DO note 2066
August 23, 1995

The MTC DPackage
(Muon Tracking in the DO Calorimeter)

Elizabeth Gallas

Universitv of Texas at Arlington

Contents
1 Introduction 5
2 MTC Overview 6
3 Instructions for Use ‘ 7
3.1 MTC pu Identification Utility . . .. ... ... ... ......
3.2 MTC x4 Finding Utility . .. ... ... .. ... L 1]
4 The Energy x*> Method 13
4.1 Muon Energy deposition in the Calorimeter .. .. ... .. 13
4.2 Calculating the x> . . . . . .. ... .. 14
4.3 Applying the x> methodtodata ... ... ........... 15
5 Tracking Muons in the Calorimeter 16
5.1 Track Verification Efficiency . . . . .. .. . ... ... .... 17
5.2 Tracking Resolution . .. .. .. .. ... .. ... ....... 18
5.3 Track Finding Efficiency . . . . . ... .. o L. 19
6 Conclusions . 20
7 Acknowledgements | 20



List of Tables

1

MPV (Most Probable Value) of energy deposited by muons in each calorimter cell
type. MPVs are listed by layer number (ILYR) and ieta (In) from fitted distributions
for each cell type from the DO Test Beam. . . . . . .. .. . ... .. ... ....
Gaussian width of the distribution of energy deposited by muons in each calorimter
cell type. MPVs are listed by layer number (ILYR) and ieta (I5) from fitted distri-
butions for each cell type from the DO Test Beam. . . . . . . . . .. ... ... ...
MPV (Most Probable Value) of energy deposited by muons in each calorimter cell
type. MPVs are listed by layer number (ILYR) and ieta (In)} from fitted distributions
for each cell type from the D0 Test Beam. The energy distribution includes energy
deposited in the hit cell plus any deposited in all cells within .1 in % and .1 in & from
the hit cell in each layer. . . . . . . . . ...
Gaussian width of the distribution of energy deposited by muouns in each calorimter
cell type. MPVs are listed by layer number (ILYR) and IETA (In) from fitted distri-
butions for each cell type from the D0 Test Beam. The energy distribuiion includes
energy deposited in the hit cell plus any deposited in all cells within .1 in 5 and .1
in ¢ from the hit cell ineach layer. . . . . . . . . . . ... ... ...
Longitudinal width of each calorimeter cell type listed by layer number (ILYR) and
ieta (Ip) in centimeters. . . . . . . . . . . L

List of Figures

1

Distributions of energy (in ADC counts) deposited in a calorimeter cell by D0 Test
Beam muons at various encrgies. The calorimeter cell and beam energy are as
indicated below: a) ECOH layer 17 ¢ = 1.05,p, = 13GeV, b) ECOH layer 17
n = 1.05,p, = 50GeV, c¢) ECOH layer 17 5 = 1.25, p, = 50GeV, d) ECOH layer 17
n =1.25,p, = 100GeV, e) ECOH layer 15 5 = 1.35, p,, = 50GeV, and {) ECOH layer
157 =1.35,p, =130GeV . . . .. ..
DO Test Beam muon energy distribution (in ADC counts) seen in the calorimeter
cells in the CCMG. The cell’s 5 is given in each figure title. . . . . . .. .. .. ..
DO Test Beam muon energy distribution (in ADC counts) seen in the calorimeter
cells in the ECMG. The cell’s 5 15 given in cach figure title. . . . . .. ... . 0 .
D0 Test Beam muon energy distribution (in ADC counts) seen in the calorimeter
cells in the ECMH layer 11. The cell’s 4 is given in each figure title. . . . . . . . . .
DO Test Beam muon energy distribution {in ADC counts) seen in the calorimeter
cells in the ECOH layer 16. The cell’s 5 is given in each figure title. . . . . . . . ..
D0 Test Beam muon energy distribution (in ADC counts) seen in a calorimeter cell

D0 Test Beam muon energy distribution {in ADC counts) seen in a calorimeter cell
at 7= 0.05 in a) CCFH layer 3, 2a) CCCII , a) CCFH layer 1, and a) CCFH layer 2.
D0 Test Bearn muon energy distribution {in ADC counts} seen in a calorimeter cell

at 7 = 2.5 in a) ECEM layer 3, b) ECEM layer 4, ¢} ECEM layer [, and d) ECEM

DO Test Beam muon energy distribution (in ADC counts) seen in a calorimeter cell

at 7 = 2.51n a) ECIH layer 1-4, and b) ECIH layer 5. . . . .. .. ... ... . ...

23

30



1G

11

12

13

14

16

18

19

20

21

22

The x* versus the fraction of lavers hit for all a) electrons, b) muons and ¢} jets in
the t — ey final candidate sample. Muons are characterized by low x? and a high
fraction of layers hit. . . . . . . . ... oo P 35
The x* versus the fraction of layers hit in the hadronic calorimeter for all a) electrons,
b) muons and c) jets in the £ — ey final candidate sample. Muons are characterized
by low x* and a high fraciion of layers hit. . . . . . .. .. ... Lo L 36
a) Reconstructed n of the mnon system versus the reconstructed % of the calorimeter
for the 500 MC single muons generated at 7 — 0.8125,¢ = 0. To compare muon and
calorimeter tracking resolution, plots b) and ¢} are the projections of the scatterplot
(15 37
a) Reconstructed 5 of the muon system versus the reconstructed 5 of the calorimeter
for the 500 MC single muons generated at 7 = 0.9125,¢ = 0. To compare muon and
calorimeter tracking resolution. plots b} and ¢) are the projections of the scatterplot

a) Reconstructed 7 of the muon system versns the reconstructed 5 of the calorimeter
for the 500 MC single muons generated at ¢ = 1.0125,¢ = 0. To compare muon and
calorimeter tracking resolution. plots b} and ¢} are the projections of the scatterplot
M aA) L e e e e 39
a) Reconstructed 7 of the muon system versus the reconstructed 5 of the calorimeter
for the 500 MC single muons generated at n = 1.1125,6 = 0. To compare muon and
calorimeter tracking resolution. plots b} and c} are the projections of the scatterplot

a) Reconstructed 5 of the muon system versus the reconstructed 7 of the calorimeter
for the 500 MC single muons generated at 7 = 1.2125,¢ = 0. To compare muon and
calorimeter tracking resolution, plots b} and ¢} are the projections of the scatterplot

a) Reconstructed n of the muon system versus the reconstructed 5 of the calorimeter
for the 500 MC single muons gencrated at 7 = 1.3125, ¢ = 0. To compare muon and
calorimeter tracking resolution. plots b) and c) are the projections of the scatterplot

For MC single muons distributed uniformly in 5 and ¢ space, plot a) shows the
reconstructed 5 of the muon system versus the reconstructed 5 of the calorimeter. b)
is the corresponding @ plot. . . . . .. oL 43
For the t — ep final candidate sample, plot a} shows the reconstructed 7 of the muon
system versus the reconstructed vy of the calorimeter, b) is the corresponding ¢ plot
for verified calorimeler tracks with a hadronic fraction of layers hit greater than 0.65. 44
For the reconstructed MC muon sample with muons distributed uniformly in 1 and
@: a} shows the reconstructed 7 of the calorimeter versus the reconstructed 5 of the
muon system and b} is the correspouding ¢ plotl for all ‘matched tracks’ found. A
‘matched track’is a track found in by both the muon system and the MTC u finding .
o= - 1 ¢ 45
For the reconstructed MC muon sample with muons distributed uniformly in 5 and
&, ) shows the distribution of the MTC found muons in 7, ¢ space. b) and ¢) show
the corresponding projections in g and é. . . . . . . ... L. e 46
For the reconstructed MC muon sample with muons distributed uniformly in 5 and
@, a) shows the distribution of the muon system (PMUO) found muons in 7, ¢ space.
b) and c) show the corresponding projections in pand ¢. . . . ... ... .. ... 47



23

24

25

For the muons in the ¢t — ey final candidate sample, a) and b) shows the number of
muons found by the muon system and the MTC g finding program, respectively.
For the t — eu final candidate sample, a} shows how the MTC found tracks are
distributed in 7, ¢ space. b} and c) show the corresponding projections in # and .
For the muons in the ¢ -» ex final candidate sample, a) shows the number of muons
found by the muon syster and b) shows the number of muons found by the MTC g

finding program in the 7 range from —2.0t02.0. . . . . ... .. ... ... ...

