CPC(HEP & NP), 2012, 36(10): 979-984 Chinese Physics C

Discrimination of converted photons and
neutral pions at high energies”

XIAO Hong(44T)H%"  CHEN Guo-Ming( %[ BH)!
BIAN Jian-Guo( N [E)"  FAN Jia-Wei (7555 f)"? LIANG Song(#:H4)"2
MENG Xiang-Wei(#f£45)!  SHEN Yu-Qiao(¥h£E7¥)"?  TANG Zhi-Cheng(fH & Hk)!
WANG Jian(FAf#)!  WANG Jian(Ff#)"?  WANG Xian-You(7E5EK)"®  WANG Zheng(FAiE)*
XU Ming(#8W])*? XU Wei-Wei(¥FfHff)?  YANG Min(#[&)!  YAN Qi(j™HH)*?

TAO Jun-Quan (P % 4x)*

! Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China
2 Graduate University of Chinese Academy of Sciences, Beijing 100049, China
3 Theoretical Physics Institute, Chongqing University, Chongqing 400044, China

Abstract: In the LHC experiment, the H — yy channel provides a clean final state with an effective mass
peak that is reconstructed with great precision, despite the small branching ratio. As a consequence, the
H — vy channel is one of the most promising channels for the Higgs discovery in the very low mass region.
In order to increase the sensitivity of the Higgs search, background rejection rate is very important, so y/m°
discrimination is one of the key points in the analysis. At least 40% of photons will convert with the experience
of ATLAS and CMS. We constructed electromagnetic calorimeter (ECAL) in GEANT4 simulation, using 6
variables which have different shapes between converted y and 7°, with the TMVA (Toolkit for Multivariate
Data Analysis) to do the separation. With this method we can get 30% to 60% 7° rejection efficiency when
keeping 90% converted vy efficiency, in the region of transverse momentum 15 GeV to 75 GeV, not only in MC
sumulation but also in real data.
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1 Introduction

In the LHC experiment, jet production rate is
very large. These jets contain energetic 71°s which
decay into two photons, and leave an energy deposit
in the electromagnetic calorimeter (ECAL). Because
the two photons are too close to each other, they will
be misinterpreted as one photon of the same energy.
For this reason, it is hard to separate 1° and 'y . Neu-
tral pion is the main reducible background for high
energy photon analysis like the H — vy channel, so
it is very important to improve the rejection power
of the background in order to increase signal signifi-
cance.

Since the material budget of the tracker is large,

Received 18 January 2012, Revised 15 March 2012

at least 40% of photons will convert into two electrons
with the experience of ATLAS [1] and CMS [2]. In
the diphoton final state like H — y7y, the percentage
of events which contain at least one converted pho-
ton will be even higher. In this paper, we develop
a method to discriminate 7° and converted y taking
their different shower shapes into consideration using
the TMVA (Toolkit for Multivariate Data Analysis).

2 The detector description

One of the primary goals of LHC is to search for
Higgs boson. H — vy is one of the most promising
channels for low mass Higgs discovery, because of the
clean final state topology. In order to get a better sen-
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sitivity on the Higgs search, converted y and ©° dis-
crimination is extremely important. We constructed
an ECAL (Electromagnetic Calorimeter) with geom-
etry like the barrel region of the CMS detector at the
LHC [3] with GEANT4 package.

The homogeneous calorimeter is made of 61200
lead tungstate (PbWO,) crystals. There are 36 super-
modules in the whole part, 18 in each half barrel,
each covering 20° in ¢, and each super-module has
85 crystals in 7 direction (see Fig. 1). They are la-
belled 1 to 85 from z = 0 which will be used as in
in Section 4.1. Each super-module has 4 modules.
Module 1 contains 500 crystals, while modules 2, 3
and 4 each contain 400 crystals. Modules are assem-
bled in units of 2x5 crystals called sub-modules. The
long side of the sub-modules is mounted parallel to
the z axis. The crystals have 17 possible shapes and
two orientations of the internal angles, so that crys-
tals are classified as left and right crystals and there
are 34 types in total. The crystals are 3 degrees off-
pointing with respect to the vector from the nominal
interaction vertex both in 7 and ¢ direction in or-
der to aviod cracks aligned with particle trajectories.
The crystal’s cross section is roughly 0.0174 x 0.0174
in 5 and ¢, or 22 mm X 22 mm at the front face and
26 mm x 26 mm at the rear face. The crystal length
is 230 mm according to 25.8 X, and the center of the
front faces of the crystals is at a radius 1.29 m from
the z axis [4].

