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ABSTRACT

We present the results of a search in p�p collisions at
p
s = 1:8 TeV for anomalous

production of events containing a photon with large transverse energy and a lepton

(e or �) with large transverse energy, using 86 pb�1 of data collected at the Collider

Detector at Fermilab during the 1994-95 collider run at the Fermilab Tevatron. The

presence of large missing transverse energy (6ET), additional photons, or additional
leptons in these events is also analyzed. The results are consistent with standard

model expectations, with the possible exception of photon-lepton events with large

6ET, for which the probability of a statistical uctuation of the standard model

expectation up to and above the observed level is 0.7%.
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CHAPTER 1

INTRODUCTION

An important test of the standard model of particle physics (and the extent of its

validity) is to measure and understand the properties of the highest energy particle

collisions. The chief predictions of the standard model for these collisions are the

numbers and varieties of fundamental particles, i.e., the fermions and gauge bosons

of the standard model, that are produced. The chief indicators of new physical

processes must therefore include the production rates of any combinations of such

particles. This paper describes an analysis of the production of a set of combinations

involving at least one photon and at least one lepton (e or �), using 86 pb�1 of

data from proton-antiproton collisions collected at the Collider Detector at Fermilab

(CDF) [1] during the 1994-95 run of the Fermilab Tevatron.

Production of these particular combinations of particles is of interest for several

reasons. Events with photons and leptons are potentially related to the unexplained

ee 6ET event recorded by CDF [2]. A supersymmetric model [3] designed to explain

the ee 6ET event predicts the production of photons from the radiative decay of

the ~�02 neutralino, and leptons through the decay of charginos, indicating ` 6ET
events as a signal for gaugino pair production. Other hypothetical, massive particles

beyond those in the standard model will typically cascade decay to one or more

electroweak gauge bosons, one of which could be a photon and the other of which

could be a leptonically decaying W or Z0 boson. In addition, photon-lepton studies

complement similarly motivated inclusive searches for new physics in diphoton [4],

photon-jet [5], and photon-b-quark events [6].
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The scope and strategy of this analysis are meant to reect the motivating prin-

ciples. Categories of photon-lepton events are de�ned a priori in a way that charac-

terizes the di�erent possibilities for new physics, inclusive event rates are compared

with standard model expectations, and a few simple kinematic distributions are pre-

sented for further examination. The decay products of massive particles are typically

isolated from other particles, and possess large transverse momentum and low rapid-

ity; therefore the search is initially limited to those events with at least one isolated,

central (j�j < 1:0) photon with ET > 25 GeV, and at least one isolated, central

electron or muon with ET > 25 GeV. Studying this class of events has the added

advantage of highly eÆcient detection and data acquisition. These photon-lepton

candidates are further partitioned by angular separation. Events where exactly one

photon and one lepton are detected nearly opposite in azimuth (�'` > 150Æ) are

characteristic of a two-particle �nal state (two-body photon-lepton events), and the

remaining photon-lepton events are characteristic of three or more particles in the

�nal state (multi-body photon-lepton events). The inclusive event rates and prop-

erties are studied for each of these two categories. The multi-body photon-lepton

events are then further studied for the presence of additional particles: photons,

leptons, or the missing transverse energy associated with weakly interacting neutral

particles.

Chapter 2 describes the CDF detector. Chapter 3 speci�es the methods for iden-

tifying photons and leptons, and the selection of photon-lepton candidates. Chapter

4 estimates the standard model sources of photon-lepton candidates in the various

search categories. Chapter 5 compares the standard model expectations with the

CDF data. Chapter 6 presents the conclusions of the analysis.



CHAPTER 2

THE CDF DETECTOR

The CDF detector is an azimuthally symmetric, forward-backward symmetric par-

ticle detector designed to study �pp collisions at the Fermilab Tevatron. A schematic

drawing of the major detector components is shown in Figure 2.1. A superconduct-

ing solenoid of length 4.8 m and radius 1.5 m generates a 1.4 T magnetic �eld and

contains tracking chambers used to detect charged particles and measure their mo-

menta. Sampling calorimeters, used to measure the electromagnetic and hadronic

energy deposited by electrons, photons, and jets of hadrons, surround the solenoid.

Outside the calorimeters are drift chambers used for muon detection. In this sec-

tion the subsystems relevant to this analysis are briey described; a more detailed

description can be found elsewhere [1].

A set of vertex time projection chambers (VTX) [7] provides measurements in

the r-z plane up to a radius of 22 cm and detects particle tracks in the region

j�j < 3:25. VTX tracks are used to �nd the z position of the �pp interaction (zevent)

and to constrain the origin of track helices. The 3.5 m long central tracking chamber

(CTC) is a wire drift chamber which provides up to 84 measurements between the

radii of 31.0 cm and 132.5 cm, eÆcient for track detection in the region j�j < 1:0.

The CTC measures the momenta of charged particles with momentum resolution

�p=p < 0:0011p, where p is measured in in GeV/c.

The calorimeter, constructed of projective electromagnetic and hadronic tow-

ers, is divided into three separate � regions: a central barrel which surrounds the

3
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Figure 2.1: A schematic drawing of one quadrant of the CDF detector.
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solenoid coil (j�j < 1:1), `end-plugs' (1:1 < j�j < 2:4), and forward/backward mod-

ules (2:4 < j�j < 4:2). The central barrel has an electromagnetic calorimeter (CEM)

which measures the total energy of electrons and photons, as well as measuring a

portion of the energies of penetrating hadrons and muons. The CEM is a sampling

calorimeter consisting of polystyrene scintillator sandwiched between lead absorber

sheets, and is segmented into 480 towers spanning 15Æ in ' and 0:1 in �. The CEM

is also instrumented with proportional chambers (CES) embedded near shower max-

imum at approximately 6 radiation lengths. Wires and cathode strips in the CES

measure electromagnetic shower pro�les in the ' and z views, respectively. Be-

yond the outer radius of the CEM is a hadronic calorimeter (CHA) which absorbs

and measures the energy of hadrons, as well as a portion of the energy of pene-

trating muons. The CHA is a sampling calorimeter consisting of acrylic scintillator

sandwiched between iron absorber sheets, and is segmented similarly to the CEM.