48

49



1 Introduction

The MTC (Muon Tracking in the Calorimeter) package uses calorimeter informa-
tion to identify and recomstruct track-like emergy deposition in the calorimeter.
This note describes how to use the MTC package and provides a brief description

of the algorithms used in the package.
Though the calorimeter’s transverse segmentation is coarse (in comparison to

the D0 muon chambers) calotimerer track identification is possible because

e penetrating particles are fairiy well isolated in the hadronic section of the

calorimeter,

o the calorimeter longitudinal segmentation is sufficient to sample the energy
deposited laver by layer, making isolated y identification possible,

e the calorimeter hermeticity insures a uniform tracking efficiency as a function
of 1 (pseudorapidity) and @ with no gaps in coverage,

e because there is no central magnetic field, muon tracks traverse a straight path
in the calortmeter,

e muons generally emerge from a known vertex point (measured in the central
tracking chambers) which provides a useful constraint to the calorimeter muon
tracking, and

e muons typically deposit minimum ionizing energy over many radiation lengths,
leaving a distinctive energy signature over the total path length.

The MTC package exploits these features to identafy and track muons through the
calorimeter.
The MTC package contains two utilities:

e The MTC p identification utility performs muon identification and tracking
of candidate tracks through the calorimeter.

e The MTC p finding program provides an independent means for locating muon
candidates.

D0 note 2068 describes some of the initial testing of the MTC g identification
ntility performed before the package was in test release. The MTC y identification
utility has been incorporated into DORECO event reconstruction. If your data
set was RECO’d with V12.11 or higher, all MTC p id information is stored in
Zebra bank MTCA, and selected M1C id words are stored in the PMUQ bank (see
DOSZEBSROOT:[MUDAT|PMUQ.ZEB) for all muons in the MUON bank.



2 MTC Overview

The MTC package currently contains 2 utilities:

1. MTC p identification utility

Given a vertex position and an input direction (eta, phi) of a candidate muon
(ie from PMUOQY), this utility looks at the energy deposition in the calorimeter
cells in a road surrounding the p candidate. Output information from this

utility includes

track verification mformation

a reconstructed calorimeter track segment for isolated and non-isolat’ -
track-like objects in that calorimeter road,

track and road energy Y?s, which indicate the level of muon isolation in
the road,

a calorimetric measure of punchthrough, and

a calorimeter layer number at which muons seem to emerge from a more
energetic object (a jet).

This information can be used for

®

fake muon rejection,

e ruling out the presence of a muon in a given direction,

vertex verification, and

global fitting of muon tracks in the D0 detector.

2. MTC u finding utility

Given an event vertex position, this utility scans the calorimeter for candidate
tracks emerging from the vertex, providing an independent method for muon

finding to

improve muon finding efficiency over all regions of the detector, and

provide an independent method for calculating muon system efficiencies.



3 Instructions for Use

Because calorimeter cell energies are required, input datasets must contain CAEP or CAEQ banks
(available in Runla STA’s or Runlb STA and DST’s). See DOSPBD:MTC.PBD to add MTC to
your combined package, which must include CALOR and CAHITS to fill the necessary calorimeter
cell energy banks. The DOSPBD:MTC.PBD file specifies the required object libraries, hooks, and
necessary RCP files for both MTC utilities.

For example, the following program builder command

$ PBD/FRAME=DOUSER -
/PACKAGES=(CALOR,CAHITS,MTC)/NAME=DST —
/ZEBCOM=5000000,PAWC=2000000 — |
/ZEBSTP=500000/ZEBWRK=160000 —
/GCBANK=20000 ~
/LOG

will build a package with all the necessary features for running any of the MTC utilities.

3.1 MTC u Identification Utility

A call to this utility is currently included starting with RECO V12.11 for all muon candidates in the
MTUON bank. If you are looking at Run Ih data, the MTC information may already be available.

e All MTC output information {described below) is stored in the event Zebra tree in bank
MTCA hanging off each MUOYN bank.

o In addition: eleven of the most useful pattern recognition and muon verification words are
stored in the PMUO bank (see the PMUO bank description in
DOSZEBSROOT:[MUDATIPMUO.ZER).

For RECO V1211~ processed data. in additien to storing the MTC output, MTC information is
also used for vertex verification in some muon final state analyses.

If the MTC g identification ntility has not vet been run for your muon candidate track, then
start by building your program using the MTC program builder package as described above. For
each muon candidate for which you would like calorimeter g identification information:

CALL MTC_MUCALTRACK! VTX(3), DVTX(3), ETA, PHI)

where  VTX(3) = vertex (z.y, z) coordinates in ¢cm
DVTX({3) = uncertainty in vertex coordinates
ETA = 7 of candidate track
PHI = & of candidate track

The input vertex must be located inside the central detector volume.



A call to this routine fills the commeon block MTC as declared in the file DOSINC:MTC.INC -

COMMON /MTC/
IMTC MAX, IMTCIIMAX, IMTC_GHMAX, IMTC.LYRMU,
XMTC DIRCOS(3), XMTC_POINT(3), XMTC_TRES,
XMTC_FRACT, XMTC HFRACT, XMTC_.GHFRACT, XMTC_ECHI,
XMTCDIRCOS_V(3), XMTC_POINT_V(3), XMTC.TRES.V,
XMTC_EN5, XMTC_EN3, XMTC_EFRACT JH(1:3),
XMTC_ECHI33, XMTC_FRACT 33,
XMTC ECHI 55, XMTC_FRACT 55,
XMTCFRACH.33, XMTC FRACH.53,
XMTC_ECHI2

The above words contain tracking, energy yv*, punchthrough and pattern recognition informat.: -
as described in the subsections below. The trac king method and the y* calculation are descrlbed
in detall in a later section.

TRACK IIT RESULTS

Given the input vertex position and the n and ¢ of the track candidate, the program firsi
locates the calorimeter cells along that candidate’s trajectory in each layer. I call this set of cells
the ‘central tower’. The program then defines a road in the calorimeter which extends .2 in #
and .2 in ¢ from the central tower in each layer. This road is called the ‘S x § tower? because it
contains a 5 x 5 square array of cells in each layer {a total of 25 calorimeter cells in each layer).
An analogous ‘3 x 3 tower’ is also referred to below, containing 9 cells per layer centered on the
central tower.

