energy point are fitted
to the ICB function. The efficiency is calculated as a
ratio of signal yield over a number of MC generated
events. It includes the effects of detector geometry,
MDC tracking, photon reconstruction, angular distri-
bution of photon production, and photon conversion
rate. The resulting curves for photon detection effi-
ciency and energy resolution as a function of photon
energy are shown in Fig. 10. Three curves in each
plot correspond to different polar angle distributions
for the x.; (J=0,1,2) states.

Further study shows that the detection efficiency
calculated by using the {(2S) — yx.;s and X.; — any-
thing MC events, is notably lower than that from the
MC events where charged tracks from the x.; decays
are removed. It means that the increased multiplicity
of charged tracks in MC events causes lower efficiency
of track reconstruction for low momentum electrons.
The energy resolution is 2.3MeV for 100MeV energy
photon, and increased to be 5.5MeV for 400MeV en-
ergy photon.
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Fig. 10. Photon detection efficiency (left) and

energy resolution (right) as a function of pho-

ton energy. Here photons have the polar

angle distributions as that required for the
P(2S) = vXes (J=0,1,2) and xc3 — anything
(Lund_crm) decays.

8 Conclusion

We have employed the photon conversion tech-
nique in photon energy measurement. Using Monte
Carlo technique, reconstruction of photon conver-
sions is studied, and the photon detection efficiency
and energy resolution as a function of photon en-
ergy are obtained. The dFE/dx correction for the
electrons and the energy scale for the photons are
calibrated with the BESII data. Our study shows
that the energy distribution of the photons can be
well fitted to the ICB function. Photon energy res-
olutions in the range from 2.3 to 3.8MeV for the
BESII detector are found for the photons with the
energy from 100 to 260MeV, and it provides a tool
to measure the x.; (J =0,1,2) states precisely from
the (29) radiative decays . Measurement of low
energy photons using photon conversions may bene-
fit from the improved energy resolution, better ratio
of signal over noise and more precise energy scale,
relative to that using CSI calorimeter, and thus the
method is expected to have its application in specific

physics topic at high luminosity experiment in future.
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