An endwall hadronic calorimeter (WHA) covers the gap between the central barrel

calorimetry and the end-plug calorimetry, with construction similar to the CHA. The

end-plug calorimeters, one on each side of the central barrel, have an electromagnetic

calorimeter (PEM) consisting of proportional chambers sandwiched between lead ab-

sorber sheets, and a hadronic calorimeter (PHA) consisting of proportional chambers

sandwiched between iron absorber sheets. The PEM and PHA are both segmented

into towers spanning 5Æ in ' and 0:09 in �. The forward/backward modules also

have electromagnetic (FEM) and hadronic (FHA) calorimeters, and are constructed

similarly to the PEM and PHA.

Muons are detected with three systems of muon chambers situated outside the

calorimeters in the region j�j < 1:1. The central muon detector (CMU) system con-

sists of four layers of drift chambers directly outside the central hadronic calorimeter,
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covering 84% of the solid angle for j�j < 0:6. The central muon upgrade (CMP) sys-

tem is an additional four layers of drift chambers located behind 0.6 m of steel,

covering 63% of the solid angle for j�j < 0:6. About 53% of the solid angle for

j�j < 0:6 is covered by both the CMU and the CMP. The central muon extension

(CMX) system consists of four layers of drift tubes sandwiched between scintillation

counters. The CMX detector covers 71% of the solid angle for 0:6 < j�j < 1:0. In

each muon system the drift chambers reconstruct the position of charged particles

using the time-to-distance relationship in the transverse (r � ') plane, and charge

division in the longitudinal (r � z) plane. Three-dimensional muon track segments

(\muon stubs") consist of position measurements in at least three out of the four

layers of chambers, in both the r � ' and r � z planes.

A three-level multipurpose trigger is used to select p�p collisions for analysis. Each

level is a logical OR of a number of triggers designed to select events with electrons,

muons, photons, or jets. The function of each trigger level is briey described here;

the particular trigger combinations employed in this analysis are speci�ed in Chap-

ter 3.

The �rst trigger stage, \Level 1", uses fast outputs from the three central muon

detectors for muon triggers, and fast outputs from all the calorimeters for electron

and jet triggers. The second trigger stage, \Level 2", combines tracking data and

clusters of energy in the calorimeters to form muon, electron, photon, and jet can-

didates. A list of calorimeter clusters is provided by a nearest-neighbor hardware

cluster �nder. For each cluster, the ET, average ', and average � are determined.

Jet candidates are selected from this list of clusters, and clusters that predominantly

consist of electromagnetic calorimeter energy are identi�ed as electron or photon

candidates. A list of r � ' tracks is provided by the central fast tracker (CFT) [8],
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a hardware track processor, which uses fast timing information from the CTC as in-

put. A list of muon stubs is obtained from the central muon detectors, and they are

matched to CFT tracks to form muon candidates. CFT tracks can also be matched

to electromagnetic energy clusters to form electron candidates. A decision by the

Level 2 hardware to accept the event initiates full readout of the CDF detector data.

The last trigger stage, \Level 3", performs full event reconstruction using software

executed by commercial processors. Electron, muon, photon, and jet candidates are

selected using algorithms similar to those employed in the �nal o�ine analysis, and

a �nal trigger decision is made to output CDF data to magnetic tape.



CHAPTER 3

SELECTION OF PHOTON-LEPTON CANDIDATES

Photon-lepton candidates are obtained from three di�erent samples of events se-

lected by the Level 3 trigger: inclusive photon events and inclusive muon events,

from which photon-muon candidates are selected; and inclusive electron events, from

which photon-electron candidates are selected. The methods for lepton identi�ca-

tion [9] and photon identi�cation [10] are very similar to those of previous analyses.

The o�ine identi�cation requirements of photons and the selection of photon-muon

candidates from the inclusive photon sample are described in Section 3.1; the o�ine

identi�cation requirements of muons and the selection of photon-muon candidates

from a muon trigger sample are described in Section 3.2. The o�ine identi�cation

requirements of electrons and the selection of photon-electron candidates are de-

scribed in Section 3.3. The identi�cation requirements of missing transverse energy,

additional photons, or additional leptons in the photon-lepton sample are described

in Section 3.4. A description of the subsamples of photon-lepton candidates to be

analyzed is given in Section 3.5.

All CDF data samples described in this paper are required to have: jzeventj less
than 60 cm, so that the collision is well-contained by the CDF detector; and no

measurable energy in the calorimetry recorded out of time (more than 20 ns early or

more than 35 ns late, as measured by TDC's within the CHA) with the p�p collision

time, in order to suppress cosmic ray events and backgrounds related to the Main

Ring accelerator.

8
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3.1 Photon Identi�cation

Photon selection criteria are listed in Table 3.1 and are described below. For the

energies considered here, the response of the CEM to photons is nearly identical to

that of electrons; the reconstruction and identi�cation of electrons and photons are

therefore very similar, the chief di�erence being the high momentum track caused

by the former and the absence of any tracks caused by the latter. Photon or electron

candidates in the CEM are chosen from clusters of energy in adjacent CEM towers.