I define a ‘“hut’ cell as any calorimeter cell with a positive energy above zero suppression. The
best calorimeter muon track is found by fitting a line through the longest set of contiguously hit
calorimeter cells projected from the hadronic section toward the vertexin the 5 x 5 tower. The best
calorimeter muon track segment as specified in the following variables includes the vertex posit
in the fit.

XMTC_DIRCOS_V(3) - the direction cosines of the best fit line

XMTC_POINT_V(3) - an arbitrary poinl vu the best fit line {the direction cosines and one
point uniguely defines the fit line)

XMTC_TRES_V - The track residual is the square root of the sum of the squares of the residuals
of the fit points to the 3-D iit line divided by the number of points used 1n the
fit. A reasonable track should have a track residual less than 10.

The calorimeter muon track segment specified in the variables below does not include the vertex
in the fit.

XMTC_DIRCOS(3) - the direction cosines of the best fit line

XMTC_POINT(3) - a point on the best fit line
XMTC_TRES - track residual for this track fit



TRACK CONTINUITY

For the track fits described above, the following variables correspond to the fraction of calorime-
ter layers used as well as the maximum number of layers traversed by the track. Calorimeter muon
track quality depends on the fraction of calorimeter layers used to get a fit; Ideally, good muons
will have XMTC_FRACT = 1., meaning all possible layers were utilized for the track fit. I suggest
that your good muon criteria include the following: require at least XMTC FRACT > 0.50 and
XMTCIIFRACT > 0.60.

IMTC_MAX - total number of lavers avallable in the calorimeter along the direction of the
calorimeter track

XMTC_FRACT - fraction of calorimeter layers used for the track fit out of the maximum possible
(IMTC.MAX)

IMTC_HMAX - number of hadronic layers available in the calorimeter along the direction of
the calorimeter track {a subset of IMTC_MAX)

XMTC HFRACT - fraction of hadronic calorimeter layers used for the track fit out of the
maximum possible (IMTC. HMAX)

IMTC_GHMAX - number of massless gap/icd /hadronic layers available in the calorimeter along
the direction of the calorimeter track (a subset of IMTC MAX)

XMTC GHFRACT - fraction of massless gap/icd /hadronic calorimeter layers used for the track
fit out of the maximum possible (IMTC_GHMAX)

"MUON ISOLATION

The energy x* is defined fully in a later section. In short, an isolated muon in the calorime-
ter will be characterized by a high fraction of lavers hit (at least XMTC_FRACT > 0.50 and
XMTC.HFRACT > 0.60.) and a low x“{x~ < 5.0). A number of ¥*’s can he calculated for a given

track depending on the size of the calorimeter road used about that track, as shown below.

XMTC_ECHI - track x* - a measure of the p-likeness of the calorimeter track. This x? is
calculated based only on the energies of the cells used to get the track fit.

XMTC_ECHI_33 - ‘3 x 3 tower x*’ - the Y’ formed using the total energy deposited within the
‘3 x 3" array of adjacent cells in each layer. Isolated muons will have a low 3 x 3

tower x*(< 2.5) and a high fraction of layers hit (XMTC FRACT 33= 1.).
XMTC_FRACT_33 - [raction of layers hil in the 3 x 3 tower.
XMTC _FRACH 33 - fraction of hadronic layers hit in the 3 x 3 tower.

XMTC_ECHI55 - 5 x 5 tower x?° - the x” formed using the total energy deposited within the
‘5 x 57 -array of adjacent cells in each layer. Really isolated muons will have a low
5% 3 tower x*{< 2.5) and a high fraction of layers hit (XMTC FRACT 55= 1.).

XMTC_FRACT_55 - fraction of layvers hit in the 5 x 5 tower.
XMTC_FRACH_55 - fraction of hadronic lavers hit in the 5 x 5 tower.



TRACK AND TOWER ENERGY, PUNCHTHROUGH INFORMATION

XMTC_ETRACK - the calorimeter energy associated with the best track found. It is literally

XMTC_EN3

XMTC_ENG

the sum of the energy of the hit calorimeter cells used to get the best calorimeter
track fit.

- the total calorimeter energy found in the 3 x 3 calorimeter tower.

- the total calorimeter energy found in the 5 x 5 calorimeter tower.

XMTC_EFRACT_H(1:3) - fraction of the total 3 x 3 calorimeter energy found in the last, last

two, and last 3 layers of the calorimeter, 1e
XMTCEFRACT_H(L} - fraction of energy in last layer
XMTC EFRACT _H(2)} - fraction of energy in last 2 layers
XMTC EFRACT H(3) - fraction of energy in last 3 layers

PATTERN RECOGNITION

It is possible to determine when a muon emerges from a more energetic object (a ‘jet’) by looking
at the terms in the energy x* layer by layer. The track is said to emerge from the jet when the

measured average x° of the track beyond that layer is < 5.0.

IMTC_LYRMU - layer number at which the muon appears to emerge from a region of higher

XMTC_ECHI2

energy deposition (the ‘jet’). This layer number is zero (0) if ALL calorimeter
cells used in the fit had an average u-like energy signature. It is 18 {calorimeter
layer numbers range from | to 17) if the last layer utilized had an energy a bit
more than one would expect for a p-like particle.

- an energy chi square of the track summed over all layers after the muon emerges
from the ‘jet’.



3.2 MTC x Finding Utility

To use the MTC x finding utility, start by building your program as in the beginning of this section.
A number of user defined input parameters are available in MTC.RCP. Their default values are:

FULL MTC = FALSE.
MTC_ETAMIN = 00
MTC ETAMAX = 3.0
MTC HFRACSCAN = 0.57
MTC HFRACEND = 0.60
MTC_FRACFND = 0.50
MTC_IPSTATUS = 1

To enable the hook MTCEVT to find muons, set the variable FULL MTC= .TRUE. in MTC.RCP.
To describe the other input parameters, it is necessary to describe how the program works.

Briefly, the program sweeps through the calorimeter’s outermost hadronic layers, looking for
contiguously hit calorimeter cells extending toward the vertex. A set of such hit cells is called a
‘scan segment’. At the initial ‘scanning’ phase, the program requires that each calorimeter scan
segment have a minimum of MTC_HFRACSCAN fraction of hadronic layers hit. After the
initial scanning, scan segment candidate tracks are scrutinized more thoroughly using a version of
MTC MUCALTRACK (the MTC g identification utility described in the last subsection). Final
candidate tracks are required to have at least MTC_HFRACFND fraction of hadronic layers
utilized and MTC_FRACFND [raction of total calorimeter layers utilized.

With the default fractions, the author found a 95% track finding efficiency for monte carlo
single muons in all 5,4 regions. By setting higher MTC_HFRACSCAN, MTC_HFRACFND, and
MTC_FRACFND one is selecting exclusively the highest quality tracks. The track finding efficiency
may decrease, especially in some eta regions, but one will obtain a higher background rejection.

The parameters MTC_ETAMIN and MTC_ETAMAX specify the the range in the ;7| in
which to look for tracks. MTC.ETAMIN should never be less than 0.0. MTC_ETAMAX should
never be less than MTC_ETAMIN. By default. the MTC g finding program looks for muons in the
full range in 5 (during the scanning phase).

This program will find a large number of tracks in the high n region because of the high popu-
lation of hit cells at high 7 due to beam jet and beam halo effects. Therefore, I recommend setting
MTC_ETAMAX < 3. unless one is specifically interested in the high 5 region.