module 1

module 2 module 3 module 4
7

NV /Wmmy

85(=25+20+20+20)crystals in n for one supermodule -

x-y plane
- - -

(a)

Fig. 1.
in the geometry description used in this paper
(a) The longitudinal section of the ECAL(one
quarter) (b) The transverse view of the ECAL.

ECAL super-module numbering scheme

We also constructed the same tracker geometry in
front of the ECAL and the magnetic field which is
3.8 T along the z direction as the CMS experiment
in the GEANT4 simulation. Details of the geometry
were described in Ref. [4].

3 The photon reconstruction

Photon reconstruction in the ECAL depends on
the shower deposits of photon energy in the crystals.
The ECAL is made of PbWQ,, whose Moliere radius
(Ryp) is about 2 cm. Within radius Ry there is about
90% of the energy of the electromagnetic cascades,
while 99% is contained in 3.5Ry [2]. According to
our experience, the energy of a single photon in 3x 3
crystals is about 94%, while there is appoximately
97% in 5x5 crystals. Unconverted photons measured
in such a fixed area will give the best performance.
However, converted photons produce Bremsstrahlung
and cause an extended spread in the ¢ direction in
the ECAL, influenced by the strong magnetic field
and the material in front of the calorimeter. So we
use the following method which is called a clustering
algorithm to get the shower shape which is called a
super-cluster.

First, we look for a single crystal maxima which
appears as a bump in the array of crystal energy
deposits. In order to get rid of the effect of noise,
we set the crystal energy threshold to 80 MeV, so
there will be a hole when the crystal energy deposit
is lower than the crystal energy threshold. Then the
left bumps are selected as seed crystals. The cluster-
ing algorithm is based on these seed crystals. Second,
starting from the most energetic seed, we collect the
crystals in a 5 x5 array whose energy deposition cen-
ter is our seed crystal as shown in Fig. 2(a). Then one
seed clustering is completed. All the crystals we in-
clude in the seed clustering will form a cluster shape,
which we call a basic-cluster. After all these steps, we
can start another seed clustering with the same pro-
cedures as the previous one. We should notice that
one crystal should not be collected when the crystal is
already clustered by another seed, therefore no dou-
ble counting will happen; more details can be found
in Fig. 2(b). Because of the spread of converted pho-
tons in the ECAL, one basic-cluster is not enough to
collect all the energy. In order to get all the photon
energy, we collect all of the basic-clusters in the super-
cluster range and use them as a whole. In terms of
the experience, the super-cluster window is 0.06 in ¢
direction and 0.80 in 7 direction. The window corre-
sponds to both positive and negative direction.
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The photon position is calculated by the energy-
weighted mean position of the crystals in the super-
cluster

, 1
S (1)

xr=

where x; is the position of the crystal ¢ in the super-
cluster, and W, is the weight of the crystal in the
whole super-cluster which is defined as
E
W; =Wy +lg —, 2
o+lg Y E, (2)
where Wy, =4.7 [5].
In the following analysis the 5 x 5 array whose
center is the seed will be frequently used [6].

crystal (or cell) number

5 10 15 20 =
o + 9 14 19 24
A
3 8 18 23
2 7 12 17 22
1 6 11 16 21
» 1
5x5 crystals array
(a)
1 (1 |1 [1]1 |Z| A crystal included in the nth cluster
1 1 11 112 ]2 which can seed other clusters
1|1 1 12 [ A crystal included in a cluster
which cannot seed other clusters
1 1 11 2
1 1 1 1 1 212 . The seed crystal of the nth cluster
212|12|2|2

(®)

Fig. 2. (a) Illustation of the 5x 5 clustering al-
gorithm and the numbering of the 5 x5 array;
(b) Tlustration of two overlapping multi 5 x 5
clusters.