A cluster starts from seed towers exceeding 3 GeV in energy, and spans three towers

in � by one tower in ', with no sharing of towers between di�erent clusters. The total

photon or electron energy is the sum of the energies of the towers in a cluster, where

the energy scales of the CEM towers are calibrated by electrons from Z0 decays.

The energy resolution of a CEM electron or photon is given by [11]:

(
ÆE

E
)2 = (

(13:5� 0:7)% GeV1=2
p
ET

)2

+(1:5� 0:3%)2: (3.1)

The resolution for ET > 25 GeV is better than 3%.

For photons or electrons, the CES shower position is determined by the energy-

weighted centroid of the highest energy clusters of those strips and wires in the CES

corresponding to the seed tower of the CEM energy cluster; for electrons, the shower

position is determined by the clusters of strips and wires in the CES closest to the

position of the electron track, when the track is extrapolated to the CES radius.

Similarly, the photon direction is determined by the line connecting the primary

event vertex to the CES shower position, and the electron direction is determined

by the electron track.
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Photon Identi�cation and Isolation Cuts
CEM �ducial photon
Photon ET > 25 GeV
Tracks with pT > 1 GeV/c = 0
Tracks with pT � 1 GeV/c � 1

HAD/EM < 0:055 + 0:00045 GeV�1 � E

�2Avg = (�2Strip + �2Wire)=2 < 20

ECES2nd < 2:39 + 0:01� E GeV

ET in a cone of 0.4, EIsocone < 2 GeV
pT of tracks in a cone of 0.4 < 5 GeV/c

Table 3.1: The selection criteria used to identify photon candidates.

To ensure that events are well measured, the shower positions of electron or

photon candidates are required to fall within the �ducial volume of the CEM. To be

in the �ducial region, the shower position is required to lie within 21 cm of the tower

center (jXwirej < 21:0 cm) in the r � ' view so that the shower is fully contained

in the active region. The region j�j < 0:05, where the two halves of the detector

meet, is excluded. The region 0:77 < � < 1:0; 75Æ < ' < 90Æ is uninstrumented

because it is the penetration for the cryogenic connections to the solenoidal magnet.

In addition, the region 1:0 < j�j < 1:1 is excluded because of the smaller depth of the

electromagnetic calorimeter in that region. The �ducial CEM coverage per photon

or electron is 81% of the solid angle in the region de�ned by j�j < 1:0.

Photon candidates are required to have tracking and CEM shower characteristics

consistent with that of a single, neutral, electromagnetically interacting particle. No

CTC tracks with pT > 1 GeV/c may point at the CEM towers in the photon cluster;

at most one track with pT < 1 GeV/c is allowed to point at these same towers. The

ratio, HAD/EM, of the total energy of the CHA towers located behind the CEM

towers in the photon cluster to the total energy of those CEM towers, is required to

be less than 0:055 + 0:00045 GeV�1 � E. A �2 test is used to compare the energy
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Inclusive Photon Trigger
CEM photon
ET > 23 GeV
�ducial CES cluster

EIso3x3 < 4 GeV OR ET > 50 GeV
Inclusive Electron Trigger

CEM electron
ET > 18 GeV
pT > 13 GeV/c
HAD/EM < 0.125

�2 (CES strips) < 10
Lshr < 0.2
Track-CES matching:

j�xCES j < 3 cm
j�zCES j < 5 cm

Inclusive Muon Trigger
CMNP, CMUP, or CMX muon
pT > 18 GeV/c
HAD energy < 6 GeV
Track Stub Matching:

j�xstubj < 5 cm (CMNP, CMUP)
j�xstubj < 10 cm (CMX)

Table 3.2: Level 3 trigger criteria for the inclusive photon, inclusive muon, and
inclusive electron samples.

deposited in the CES wires (�2Wire) and cathode strips (�2Strip) to that expected

from test beam data. The average of the two measurements, �2Avg, is required to

be less than 20. The CES cluster of second highest energy in the CEM seed tower,

ECES2nd , is required to be less than 2:39 + 0:01 � E in units of GeV. The last two

requirements ensure that the photon CEM cluster arises from a single photon and

not from the two or more photons which are indicative of hadron decay.

Calorimeter and tracking data in a cone of � � ' space, de�ned by a radius of

R =
p
��2 +�'2 < 0:4 surrounding the photon cluster, are used to discriminate

photons produced in isolation from those originating in jets of hadrons. The total
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transverse energy deposited in the calorimeters in a cone of R = 0:4 around the

photon shower position is summed, and the photon ET is subtracted. If there are

multiple p�p interactions in the event, the mean transverse energy in a cone of R = 0:4

per additional interaction, 0.23 GeV per interaction, is also subtracted. In addition,

the mean transverse energy leakage of the photon shower into CEM towers outside

the photon cluster, as a function of photon shower position, is also subtracted. The

remaining energy in the cone is the photon isolation energy, EIsocone, which is required

to be less than 2 GeV. As an additional indicator of photon isolation, the sum of the

momenta of CTC tracks incident upon a cone of R = 0:4 around the photon shower

position must be less than 5 GeV.