Final track candidates are stored in a common block MTC _FIND as defined in
DOSINC:MTC _FIND.INC as shown here.

COMMON /MTC_FIND/
IMTC_FULL, IMTC_NFND, IMTC IPSTATUS, IMTC IERROR,
XMTC_VTXFND(3), XMTC_DVTXFND(3),
XMTC_ETAMIN, XMTC.ETAMAX,
XMTC_HFRACSCAN XMTC.HFRACFND,XMTC FRACFND,
XMTC.TRESVFND(200),
XMTC FRAFND(200),XMTC_HFRAFND(200),
XMTC_ETAFND(200),XMTC_PHIFND(200),
XMTC_ENEFND(200)

il



The definitions of the varables stored in MTC_FIND are listed below.
PROGRAM CONTROL

The following variables are initialized with the corresponding MTC.RCP input. Their values
are stored here to enable the user to change them on an event by event basis.

IMTC_FULL - set to -1 if FULL.MTC=.TRUE. in MTC.RCP. To disable (track finding)
MTCEVT during your job, set IMTC_FULL to 0.

XMTC_ETAMIN - minimum (%! in which to scan for tracks
XMTC ETAMAX - maximum {#!in which to scan for tracks
XMTC_HFRACSCAN - minimum fraction of hadronic layers hit required in initial MTC track

sCanning .
XMTC_HFRACFND - minimum fraction of hadronic layers hit required in MTC track finding
XMTC FRACFND - minimum fraction of iotal layers hit required in MTC track finding

IMTC_IPSTATUS - set to 0 to print status messages, set to non-zero value to stop status
messages from printing

VERTEX INFORMATION

XMTC_VTXFND(3) - event vertex position in x,y,2. By default, the first event vertex from a
call to ZVERT is used. If a different input vertex is desired then create a local
version of MTCEVT and change the vertex definition section.

XMTC_DVTXFND(3) - uncertainty in event vertex position. By default, this uncertainty is
also obtained from ZVERT.

MTC u FINDING OUTPUT TRACKS

IMTC IERROR - g finding status flag is 0 if MTC track finding was successful, —1 if t:.
finding was unsuccessful, --1 if too many tracks were found

IMTC_NFND - number of tracks found {maximum 208)

XMTC_ETAFND(i) - 7 of ith calorimeter track fit {using the vertex in the fit)
XMTC_PHIFND(i) - ¢ of ith calorimeter track fit {using the vertex in the fit]
XMTC_ENEFND(i) - energy associated with the ith track

XMTC_FRAFND(i) - fraction of layers utilized with nonzero energy for ith track
XMTC _HFRAFND(i) - fraction of hadronic layers used with nonzero energy for ith track
XMTC_TRESVFND(i) - track residual of ith track

There is a limit to the number of tracks that can be found. If more than 200 tracks are found
for any event, the scanning fraction, MTC_HFRACSCAN, increases incrementally so that only the
best tracks are stored. When this condition occurs, if MTC IPSTATUS is 0, status messages will
be printed to the log file as MTC_HFRACSCAN is increased. If MTC_HFRACSCAXN becomes = L.
(upper limit) then IMTCIERROR is set to <1, indicating too many tracks found.

P2



4 The Energy v’ Method

The energy x° method has proven to be an excellent way to identify isolated muouns in the calorime-
ter. To describe the method, if is first necessary to consider how we expect muons to deposit energy

in the calorimeter.

4.1 Muon Energy deposition in the Calorimeter

The energy deposited by a muon in a liquid argon calorimeter cell depends on the number of argon
gaps traversed, the thickness of the argon gaps and the energy and angle of the muon in the gap.
In the DO calorimeter, the number of gaps, thickness of gaps, and angle of traversal of muons

from the vertex varies with

o calorimeter section (there are 10 calorimeter sections: CCEM, ECEM, CCMG, ICD, ECMG,
CCFH, ECIH, ECMH, CCCH, ECCH).

o calorimeter section laver number (the above 10 calorimeter sections have 4, 4,1, 1, 1,3, 5, 5,
1, and 3 layers, respectively}, and

¢ 7 {pseudorapidity).

The distribution of energies deposiied by muons in each of these calorimeter cell types has been
measured in the D0 Test Beam.

Tonization is the principle form of energy loss for muons traversing a medium. § ray emission
and bremsstrahlung occur at a lower rate than basic ionization, but become more probable at
higher muon energy. Figure 1 a)-b) shows the measured distribution of muon energy deposited
by Test Beam muons at 15 and 50GeV in a calorimeter cell in calorimeter section ECOH layer
17, at = 1.05. Similarly, Figure 1 ¢} and d) shows energy distributions for ECOH layer 17
n = 1.25 for Test Beam muons at 30 and 100GeV, respectively. In addition, Figure 1 e) and f)
show analogous distributions for a cell in ECOH layer 15 at = 1.35 for beam momenta 50 and
130 GeV, respectively.

No discernable shift in the spectrum is seen due to the change in muon energy. Only a slight
increase in the population in the high tail of the distribution is observed. Therefore, we expect litile
variation in the calorimeter muon identification results as a function of muon energy.

Figures 2, 3, 4, and 5 show the muon energy distribution measured in calorimeter cells in the
CCMG, ECMG, ECMH layer 11, and ECOH layer 16, respectively. The cell is specified by the
calorimeter section, layer number and eta as given in the title. Ideally, the energy deposited in a
layer of material by a muon varies according to a Landau ! distribution. For all calorimeter cells in
the Massless Gaps, the MH and the OH, this distribution was fit to a Moyal ® function convoluted
with a gaussian resolution to obtain the MPV (Most Probable Value) of the distribution. Also for
each distribution, the gaussian width (o) was also measured. These constants are used in the x*
calculation described in the next section. '

For the CCEM, CC hadronic, ECEM and ECTH, similar distributions were available only for a
single value of # as shown in Figures 6, 7, 8, and 9, respectively. This distribution was fit similarly,
and the fit results for the MPV and o obtained are used for cells at all 77 in that calorimeter section
and layer number.

!A Landau distribution has a narrow peak at low values and a long asymmetric tail at high values.
?A Moyal function is an analytic approximation of the Landau distribution,

13



Table 1 displays the MPV (couverted rom ADC counts to GeV) obtained from this method
for all calorimeter cell types listed by calorimeter section, layer number, and 7. Table 2 shows the
corresponding widths (in GeV).

The distributions above are the energies deposited in the cells directly in the path of the muon.
Similar distributions (not shown) were plotted that included the energy of the hit cell plus the
energies of all cells within .1 in 5 and .1 in ¢ of the hit cell in each layer (a 3 x 3 array of cells in
each layer). These distributions were similarly {itted as above to find the characteristic MPV and
o for each cell type. The MPVs and o5 obtained for these distributions are shown in Table 3 and
Table 4, respectively.

4.2 Calculating the x?

The MPVs and widths of the distributions described in the last subsection are used to obtain a
measure of muon isolation, which is analogous to the x* usually defined for normal distributic -

Given the direction of a candidate muon through the calorimeter, the x* is defined as

‘\rmyera (E 2
3 P M J I
X‘ = l: Z (\__-__2_-‘- ) } "Ivfuycrs

1=l

where
the sum is over all layers { Nigyers) in the calorimeter with a hit cell
in the path of the muon candidate,
E; 1s the energy seen in layer i,
w; is the MPV of the energy for a calorimeter cell at that layer and 7, and
o, is the width of the energy distribution for a calorimeter cell
at that layer and #.