4 The converted y/m® discrimination

In this section we use several variables, most of
which describe the shower shapes of converted y/m°
in the electromagnetic calorimeter. These variables
are selected from lots of shower shape variables ac-
cording to the separation power in converted y/m°
discrimination. In the analysis, we use the TMVA
package in ROOT to get the discrimination result [7].

4.1 Variable description

The shower shape variables are used as criteria
to distinguish converted y/m® because of the sensi-
tivity to differences between single and overlapping
converted photon showers [§].

In this analysis we use 6 variables, o0;,:,, CEP, o,
0,, EoverP, rq. The detailed descriptions are as fol-
lows.

Oinin is the eigenvalue of the local covariance be-
tween n and 7,

n

Z((im — Meea) — (in))* X w;

=1
Oinin = cS X %5 s

D
c=1
25

Z Ez X (1777, - insccd)
(in) = =—— :

25
S
i=1

where

w; = MAX (O wo+1g E; )
SZo

wo = 4.7, cs=crystalsize=0.01745, in;, i7)sceq are crys-
tal labels in 7 direction of the crystal and the seed
which are described in Section 2.

CEP is defined as the covariance between n
and ¢,

n

Z(m—<n>)(¢i—<¢>) X w;

CEP= = —
>
c=1

25
Z E;xn;
(m) =

25 (4)
Z Ei x ¢;

i:125 ’ <¢>_ i:125 9

S S
i=1 i=1

0, is defined as the width of the shower in eta direc-
tion,

Z E (Theea = 10:)?, (5)

seed

0, is defined as the width of the shower in phi direc-
tion,

E5><5
Z EQXQ (bseed ¢1)2 . (6)

seed

The above four variables sum up all the crystals in
single photon reconstruction which pass the selection
in Section 3. Seed crystal is the local crystal energy

s X5
maxima. E>X3

is the energy sum of the crystals in
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the 5x5 region whose center is the seed crystal. E>*®
is the energy sum of the crystals in the 5 x 5 region
whose center is the crystal i. 7,ced, Pscea , 7: and ¢; are
the position of the crystal center of the seed crystal
and crystal ¢ respectively.

FE over P is defined as the photon super-cluster
energy divided by converted photon momentum,

FEyuper-clus
super-cluster , (7)

FoverP =

Pconvcrtcdy
9 is the ratio between the energy of center 3x3 region
(crystal 7, 8,9, 12, 13, 14, 17, 18, 19 in Fig. 2(a)) and
the whole super-cluster energy,
E3><3

. 8
Esupcr-clustcr ( )

g =
Super-cluster is defined in Section 3.

4.2 The sample discription

Although we simulate 200000 events in every Er
bin for both single y and ©® samples, 'y and 7° sam-
ples are produced uniformly in both n and ¢ direc-
tions. In order to get a more typical shape to sepa-
rate converted 'y and 7°, we only choose the events
which contain at least one converted y. We choose Et
bins based on the sensitive region of standard model
H —vyy. The detailed events are listed in Table 1.

From Fig. 3 which shows variable distributions,
we can see the differences of shower shape between
converted y and 7°, while converted 'y is signal, 7° is
background.

Table 1.
v/7° events in each Et bin.

The number of selected converted

0

E1/GeV converted y events m° events
15-25 48138 54250
25-35 53901 66003
35-45 56274 72556
45-55 57419 77248
55-65 59193 81088
65-75 59436 82694

4.3 Discrimination result with the TM VA

The 6 variables in Section 4.1 are used as the
input variables of the TMVA classifiers to perform
the converted y/m° discrimination with the samples
described in the above subsection, while half of the
samples are used for training and the other half for
testing.

The Boosted Decision Trees (BDT) and Multi-
layer Perceptron (MLP) methods are used in the
TMVA analysis [7].

MLP which is a recommended neural network
method, is optimized by the improved back propaga-
tion algorithm based on an artificial neural network,
thus it has a clear speed advantage compared with a
traditional artificial neural network. It has 3 kinds of
layers, the input layer (our input variables), the hid-
den layer and the output layer (output result). Every
layer has several neurons while there is no connection
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Fig. 3.