An inclusive photon sample is selected with the CDF trigger requirements de-

scribed below and summarized in Table 3.2. At Level 1, events are required to

have at least one CEM trigger tower [12] with ET exceeding 8 GeV. At Level 2,

a low-threshold, isolated photon trigger selects events with CEM clusters exceed-

ing 23 GeV in ET (computed assuming zevent = 0:0). In addition, a CES energy

cluster is required to accompany the CEM cluster, and the additional transverse

energy deposited in an array of calorimeter towers spanning three towers in � by

three towers in ' surrounding the CEM cluster, EIso3x3, is required to be less than ap-

proximately 4 GeV. Alternatively at Level 2, a high-threshold photon trigger selects

events with CEM clusters exceeding 50 GeV in ET. At Level 3, the full o�ine CEM

clustering is performed and events passing the low-threshold isolated photon trigger

are required to have �ducial CEM clusters with ET > 23 GeV; events passing

the high-threshold photon trigger are required to have �ducial CEM clusters with

ET > 50 GeV. Events selected by these photon triggers are then required to have

at least one photon candidate, satisfying all o�ine photon selection requirements,
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with 25 GeV < ET < 55 GeV for events passing the low-threshold trigger, or

with ET � 55 GeV for events passing the high-threshold trigger. This results in

an inclusive photon sample of 314,420 events. The measurement of the eÆciency

of the CDF trigger requirements of the inclusive photon sample, for events with at

least one photon candidate, is described in Appendix A. The trigger eÆciency for

the low-threshold trigger increases from 43% to 89% as photon ET increases from

25 GeV to 31 GeV, and remains constant at 89% from 31 GeV to 55 GeV. The

trigger eÆciency for the high-threshold trigger is greater than 99%. The detection

eÆciency of the o�ine photon selection criteria is 86:0� 0:7%; the measurement is

described in Appendix B.

Photon-muon candidate events are selected from the inclusive photon sample by

requiring at least one muon in addition to the photon in the event. The muon can

have any of the central muon stub types described in Section 3.2, the muon track

must have pT > 25 GeV/c, and all of the o�ine muon selection requirements must

be satis�ed, as described in Section 3.2 and summarized in Table 3.3. This results

in a photon-muon sample of 28 events.

3.2 Muon Identi�cation

Muons are identi�ed by extrapolating CTC tracks through the calorimeters, and

the extrapolation must match to a stub in either the CMU, CMP, or CMX. There

are �ve di�erent types of track-stub matches: tracks which intersect only the CMU

and match a CMU stub (CMNP muons); tracks which intersect both the CMU and

CMP and match stubs in both (CMUP muons); tracks which intersect both the

CMU and CMP and match a stub in the CMU only (CMU muons); tracks which

intersect the CMP and match a stub in the CMP only (CMP muons); and tracks
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Electron candidates
CEM �ducial electron
Electron ET > 25 GeV
pT � c > 5=9� ET
Track-CES matching:

j�xCES j < 1.5 cm
j�zCES j < 3 cm

Track-Vertex matching:
j�zeventj < 5 cm

HAD/EM < 0.05

�2 (CES strips) < 10
jLshrj < 0.2
Photon conversion removal
Isolation ET < 0:1� ET

Muon candidates
CMNP, CMUP, CMX, CMP, or CMU muon
Track pT > 25 GeV/c
Track-Stub Matching:

j�xstubj < 5 cm (CMP, CMX)
j�xstubj < 2 cm (all other)

Track-Vertex matching:
jd0j < 0.3 cm

j�zeventj < 5 cm
CEM energy < 2 GeV
CHA energy < 6 GeV
CEM+CHA energy > 0.1 GeV
Isolation ET < 0:1c� pT

Table 3.3: The selection criteria used to identify electron and muon candidates.

which intersect the CMX and match a stub in the CMX (CMX muons). For o�ine

identi�cation, CMP and CMX muons are required to have a matching distance less

than 5 cm, and all other muon types are required to have a matching distance less

than 2 cm. CTC tracks that are matched to muon stubs are required to be well-

measured and to be consistent with originating from the primary event vertex. The

muon track is required to have a minimum of six layers of CTC wire measurements,

at least three of which must be axial wire measurements and at least 2 of which must
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be stereo wire measurements. The distance of closest approach of the CTC track

to the primary event vertex must be less than 3 mm in the r � ' view (d0), and

less than 5 cm in the z direction (�zevent). Muon tracks which match with zevent

are re�t with the additional constraint of originating from the primary event vertex

(\beam-constrained"), which improves muon momentum resolution by a factor of

approximately 2. The curvature resolution for beam-constrained muons satisfying

all o�ine selection requirements is given by

Æ(1=pT) = (0:091� 0:004)� 10�2(GeV/c)�1; (3.2)

corresponding to a pT resolution of 2{8% for muons with pT ranging from 25{

100 GeV/c [11].

High energy muons are typically isolated, minimum-ionizing particles which have

limited calorimeter activity. A muon traversing the CEM deposits an average energy

of 0.3 GeV; muon candidates are therefore required to deposit less than 2 GeV total

in the CEM tower(s) the muon track intersects. Similarly, muons traversing the

CHA deposit an average energy of 2 GeV, and so muon candidates are required

to deposit less than 6 GeV total in the intersecting CHA tower(s). An additional

requirement that the sum of all energies in the intersecting CEM and CHA towers

exceeds 0.1 GeV is imposed in order to suppress hadrons or cosmic rays which may

have passed through cracks in the central calorimetry. Finally, in order to further

suppress hadrons and muons arising from the decay of hadrons, the total transverse

energy deposited in the calorimeters, in a cone of R = 0:4 around the muon track

direction, must be less than 0:1 of the muon track cpT. The detection eÆciency of

the o�ine muon selection criteria is 93:0 � 0:3%; the measurement is described in

Appendix B.
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Photon-muon candidates are obtained from CDF muon triggers as follows. At

Level 1, a muon stub is required in either the CMU or CMX. Muon pT is inferred

from the angle of incidence of the muon stub due to deection by the magnetic �eld

of the solenoid; CMU stub pT must exceed 6 GeV/c, and CMX stub pT must exceed

10 GeV/c. In addition, a minimum energy of 300 MeV is required in the CHA tower

associated with the muon stub. At Level 2, a CFT track with pT > 12 GeV/c is re-

quired to point within 5Æ of a CMUP, CMNP, or CMX muon stub triggered at Level

1. Level 2 inclusive muon triggers are prescaled due to bandwidth limitations; more

restrictive (but not prescaled) triggers at Level 2 must be employed to increase the se-

lection eÆciency for photon-muon candidates. To this end, a Level 2 trigger without

a prescale selects events which pass the Level 2 muon trigger requirements and which

also have a calorimeter energy cluster with Level 2 cluster ET > 15 GeV. At Level