Ideally, isolated muons will be characterized by a low x* and a high fraction of layers hit in the
road surrounding the muou.

The x* depends on the size of the calorineter roed chosen about candidate muon. If on
looking for only isolated muons. then a larger sized road will give a betier measure of isolation., Un
the other hand, for physics topics involving a muon associated with a more energetic object close
to the muon, then a x” measured in a narrower road 1 morve appropriate.

As described previously, the MTC g identification utility calculates a number of x”s for different
road sizes in anticipation of the different needs of the various physics analyses.

The first is the ‘track x*' which uses only the energy in the calorimeter cells used to reconstruct
the best calorimeter track segment. The MPVs and s from Tables 1 and 2 are used for this x*
calculation.

The ‘3 x 3 tower x*’ uses the energy in the cells directly in the path of the candidate muon plus
the energy in all cells within .1 in 7 and .1 in ¢ about the central tower {(a 3 x 3 array of cells is
used in each layer). The MPVs and os from Tables 3 and 4 are used for this x* calculation. This
x? is an excellent measure of muon isolation. It does require, however, that the true muon location
in the calorimeter is within .1 in 5 and & of the input candidate muon direction.

Similarly, the ‘5 x 5 tower x*' uses the energy in the cells directly in the path of the candidate
muon plus the energy in all cells within .2 in  and .2 in ¢ about the central tower {(a 5 X 5 array of
cells is used in each layer). The MPVs and os from Tables 3 and 4 are used for this x* calculation.
I have found this tower size too large for a useful y° calculation, but perhaps it may become useful

in the future.
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4.3 Applying the x> method to data

The x* can be used to identify isolated muons and to discriminate between muonlike objects and
nonmuonlike objects in the calorimeter. To demonstrate the method, the x* measurement was
applied to a number of various objccts in a real data sample, namely the ¢ — eg final candidate
sample. The 713 events in this sample contain a total of

957 muons in the PMUO bank,
810 electrons in the PELC bank, and
1445 jets in the JETS bank

without offline cuts.

I chose this sample because it is a very well studied sample that is known to contain very nearly
one well measured {real) muon per event. For all electrons, muons and jets in the banks, I calculated
the v and the fraction of layers hit in a calorimetcr “ower extending .3 in 7 and .3 in ¢ centered
on the object in question. The resulting x° versus the fraction of layers hit for electrons, muon and
jets is shown in Figure 10 a}, b), and ¢}, respectively.

Ideal MIPs {Minimum Tonizing Particles} will be characterized by a low x? and a high fraction
of layers hit. In the figure, a large fraction of the muons in the sample have this characteristic,
while the electrons and jets do not. The electrons and jets typically have a lower fraction of layers
hit and a higher ¥?. This demonstrates clearly the power of the x* method in distinguishing single
penetrating particles from other objects.

Muons are expected to be more isolated in the hadronic section than in the electromagnetic
section from low energy particle scaltering. So, similarly, one can measure a x° and fraction of
layers hit exclusively in the hadronic scction for each of these objects. The results are shown
in Figure 11 a), b) and c), for electrons, muons and jels, respectively. In this case, over half
of the muons in the sample have an energy deposition in the hadronic section of the calorimeter
characteristic of an ideal isolated MIP. Again, electrons and jets generally have a smaller fraction
of layers hit and a higher x~.

The x° can also be used to measure when a muon emerges from a more energetic object as
described in an earlier section. The track v* {Equation 4.2} is the sum of x? terms measured in
cach layer divided by the number of lavers. The muon is said to emerge at the layer in which the
terms in the x” beyond that laver are characteristically small (indicating single particle traversal).
The MTC g identification package ontpnt includes a word indicating the layer at which the muon
scems to separate from a more energetic nbject. Also. the x° beyond that layer is included in the
output bank, as described carlier.



5 Tracking Muons in the Calorimeter

The MTC u identification program and the M1'C g finding program provide calorimeter track muon
segments in their output. This section describes how the best track segment is found. I define a
‘hit’ cell as any calorimeter cell with a positive energy above zero suppression.

Both MTC programs use an input vertex position, 7 and ¢ of the track candidate(s):

¢ The identification program is called with an input vertex position, 7 and ¢ of the track
candidate.

e The finding program uses the primary event vertex from the vertex bank. In an initial scanning
phase, candidate tracks are located by finding sets of contiguously hit cells in the hadronic
section which extend toward the vertex. The 5 and ¢ locations of these track candidates are

then the input to the track finding program.

Given the input vertex position, 1 and ¢ of each track candidate, the program first finds the
calorimeter cells along that candidate’s trajectory in each layer. I call this set of cells the ‘central
tower’. The program then identifies all the calorimeser cells within .2 in n and .2 in ¢ from the
central tower (if they exist). This road is called the ‘5 :< 5 tower’ because it contains a 5 x 5 square
array of cells in each layer (a total of 25 calorimeter cells in each layer).

The best calorimeter muon track is found by fitting a line through the longest set of contiguously
hit calorimeter cells projected from the hadronic section toward the vertex in the 5 x 5 tower. This
method exploits the properties that

¢ penetrating objects will be most isolated in the hadronic section of the calorimeter,
e muon tracks are straight in the calorimeter, and
e muons generally emerge from a known {vertex) polnt,.

Twe fits were done for the best set of calorimezer poinis, one uses only the calorimeter points the
other includes the vertex in the fit.

The calorimeter points used in the fit are the {2,y, 2) coordinates of the volume weighted mean
position of each hit cell (obtained using DO routine CELXYZ), A weighted linear fit (LFITW from
the CERN library) was used to obtain the best fit line independently in the (z,2) and (y, z) planes.
The weight assigned to the vertex point is the inverse square of the uncertainty in the z vertex
coordinate. The weights for the calorimeter points were the inverse square of half the cell size in the
z direction. Table 5 shows the longitudinal calorimeter cell size in centimeters listed by calorimeter
layer number and 7.

Fits in the (z,2) and (y,z) planes were combined to get the best fit in 3-dimensional space.
Track residuals, the square root of the sum of the squares of the residuals of the fitted points from
the fit line, are stored in the MTC outpat common block along with the fit results.

Hot cells {discharge) and calorimeter (electronics or uranium) noise are not expected to greatly
influence track finding since these effects should not he. in general, correlated layer by layer. The
following two subsections describe the calorimeter track finding efficiencies and resolution.
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The ideal track verification efficiency, calorimeter tracking resolution, and track finding efficiency
can be studied using Monte Carlo {MC] single muon events. There are two type of MC single muon
files which I used for these studies.

1. 500 Monte Carlo single muons were generated at 6 discrete 5 values (listed below) with ¢ = 0
and a vertex position at (z,y,2) = (0,0,0).

(a) 7 =0.8125 ~ 500 events
{(b) »=0.9125 - 3500 events
{c) n=1.0125 - 300 events
(d) # = 1.1125 - 300 events
(e} n = 12125 - 3500 events
{f} n = 1.3125 - 300 events

These files were generated by Mark Sosebee and Kaunshik De for studies of calorimeter response
in the ICR {Inter Cryostat Region).

2. 10,000 Monte Carlo single muons were generated with a vertex distribution representative of
that found in the real data. These muons are uniformly distributed in 5 and ¢ space. They
were generated by the muon group for muon svstem stndies and made available to me via
Thorsten Huehn.