Different distributions between converted y/m® for 6 variable distributions in Et region 35 GeV to 45 GeV.
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within a layer and full connection between layers. We
can have several hidden layers. Using the improved
back propagation algorithm on each layer, we can get
the MLP result.

BDT represents an extension to a single decision
tree. A single decision tree has a two dimensional
tree structure which can be separated as signal-like
or background-like leaf node, and then the leaf node
can be separated further. The separation will be ter-
minated when the nodes are dominated by signal or
background. However, there is fluctuation in one de-
cision tree, so other reweighted trees are added into
the training. The result of BDT is the majority vote

BDT
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Figure 4 shows the analysis results with the
TMVA package. The background rejection changes
with the signal efficiency from the testing samples
are shown in Figs. 4(a) and 4(b) for the 6 Er bins
with BDT and MLP methods respectively. The plots
show the higher the FEr is, the lower the rejection
power we can get. The numbers in the legend show
the background rejection power for different ET bins
when 90% signal efficiency is kept. We can get more
detailed information on what we can get in Table 2.
Figs. 4(c) and 4(d) show the TMVA result of signal
training, testing samples, background training and
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Fig. 4. Results from the TMVA analysis. Background rejection versus signal efficiency of. (a) BDT method
and; (b) MLP method; Responses and overtraining check for (c¢) BDT method and (d) MLP method with
35-45 GeV samples; Efficiency and purity changes with the (¢) BDT output and (f) MLP output with

35-45 GeV samples.
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testing samples. From the distributions, the responses
of training and testing samples agree well for both
of the signal and background, which means no over-
training exists during the analysis. Figs. 4(e) and 4(f)
show the signal efficiency, background efficiency, sig-
nal purity and significance <%) for both meth-
ods.

The background (7°) rejections for different Er
bins are listed in Table 2, when 90% signal (converted
7v) efficiency is kept. It can be seen that the BDT and
MLP have almost the same 7° rejection efficiency for
the same FEp1 bin while the BDT method can give
more robust results.

Table 2. The n° rejection efficiency if 90% con-
verted v efficiency is kept in each Et bin with
BDT and MLP method.

E1/GeV BDT MLP
15-25 57.27%40.4% 55.87%+0.4%
25-35 52.26%40.4% 49.44%0.4%
35-45 46.36%+0.4% 42.86%=0.4%
45-55 41.24%+0.4% 38.48%+0.4%
55-65 37.87%40.4% 33.36%+0.4%
65-75 35.01%40.4% 32.08%+0.4%

LHC has taken data for two years. We found the
variables we use in this paper agree very well between
data and MC which is simulated with GEANT4 pack-
age. Only 0y, in data has a 0.9% shift with respect
to the average of the simulated photon o, values [9].
Because we can not find pure photon signal and back-
ground samples with enough statistics for the TMVA,
in order to make data and MC agree with each other,

we corrected our MC simulation for the observed shift
and train the samples with the TMVA again. We get
almost the same result (Table 3) with Table 2.

Table 3. The 7° rejection efficiency if 90% con-
verted vy efficiency is kept in each Et bin with

BDT and MLP method after data correction.

E1/GeV BDT MLP
15-25 56.23%+0.4% 54.11%40.4%
25-35 51.45%40.4% 48.01%+0.4%
35-45 46.15%+0.4% 41.66%+0.4%
45-55 41.74%+0.4% 38.32%+0.4%
55-65 38.47%+0.4% 30.70%=0.4%
65-75 36.22%+0.4% 30.03%=0.4%

5 Discussion and conclusion

In this paper, we construct an ECAL detector and
use GEANT4 to simulate data. 6 variables which
have discrimination power between converted y and
7i° are selected as inputs of the TMVA. BDT and
MLP classifiers are used as the analysis methods to
get the discrimination result in 6 Fr bins. From the
result we find the higher the Er is, the lower the re-
jection power we can get. With Er between 15GeV
to 75 GeV, about 30%-60% m° rejections can be ob-
tained when 90% converted vy efficiency is kept. From
the analysis results, this method is helpful in con-
verted y/m° discrimination related analysis not only
in MC but also in real data, such as light Higgs (with
mass around 120 GeV) searches with the H — yy
channel in the LHC experiments, by suppressing the
jet backgrounds which contain a lot of neutral pions.
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