3, as summarized in Table 3.2, a fully reconstructed CMUP, CMNP, or CMX muon

is required, with maximum track-stub matching distances of 5 cm, 5 cm, and 10 cm,

respectively. The muon track pT must exceed 18 GeV/c, and the energy deposited

in a CHA tower by the muon must be less than 6 GeV. Photon-muon candidates are

selected from 313,963 events passing the Level 3 muon triggers by requiring at least

one CMUP, CMNP, or CMX muon candidate satisfying all o�ine muon selection

requirements, as described in Table 3.3, and at least one photon candidate satisfying

all o�ine photon selection requirements, as described in Table 3.1. This results in a

photon-muon sample of 20 events. When combined with the 28 photon-muon can-

didates from the photon triggers in Section 3.1, a sample of 29 unique photon-muon

events is obtained. Of those 29 events, 9 events satis�ed only the photon trigger

requirements, 1 event satis�ed only the muon trigger requirements, and 19 events

satis�ed both the photon and muon trigger requirements.
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The measurement of the eÆciency of the CDF muon trigger requirements for

photon-muon candidates is described in Appendix A. The eÆciency for CMUP

photon-muon or CMNP photon-muon candidates is 84� 3%; the eÆciency for CMX

photon-muon candidates is 68� 5%. When photon-muon candidates from the muon

triggers are combined with those from the photon triggers in Section 3.1, the com-

bined trigger eÆciency varies with photon ET and muon stub type, with an average

eÆciency exceeding 90%.

3.3 Electron Identi�cation

Electrons are identi�ed in the CEM by matching high momentum CTC tracks to

high energy CEM clusters, as summarized in Table 3.3. The track of highest pT

which intersects one of the towers in a CEM cluster is de�ned to be the electron

track. An electron candidate is required to have the track pT (in GeV/c) > 5=9

of the CEM cluster ET (in GeV). The track position, as extrapolated to the CES

radius, is required to fall within 1.5 cm of the CES shower position of the cluster

in the r � ' view (�xCES), and within 3 cm of the CES shower position in the

z direction (�zCES). The distance of closest approach of the CTC track to the

primary event vertex must be less than 5 cm in the z direction (�zevent).

The CEM shower characteristics of electron candidates must be consistent with

that of a single charged particle. The ratio, HAD/EM, of the total energy of the CHA

towers located behind the CEM towers in the electron cluster to that of the electron

itself is required to be less than 0.05. A �2 test comparing the energy deposited in the

CES cathode strips to that expected from test beam data is required to be less than

10. A comparison of the lateral shower pro�le in the CEM cluster with test beam

data is parameterized by a dimensionless quantity, Lshr, which is required to have



18

a magnitude less than 0.2. Electrons from photon conversions are removed using

an algorithm based on tracking information [9]. Finally, as an additional isolation

requirement, the total transverse energy deposited in the calorimeters, in a cone

of R = 0:4 around the electron track, must be less than 10% of the electron ET.

The detection eÆciency of the o�ine electron selection criteria is 81:0 � 0:2%; the

measurement is described in Appendix B.

Photon-electron candidates are obtained from a CDF electron trigger as follows.

At Level 1, events are required to have at least one CEM trigger tower [12] with ET

exceeding 8 GeV. At Level 2, two CEM clusters with ET > 16 GeV are required,

with each cluster HAD/EM also required to be less than 0.125. The Level 3 elec-

tron trigger, summarized in Table 3.2, requires a CEM cluster with ET > 18 GeV

matched to a CTC track with pT > 13 GeV/c. In addition, a set of electron iden-

ti�cation criteria less selective than o�ine identi�cation criteria is imposed: cluster

HAD/EM is required to be less than 0.125; the CES cathode strip �2 is required

to be less than 10; the magnitude of Lshr is required to be less than 0.2; and the

electron track must match the CES position by 3 cm in �xCES and by 5 cm in

�zCES .

Photon-electron candidates are selected from 474,912 events passing the Level

3 electron trigger by requiring at least one electron candidate satisfying all o�ine

electron selection requirements, as described in Table 3.3, and at least one photon

candidate satisfying all o�ine photon selection requirements, as described in Ta-

ble 3.1. This results in a photon-electron sample of 48 events. The eÆciency of the

CDF electron trigger requirements for photon-electron candidates is 98:5 � 1:5%.

The measurement of the trigger eÆciency is described in Appendix A.
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3.4 Selection of Additional Objects

In addition to inclusive photon-lepton production, this analysis investigates the as-

sociated production of other photons, other leptons, and large missing transverse

energy. Identi�cation of additional photon candidates is the same as that described

in Section 3.1 and summarized in Table 3.1. The identi�cation of additional leptons

is less selective, because the presence of the primary photon and lepton provides

good trigger eÆciency and reduces the sources of misidenti�ed particles.

The selection of additional electron candidates is identical to that of previous

CDF analyses [13] and is summarized in Table 3.4. Additional electron candidates

in the CEM (\LCEM electrons") are identi�ed with criteria similar to, but looser

than, that of the primary electron candidates in Section 3.3: electron ET must be

20 GeV or greater; electron track pT (in GeV/c) must exceed half of the electron ET

(in GeV); the HAD/EM ratio of the electron must be less than 0.1; and the total

transverse energy deposited in the calorimeters, in a cone of R = 0:4 around the

electron direction, must be less than 10% of the electron ET. The detection eÆciency

of these electron selection criteria is 88:9� 0:4% for candidates with ET > 20 GeV.