These files are used in the next few subsections to demonstrate ideal MTC efficiencies and tracking

resolution.

5.1 Track Verification Efficiency

For the reconstructed MC muon samples at discrete n, muons from the PMUQO bank were used
as input candidate tracks to the MTC p identification utility. The input vertex position was the
reconstructed event vertex. The MTC utility verified nearly 100% of all input tracks.

For the reconstructed MC muon samples distributed uniformly in 7 and ¢, again, muons from
the PMUQ bank were used as input candidate tracks and the reconstructed event vertex was used
as the input vertex position. The MTC u identification utility verified over 96% of the input tracks.
This efficiency is constant as a function of 5 or ¢.

The slight decrease in track verification efficiency 15 due to the difference in the vertex distribu-
tion of the Monte Carlo files: the discrete 5 muon samples were generated with a vertex at z = 0

(reconstructed vertices were generally between z = —1) and 10 cm), while the vertex distribution of
the latter sample was centered at 0 with a wider distribution more representative of real data {the
reconstructed vertex position ranged between z — —30 to 60 ¢cm). Therefore, the MTC package

track verification efficiency is slightly degraded {at a less than a 5% level) in events with a combined
non-projective geometry {z vertex position nonzere) and vertex position reconstruction uncertainty.
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5.2 Tracking Resolution

The spatial resolution of calorimeter tracks found is dominated by ithe calorimeter segmentation,
which is, in general, 0.1 in pseudorapidity (eta) and polar angle (phi).

The scatterplot in Figures 12, 13, 14, 153, i6 and 17 shows the reconstructed 5 of the muon
system versus the reconstructed # of the calorimeter for the § MC muon samples at discrete 7 (at
7=0.8125, 0.9125, 1.0125, 1.1125, 1.2125 and 1.3125, respectively). Plots b) and ¢) in these figures
show the projections of this scatterplot to show the muon tracking resclution and the calorimeter
tracking resolution, for comparison. The calorimeter tracking was obtained using the MTC g iden-
tification utility using muons from the PMUO bank as input candidate tracks and the reconstructed
event vertex as the input vertex position.

The distribution is notably wider for the calocimeter tracking case, as expected from the broader
calorimeter segmentation. Clearly the tracking resolution is better in the muon system. No cnuts
were applied to the PMUO muon track quality, The RMS of these distributions is comparable ¢ v
because of the outliers in the muon tracking distribution. The point in showing the outliers is to
show that for these tracks, despite the poor munon system tracking for these tracks, the calorimeter
tracking finds the proper location of the muon within .1 in # in all cases. The current global fis
includes muon track and central detector muon track matching only. These results indicate that
adding calorimeter tracking to the global fitting of muons through the detector may be beneficial.

For the MC muon sample with muons distributed uniformly in 7,¢ space, Figure 18 aj shows
the reconstructed 5 of the muon system versus the reconsiructed n of the calorimeter. The tracking
resolution is best in the central n region, worsening with increasing pseudorapidity.

Also for this MC muon sample, Figure 18 b) shows the reconstructed ¢ of the muon system
versus the reconstructed ¢ of the calorimeter. Tracking resolution seems to be constant in . The
bunching structure seen in this plot is caused by the calorimeter cell size: there are 10 calorimeter
cells per unit @, thus there are 10 bunches in the plot per umt ¢.

For the muons in the ¢ — ey final candidate sample, Figure 19 a} shows the reconstructed # of
the muon system versus the reconstructed n of the calorimeter for 691 muon tracks verified in the
calorimeter. A calorimeter track is considered good if the fraction of hadronic layers utilized was
greater than .65. There are approximately 713 known good tracks in the sample, so the MTC muon
verification efficiency for this set of cuts is about 97%. Figure 19 b) shows the reconstructed & of
the muon system versus the reconstructed & of the calorimeter for this sampie.



5.3 Track Finding Efficiency

For the reconstructed MC muon samples at discrete n, the MTC g finding utility uses the first
reconstructed event vertex as input. The muon system g finding efficiency varied between 94 and
99% for this sample (there are no gaps in coverage in the muon system at ¢ = 0.). MTC x finding
efficiency also ranges from 94 to 100% for all these files at discrete 7.

For the reconstructed MC muon sample with muons distributed uniformly in # and ¢, again,
the reconstructed event vertex was used ss the input vertex position. The MTC u finding efficiency
was 95% for this sample. The corresponding muon system p finding efficiency was about 69%.

Of the total 10,000 muons in the sampie, 6328 tracks were found by both the muon system and
the calorimeter. Figure 20 a) shows the reconsiructed » of the muon system versus the reconstructed
n of the calorimeter and Figure 20 bl shows the corresponding ¢ plot for all ‘matched tracks’ found.
A calorimeter track is ‘maiched’ to a muon track if the calorimeter track lies within a cone size of
approximately .5 of a muon track.

Figure 21 a) shows the distribution of the MTC found muons in 7, ¢ space. Figure 21 b) and
c) show the Lorrespondmg projections in 7 and ¢. Both the projections are flat indicating the the
MTC p finding program g finding efficiency is constant in in » and ¢. No gaps in coverage are
observed.

Figure 22 a) shows the 7, ¢ distribution of the muons found by the muon system (in the PMUO
bank). Figure 22 b) and ¢} show the corresponding projections in # and &. The sparsely populated
areas in Figure 22 a) show the regions of known muon system u finding inefficiency. It is hoped that
the MTC g finding utility can be used to enhance the overall DO detector muon finding efficiency.

For the muons in the ¢t — ey final candidate sample; Figure 23 a) and b) shows the number
of muons found by the muon system and the MTC ;1 fAinding program, respectively. Although the
MTC program finds a large number of tracks, over 83% of those tracks found have an » > 3.0. This
high number of tracks in the high eta region is expected diue to beam jet and beam halo effects.

Figure 24 a) shows the n, ¢ distribution of the muons found by the MTC program. Figures 24
b} and c} show the projections of this scatterplot. From Figure 24 b), the sharp rise in the number
of tracks found occurs around 7 = 3.1.

Figure 25 a} and b) shows the number of muons found by the muon system and the MTC pu
finding program, respectively, in the restricted  range from —2.0 to 2.0. The MTC.RCP input
parameters to obtain this level of rejection was MTC _HFRACSCAN = 0.57, MTC_HFRACFND
= 0.66, and MTC FRACEFND = 0.50. An average of just over 3 tracks per event was found in this 5
range, with a high correlation between tracks found by MTC with those found in the muon system.
A higher background rejection is possible by raising the last two fractions.



6 Conclusions

Currently, a number of physics analyses are using the package for fake muon rejection, vertex
confirmation, and ruling out the presence of a muon in a given direction. The information provided
by the MTC package has a much higher efliciency for raiuon identification and background rejection
than the ‘calorimeter confirmation’ energy sum * which contains no mechanism for the pattern
recognition of tracks.

Work is in progress to incorporate calorimeter tracking into the global muon fitting and to use
the MTC g finding program to check muon system eflicienctes.

We know that the DO calorimeter is an excellent device for measuring energy. Its segmentation,
uniform coverage, and density alse make it useful for identifying penetrating particles traveling
through it. This calorimeter track recognition is made possible using the MTC package.
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Table 1: MPV (Most Probable Value) of energy deposited by muons in each calorimter cell type.
MPVs are listed by layer number (ILYR) and ieta (Tp) from fitted distributions for each cell type
from the DO Test Beam. :
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Table 2: Gaussian width of the distribution of energy deposited by muons in each calorimter cell
type. MPVs are listed by layer number (ILYR} and ieta {I) from fitted distributions for each cell
type from the D0 Test Beam.
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Table 3: MPV (Most Probable Value) of cnergy deposited by muons in each calorimter cell type.
MPVs are listed by layer number (ILYR) and ieta (I} from fitted distributions for each cell type
from the DO Test Beam. The energy distribution includes energy deposited in the hit cell plus any
deposited in all cells within .1 in % and .1 in ¢ from the hit cell in each layer.

-
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Table 4: Gaussian width of the distribufion of energy deposited by muons in each calorimter cell
type. MPVs are listed by layer number (ILYR) and LETA (ln) from fitted distributions for each
cell type from the D0 Test Beam. The energy distribution includes energy deposited in the hit cell
plus any deposited in all cells within .1 in 5 and .1 in 9 from the hit cell in each layer.

|
MPV by layer number (ILYR) and 5 (IETA) in GeV !
T [LYR T
l1]2i3/4 516" 7:8 9 i10!11 12|13 ] 14| 15| 16 | 17 |
.3 A0 IS [ S R T i - - - |2 |1t2)ate| - | -
36 - f— | -1 - — | - - o — L 1867172 172|172 1 476 | - -
35 ferii8|63] - | - -i69: - i - | 186 | 172 | 172 [ 172 1476 | - | -
3427118 |63 | — | — | -~ 169, — | - | - [186] 172 (172|172 [ 476 | - | -
33 (27118 63| — | - | - 69 - | - | - | 186172172 | 172 j4T6 - | -
32 l27:18 (63 — | - | - "68| — | - | - |186 (172|172 172476 ! - | -
13127 18|63 — | - B9 - - 0 = 1186|172 | 1720172476 0 - | - |
30|27 18|63 - | - | - 169 - | - - - 18| 172|172 1172|476 - | - |
29 || 27, 18 | 63 - 89 - - = 186|172 | 172 172|476 - | -
28 1271863 - | - - 189f 0 - - 186|172 (172|172 476 - | -
27 27,18 |63 -+ - | - ;69 - © - - 186 172|172 {172 476, - | -
26 || 27| 18 | 63 | 63 563 63169 - . - | ;186 5172 172 | 172 | 476 g -
25 2718 | 63 6363|6366, - = - 186 | 172|172 172 14761 ~ | -
24 | 27 18 | 63 163 |63 63169 — & - - 186|172 172 172476 - | -
23 12718 | 63 |63 |63 (63 69 - - | - (186 | 172|172 172 {476 - | -
22 |27 18 | 63 (63 6363 69 - . - . - 18 172|172 | 172 476 - | -
21 |27 18 | 63 [ 63 ' 63 ' 63 69 - : - ; — | 186 172|172 172 {476 - | -
20 {27 |18 163163 6363 69 — i - : — | 186 172|172 | 1721343 - | -
19 (27| 18:63|63 63 63 69 - - 186172 172 | - 343 - | -
i8][27 1863|633 63163 69 - - . — |[186 172 — | 206|343 | - [ -
1711271863 |63 6363 69 - - 186 1 205 | 211 | 206 | 343, ~ | - |
161 27|18 |63 163 63:63 69 — - ° - 225 2051211206343 - | -
15|27 | 18163 63 63 63 69 . ~ - 225 2051!211|206 343 - | - -
4y - | ~1-1—- 63 63 69 - - 16 - 225 205211206343 - ' 126
13 - | - -1 - — . - - 30 138235205206 158 — |120 137
123120159 :89 — - - 338 18 277 220,196 - ° - |105|137 137
11][31 20|59 59 59 59 871247 25 18% 162 - | - . - | 142137 109
10 | 3120 |59 3913950 87 311 21 166 2455 - . - @ - | 1420120, - |
9312059595959 87|484 103 206 245234, - . - 179|902 | -
813112059 595959 87435 - 832, 245 2341208| - ;179| - | - |
7031.20059 595959 871 — - - 245 234,208 - | - | - | - |
6 311203959 39, 5% 87 - S - 245 23472081 - 469 - 1 - |
53120 39159 3959 :87; — © - - - 245 234 208 - 189 - -
43120 5059 ,59 39 87] - , - - [ 245234 2080 - 469 - . - |
3131 !20 .59 159 15959 iS? - - - 1245 1234 208 - 1469 - i - !
2031720 5905050150 87| - - - 245234 208, - 469 - | -
1] 31120 i'g | 59 ‘59 159 i87 ‘ — | - - 24512342080 - 469 - | -
! | ! : 1 i
L || : : !
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Table 5: Longitudinal width of each calorimeter cell type listed by layer number (ILYR) and ieta

(In) in centimeters.

g Longitudinal (z) size of calorimeter cells by layer number (ILYR) and 5 (IETA) in cm
T ] [ih4n
‘w1 ! 2 3i4is5 6 7 % goiio|11 1z 13 14|15 |16 | 17
37 . : o tas i 2r il - -
36 - - - - 1. 025502481 248 227 7Ll - -
3571 2.0 0 25 761 - 9.6 - i - 1255 248248227711 - -
3] 20, 25 76 - - 0.6 - 1255 ;24,8 | 24.8 [22.7) 7L - -
1330 20 0 25 76! L 0.6 -1 - 7255 248 24.8 1227 | L1 - -
320 2.0 1 25 761 - 96 1 - -1 - 2551248248227 TLL| - -
31| 2.0 0 25 T8 - 9.6 1 - - 255 24.8|24.8}22.7|7L1| - -
30 2.0 | 25 1761 - | 9.6 25.5 | 24.8 | 24.8 | 22.7 | TL.1 | - -
291 2.0 | 25 |76, - | - L 9.6 - 25.5 | 24.8 | 24.8 | 22.7 | T1.1 | - -
281 2.0 | 25 | 76! - 9.6 - | 25.5 | 24.8 | 24.8 | 22.7 | T1.1 | - -
127 | 2.0 | 25 176 - | - 0.6 25.5 | 24.8 ' 24.8 | 227! 711 | -
126 2.0 125 176 76|76 76 9.6 - 1255 | 24.8 ) 24.8 | 22.7 [ 71.1 -
1257 2.0 | 25 |76 T.6|7.6(76 06 - | 25.5 | 24.8 { 24.8 | 22.7 | 7T1.1 | - -
24 2.0 | 25 |76 7676176 9.6 - | - ' 25.5 | 24.8 | 24.8 {22.7 | TL.1 ] -
234 2.0 | 25 176 76|76 76 5.6 - - 2531248 2481227| 711 - -
220120 1 25 7676176 7.6 96 - - 12552481248 227|711 - -
21 2.0 0 25 7.6.76|76 7.6 0.6 . - 25.5 24.8 | 24.8  22.7]27.0 | - -
20 20 25 |76 7.6 |76 7.6 U6 - 25.5 24.8 1248227783 - -
191 20 25 1 76(7.6!7.6! 76 3.6 - 2551248 1 1181 - 1778 -
18] 2.0 1 25 (76| 76176 7.6 9.6 ; 255 | 1181 - |17.1|77.8| - -
17 200 25 | 76!176!76,76 9.6 | - 124 17.7 1 17.7 | 17.1 | 77.8 | - -
161 2.0, 25 [ 7676176176 96 17.7 VT LITT 171 TT8 | - -
150 20 25 176176 76076, 048] - - 177 bl [ 1ra 7mo | - -
14| - - - b - 125|250 06 - 200 - ITTITT CATT | 171 266 | - | 484
13 - S | - 20020 177177 IT.7| 82 i - | 48.4 | 484
1211591133 |72|72 - S0 - 120020020 1771177 1 48.4 | 48.4 | 48.4
1113714072172 7575131 ]20,20 20} 82| - = . - 148.4 | 484 | 484
10 f 12.7 | 13.0 | 6.7 6.7 1 6.9 | 6.9 | 14.8 | 20 | 20 |' 20 74 - [ - - 1484 484 -
9118|121 |6.2|6.2 6.5 6.5 | 13.8 | 20 | 20 | 20 | 16.4 ‘ 14 0 - - 484|484 | -
i 11.1111.3 58|58 '6.0 60,129/ 20 20 1154 | 182 9.5 | - 484 - -
71104 1106 | 55 6.5 ! 5.7 |57 121 - ik 172 193 - - | - | -
61 9.9 10.1]52 52 54541115 ~ 137163 183 - 259 - .
50 04 9.6 505051151 110, c 1310155 174 - lons| - -
491193 48[48 i 49149 1106 | | 12.6 1149 168 - 207 - | -
30 88 0.0 47 47,4848 103 -l 1230145 1630 - 201 - -
2| 86 | 8.8 46|46 4747 107 12,0 142, 160 | - 19.7| - -
1 f B6 8.7 14604646 46 100 119 141 158 - 195 | - -
| b .