Additional electron identi�cation is extended to the endplug and forward regions

of the calorimeter. Electron candidates originate with clusters of energy in the

PEM or FEM with cluster ET in excess of 15 GeV and 10 GeV, respectively. For

PEM electrons, a �2 test comparing the energy deposited in a 3� 3 array of PEM

towers surrounding the PEM cluster to that expected from test beam data, �23�3,

is required to be less than 3. The ratio, HAD/EM, of the total energy of the PHA

(FHA) towers located behind the PEM (FEM) towers in the electron cluster to that

of the electron itself, is required to be less than 0.1. As an isolation requirement, the

total transverse energy deposited in the calorimeters, in a cone of R = 0:4 around the
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LCEM electron
ET > 20 GeV
pT � c > 1=2� ET
HAD/EM < 0.1
Isolation ET < 0:1� ET

PEM electron
ET > 15 GeV
HAD/EM < 0.1

�23�3 < 3.0
Isolation ET < 0:1� ET

FEM electron
ET > 10 GeV
HAD/EM < 0.1
Isolation ET < 0:1� ET

CMI muon
pT > 20 GeV/c
j��j < 1.2
Track-Vertex matching:

jd0j < 0.3 cm
j�zeventj < 5 cm

CEM energy < 2 GeV
CHA energy < 6 GeV
CEM+CHA energy > 0.1 GeV
pT of tracks in a cone of 0.4 < 0:1� pT
Isolation ET < 0:1c� pT

Table 3.4: The selection criteria used to identify additional lepton candidates.
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cluster direction, must be less than 10% of the cluster ET. The detection eÆciency

of these selection criteria is 87:4� 0:7% for PEM electrons with ET > 15 GeV and

75:4� 2:6% for FEM electrons with ET > 10 GeV.

Additional muon candidates include: any muon satisfying the criteria in Ta-

ble 3.3, with the muon pT requirement lowered to 20 GeV/c; and isolated CTC

tracks consistent with that of a minimum ionizing particle (CMI muons), the crite-

ria for which are summarized in Table 3.4. CTC tracks in the central region of the

detector (j��j < 1:2), which do not extrapolate to any of the central muon chambers,

are required to have beam-constrained pT > 20 GeV/c, and are required to satisfy all

of the muon selection requirements in Section 3.2, with the following exceptions: the

muon stub matching requirement is no longer employed; and the isolation require-

ments are supplemented by the requirement that the sum of the momenta of CTC

tracks, incident upon a cone of R = 0:4 around the muon track, be less than 0:1 of

the muon track pT. The detection eÆciency of these selection criteria is 91:3� 1:3%

for CMI muons with pT > 20 GeV/c.

The missing transverse energy of an event, 6ET, is calculated as follows. For

each tower of each calorimeter, a vector ~ET
i
is de�ned whose magnitude equals the

calorimeter transverse energy, as determined by the line directed from the primary

event vertex to the calorimeter tower center, and whose direction is that of the same

line projected into the plane transverse to the beam direction. The opposite of the

vector sum over all calorimeter towers,

~6ET(raw) = �
X
i

~ET
i
; (3.3)

is a �rst approximation of 6ET. In this paper, the measurement of 6ET is improved

by the identi�cation of jets, muons, electrons, and photons, as described below.
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Jets of hadrons are identi�ed via clusters of energy measured by the calorimeters.

A jet reconstruction algorithm [14] �nds clusters of energy deposited in cones of

�xed radius R = 0:4. The jet energy and jet direction are measured using the

total energy and the energy-weighted centroid, respectively, of the calorimeter towers

contained in the cone. The jet energy is then corrected for non-linearity in the

response of the calorimeters, the leakage of energy between calorimeter towers, the

energy deposited outside of the jet cone, the energy from the underlying p�p collision

debris, and the energy from any additional p�p interactions. These corrections result

in mean increases of 70% (35%) to the raw jet ET, for jets with raw ET of 10 GeV

(100 GeV) [9].

An estimate of 6ET which takes into account the corrected jet energies, 6ET(j),
is obtained from 6ET(raw) by adding for each jet the raw jet momentum vector,

~E
j
T raw, and subtracting the corrected jet momentum vector, ~E

j
T cor:

~6ET(j) = ~6ET(raw)�
X
j

(1� EjT raw

E
j
T cor

)~E
j
T cor: (3.4)

The jets included in this sum are required to have Ej
T raw > 8 GeV and j�j j < 2:4.

Muons penetrate the calorimeters, so their energy is not accounted for in 6ET(raw)
and must be included separately. Muons with any combination of stubs in the

central muon chambers are included in the 6ET calculation, provided that: the beam-

constrained muon track pT exceeds 10 GeV/c; less than 6 GeV of energy is deposited

in intersecting CHA towers; less than 2 GeV of energy is deposited in intersecting

CEM towers; and �xstub satis�es the requirements in Table 3.3. High momentum

tracks without matching muon chamber stubs are also included, provided that all of

the CMI muon criteria in Table 3.4 are satis�ed, except for the following di�erences:
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the track need not extrapolate to regions uninstrumented by muon chambers; the

isolation requirements in Table 3.4 are rescinded; and in their place is added the

requirement that the total transverse energy deposited in the calorimeters, in a cone

of R = 0:4 around the track direction, must be less than 5 GeV. An estimate of

6ET which takes into account the muons described above, 6ET(j�), is obtained from

6ET(j) by subtracting for each muon the muon momentum vector, ~p
�
T, and adding

the transverse energy vector, ~E
�
T, of the total energy deposited in intersecting CHA

and CEM towers:

~6ET(j�) = ~6ET(j)�
X
�

(1� E�T
cp
�
T

) ~cp�T: (3.5)

The response of the calorimetry to high energy electrons and photons di�ers from

that of jets of hadrons, so their energy is not properly accounted for by 6ET(j�). The
following types of electrons and photons are included in this correction: any CEM

photon satisfying the criteria in Table 3.1; and any CEM, PEM, or FEM electron

satisfying criteria identical to that listed in Table 3.4, except that the isolation

requirements are rescinded. The �nal estimate of 6ET which takes into account the

electron and photon candidates described above, 6ET(j�e), is obtained from 6ET(j�)
by subtracting for each electron or photon its transverse energy vector, ~E

e;
T , and

adding the transverse energy vector of the jet energy cluster corresponding to it,

~E
je;
T cor:

~6ET � ~6ET(j�e)

= ~6ET(j�)�
X
e;

(~E
e;
T � ~E

je;
T cor): (3.6)
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3.5 Photon-Lepton Samples

The selection of 29 photon-muon events and 48 photon-electron events results in the

\inclusive photon-lepton sample" of 77 events total. The purpose of this paper is to

sort and analyze the inclusive and exclusive combinations of particles produced for

events in this sample, the method for which is summarized in Figure 3.1.

The �rst step in understanding the sample composition is through the angular

separation between the lepton and the photon. A two-particle �nal state is indi-

cated by the identi�cation of a single lepton and a single photon that are nearly

opposite in azimuth. Since a two-particle photon-lepton �nal state would violate

the conservation of lepton number, such events arise from the standard model in

one of two ways: either the lepton or photon has been misidenti�ed, or is associ-

ated with a jet of hadrons; or a second lepton which restores conservation of lepton

number has evaded identi�cation. The former is characterized by a photon and a

lepton opposite in azimuth, while the latter is suppressed in this geometry, so such

a sample isolates the majority of events with misidenti�ed photons or leptons. To

this end, the inclusive photon-lepton sample is analyzed as two subsamples: a \two-

body photon-lepton sample" typical of a two-particle �nal state, and a \multi-body

photon-lepton sample" typical of three or more particles in the �nal state. The

selection requirements of the two-body photon-lepton sample are: exactly one pho-

ton and exactly one lepton satisfying the criteria summarized in Tables 3.1 and 3.3;

no additional leptons satisfying the criteria in Table 3.4; and the nearest distance

in azimuth between the photon and lepton, �'` , must exceed 150Æ. The region

�'` > 150Æ was chosen by requiring it to include 95% of Z0 boson events decay-

ing to two CEM electrons, which are a source of misidenti�ed photons. Excluded

from the two-body photon-lepton sample are those two-body photon-electron events
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Z-Like electron-photon
86 GeV < M     < 96 GeV
(Background Calibration)

Photon-Lepton Sample
1 Lepton and 1 Photon

Multi-Photon andTwo-Body Events

Exactly 1 Lepton
Exactly 1 Photon

∆Φ     > 150 

Multi-Lepton Events

50 Events

17 Events

27 Events

33 Events 16 Events 1 and 5 Events, resp.

77 Events

Multi-Body Events

eγ

l γ

T

ET > 25 GeV
l E

Inclusive Multi-Body Events
(All Other Photon-Lepton)

ET > 25 GeV

γ

Figure 3.1: The subsets of inclusive photon-lepton events analyzed in this paper.
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for which the photon-electron invariant mass, Me , is within 5 GeV of MZ . This

\Z0-like" control sample is used to estimate the photon misidenti�cation rate from

electrons, as described in Chapter 4.3. The multi-body sample is composed of the

remaining inclusive photon-lepton events.

The multi-body sample is then further analyzed for the presence of large 6ET,
additional leptons, or additional photons. Multi-body events with 6ET > 25 GeV,

the \multi-body ` 6ET sample", and multi-body events with one or more additional

photons or leptons satisfying the criteria described in Section 3.4, the \multi-photon

and multi-lepton sample", are studied concurrently with the two-body sample and

the inclusive multi-body sample. The 6ET threshold of 25 GeV was chosen from

previous analyses [15] as a signi�cant indicator of a neutrino arising from leptonic

decays of the W boson. Among these samples, the following properties are analyzed:

the total event rate; the distribution of lepton ET, photon ET, and 6ET; the distribu-
tion of the invariant mass of any relevant combinations of particles; and the angular

distributions of any relevant combinations of particles.



CHAPTER 4

STANDARD MODEL SOURCES

4.1 W and Z0 Production

The dominant source of photon-lepton events at the Tevatron is electroweak diboson

production, wherein an electroweak boson (W or Z0) decays leptonically (`� or ``)

and a photon is radiated from either the initial state quark, a charged electroweak

boson (W ), or a charged �nal state lepton. The number of photon-lepton events

from electroweak diboson production is estimated from a Monte Carlo event gen-

erator program written by Uli Baur and Stephen Mrenna [16]. The Baur-Mrenna

program outputs 4-vectors of particles emanating from a diboson production event,

and this output is used as input to a CDF detector simulation program, which out-

puts simulated data in a format identical to that of an actual CDF event. Simulated

photon-lepton event rates can then be estimated in a manner identical to that of

CDF data.

The Baur-Mrenna program is a set of leading-order matrix element calcula-

tions [17] which was incorporated into the pythia [18] event generator program.

The matrix element calculation for W (Z0) includes all tree-level diagrams with

a q�q0 (q�q) initial state and a `�` (``) �nal state, where ` is an e, �, or � , and the

mediating electroweak boson is a real or virtual W (Z0 or �). Figure 4.1 shows the

leading-order Feynman diagrams for q�q0 ! `�`. Figure 4.2 shows the leading-order

Feynman diagrams for q�q ! `�̀.