[
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Figure 1: Distributions of energy {in ADC counts) deposited in a calorimeter cell by DO Test
Beam muons at various energies. The calorimeter cell and beam energy are as indicated below:
a) ECOH layer 17 = 1.05,p, = 15GeV, b} ECOH layer 17 7 = 1.05,p, = 50GeV, c) ECOH
layer 17 7 = 1.25,p, = 50GeV, d) ECOH layer 17 4 = 1.25,p, = 100GeV, e} ECOH layer 15
n = 1.35,p, = 50GeV, and ) ECOH layer 15 5 = 1.35,p, = 150GeV
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Figure 2: D0 Test Beam muon energy distribution (in ADC counts) seen in the calorimeter cells in
the CCMG. The cell’s 5 is given in each figure title.



Figure 3: DO Test Beam muon energy distribution {(in ADC countsj seen in the calorimeter cells in
the ECMG. The cell’s  is given in cach figure title.
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Figure 4: D0 Test Beam muon energy distribution (in ADC counts) seen in the calorimeter cells in
the ECMH layer 11. The cell’s % is given in each figure title.
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Figure 5: D0 Test Beam muon energy disteibution (in ADC counts) seen in the calorimeter cells in
the ECOH layer 16. The cell’s 5 is given in each figure title.
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Figure 6: DO Test Beam muon energy distribution (in ADC counts) seen in a calorimeter cell at

n = 0.05 in a) CCEM layer 3, b) CCEM laver 4, ¢) CCEM layer 1, and d) CCEM layer 2.
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Figure 7: DO Test Beam muon energy distribution {in ADC counts) scen in a calorimeter cell at

n = 0.05 in a) CCFH layer 3, a) CCCH , a} CCFH layer 1, and a) CCFH layer 2.
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Figure 8 DO Test Beam muon energy distribution (in ADC counts) seen in a calorimeter cell at
7 =2.5in a) ECEM layer 3, b) ECEM laver 4, ¢} BCEM layer 1, and d}) ECEM layer 2.
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Figure 9: DO Test Beam muon energy distribution {in ADC counts) seen in a calorimeter cell at
7 = 2.5 in a) ECIH layer 1-4, and b) ECIH iayer 5.
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Figure 11: The x” versus the fraction of lavers hit in the hadronic calorimeter for all a) electromns,
b) muons and c) jets in the t — ey final candidate sample. Muons are characterized by low x* and

a high fraction of layers hit.
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Figure 12: a) Reconstructed n of the muon system versus the reconstructed # of the calorimeter
for the 500 MC single muons generated at 7 = 0.8125,¢ — 0. To compare muon and calorimeter
tracking resolution, plots b) and c) are the projections of the scatterplot in a).
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Figure 13: a) Reconstructed 5 of the muon sysiem versus the reconstructed n ol the calorimeter
for the 500 MC single muons generated at n = 0.9125, ¢ = 0. To compare muon and calorimeter
tracking resolution, plots b) and ¢} are the projections of the scatterplot in a).

38



Figure 14: a} Reconstructed 7 of the muon system versus the reconstructed 7 of the calorimeter
for the 500 MC single mnons generated at 5 = 1.0125.6 = 0. To compare muon and calorimeter

tracking resolution, plots b} and ¢} are the projections of the scatterplot in a).
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Figure 15: a) Reconstructed 5 of the muon system versus the reconstructed 5 of the calorimeter
for the 500 MC single muons generated at n = 1.1125,é = 0. To compare muon and calorimeter
tracking resolution, plots b) and c) are the projections of the scatterplot in a).
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Figure 16: a) Reconstructed n of the muon system versus the reconstructed n of the calorimeter
for the 500 MC single muons generated at 7 = 1.2125,¢ = 0. To compare muon and calorimeter

tracking resolution, plots b) and c) are the projections of the scatterplot in a).
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Figure 17: a) Reconstructed n of the muon system versus the reconstructed n of the calorimeter -
for the 500 MC single muons generated at 7 = 1.3125,4 = 0. To compare muon and calorimeter
tracking resolution, plots b) and c) are the projections of the scatterplot in a).



Figure 18: For MC single mnons distributed uniformly in 7 and ¢ space, plot a) shows the recon-
structed 7 of the muoen system versus the seconstructed 5 of the calorimeter. b) is the corresponding

¢ plot.
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Figure 19: For the t — ep final candidate sample, plot a) shows the reconstructed 7 of the muon
system versus the reconstructed 5 of the calorimeter, b) is the corresponding ¢ plot for verified
calorimeter tracks with a hadronic fraction of iayers hit greater than 0.65.
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Figure 20: For the reconstructed MC muon sample with muons distributed uniformly in 7 and ¢:
a) shows the reconstructed 5 of the calorimeter versus the reconstructed  of the muon system and
b} is the corresponding ¢ plot for all ‘matched tracks’ found. A ‘matched track’is a track found in
by both the muon system and the MTC g finding program.
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Figure 22: For the reconstructed MC muon sample with muons distributed uniformiy in n and ¢,
a) shows the distribution of the muon system (PMUOQ) found muons in 7, ¢ space. b) and c) show
the corresponding projections in % and .
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Figure 23: For the muons in the ¢ — ey final candidate sample, a) and b) shows the number of

muons found by the muon system and the MTC g finding program, respectively.
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Figure 24: For the { — ep final candidate sample, a) shows how the MTC found tracks are
distributed 1n 5, & space. b} and ¢} show the corresponding projections in 1 and ¢.
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Figure 25: For the muons in the ¢ — ex final candidate sample, a) shows the number of muons
found by the muon system and b) shows the number of muons found by the MTC g finding program
in the 5 range from —2.0 to 2.0.