27



28

�W
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�q0
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a) Initial state photon radiation

�W
W

q

�q0

��`

`



b) W �nal state photon radiation

�W

`

q

�q0

��`

`



c) Lepton �nal state photon radiation

Figure 4.1: The leading-order Feynman diagrams for photon radiation in the process
q�q0 ! `��`.
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�Z0=�

q

�q

�̀

`



a) Initial state photon radiation

�Z0=�

`

q

�q

�̀

`



b) Lepton �nal state photon radiation

Figure 4.2: The leading-order Feynman diagrams for photon radiation in the process
q�q ! `�̀.
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The region of phase space where the �nal state lepton and photon are collinear is

carefully sampled, taking into account the lepton mass for each lepton avor. This

allows reliable calculations to be made for all photon-lepton separation angles and

for photon ET well below (< 1 GeV) those considered in this analysis. Pythia

generates, fragments, and hadronizes the partons described by the matrix elements.

The leading-order proton structure function CTEQ5L [19] is used to compute the

matrix elements. The tauola [20] program is used to compute the decays of �

leptons. Each generated event is assigned a weight proportional to the probability

of its occurrence as determined by the matrix element calculation.

Generated events are used as input to a program which simulates the CDF de-

tector response to the �nal state particles. The simulation includes the following

features relevant to this analysis: the zevent distribution of p�p collisions observed

in CDF data; the geometric acceptance of all CDF detector subsystems; charged

particle tracking in the CTC; the tower-by-tower response of the calorimetry to �nal

state particles; the CES response to electromagnetic showers; and the response of the

central muon chambers to penetrating charged particles. The program is not used

to simulate the CDF trigger, the zevent distribution beyond jzeventj = 60 cm, nor

the energy-out-of-time distribution; the event selection eÆciencies for these must be

applied as separate corrections to the simulated event rates. There also exist 6-8%

di�erences between the lepton (and photon) detection eÆciencies found in CDF data

and the eÆciencies similarly computed in simulated data, as described in Chapter 3.

Simulated event rates containing particles of type X are therefore adjusted by a ratio

CX of detection eÆciencies in CDF data to that of simulated events,

CX = �dataXID=�
sim
XID; (4.1)
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Particle �dataXID �simXID CXID
CEM photon 0.86 0.93 0:93� 0:04
CEM electron 0.81 0.88 0:92� 0:04
2nd CEM electron 0.89 0.97 0:91� 0:05
PEM electron 0.92 0.99 0:94� 0:03
FEM electron 0.75 0.98 0:77� 0:12
central muon 0.93 0.99 0:94� 0:03
CMI muon 0.91 0.99 0:92� 0:04

Table 4.1: Corrections to the simulated particle identi�cation eÆciencies obtained
from CDF data. Included are the eÆciencies measured directly from CDF data
(�dataXID), the eÆciencies measured from simulated data (�simXID), and the corrections
to simulated rates (CXID).

where �dataXID is the detection eÆciency of X in CDF data and �simXID is the corre-

sponding eÆciency in simulated data. The systematic uncertainty is estimated to be

half of the di�erence between CX and unity. Table 4.1 lists the corrections for the

various types of leptons and photons analyzed. The measurement of the detection

eÆciencies is discussed in Appendix B.

Simulated events with PEM electrons are an exception to this procedure, since

the PEM shower shape quantity �23�3 is not included in the detector simulation. The

PEM electron detection eÆciency for all the requirements in Table 3.4, except the

�23�3 requirement, is measured and corrected for as other leptons are; the correction

is listed in Table 4.1. The eÆciency of the �23�3 requirement for PEM electrons

which satisfy all other requirements, �
�2

PEM , is then measured separately using CDF

data to be 95:0 � 0:5%, as described in Appendix B. This comprises an additional

correction to the identi�cation eÆciency for simulated events with PEM electrons.
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Item Value Relative Uncertainty
KNLO 1:30� 0:10 7.7%
�LO 105:0� 5:3 pb 5.0%P

wpass=
P

wtot (2:57� 0:12)� 10�4 4.7%
�trig 0:985� 0:015 1.5%
Csim 0:792� 0:052 6.6%R
Ldt 86:34� 3:52 pb�1 4.1%
�Ne 2:36� 0:31 13.1%

Table 4.2: The mean number of multi-body photon-electron events, �Ne , expected
from W (! e�) + . The factors used in Equation 4.2 and their uncertainties are
also shown.

The mean contribution to photon-lepton candidates in CDF data, �N` , for a

particular generated process is given by

�N` = �LO �KNLO � �trig � Csim �
Z

Ldt

�(
X

wpass)=(
X

wtot); (4.2)

where

� �LO is the leading order cross section computed by the event generator for

a given process with a given set of generator-level cuts and thresholds. The

uncertainty due to generator statistics is negligible. The uncertainty due to

PDF normalization is taken to be �5%, as recommended in [21].

� KNLO is the next-to-leading order (NLO) QCDK-factor forW (Z0) produc-

tion estimated from NLO calculations [22]. The K-factors used are 1:30� 0:10

for W production and 1:25� 0:05 for Z0 production, where the uncertain-

ties are estimated from the QCD renormalization scale dependence of the NLO

cross section.
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� �trig is the trigger eÆciency for photon-lepton events described in Appendix A.

It is applied to events of the appropriate photon ET and lepton type through a

simple trigger simulation which emulates the results in Table A.2. For photon-

electron events �trig = 98:5 � 1:5%; for photon-muon events �trig varies with

muon type and photon ET, with an average eÆciency of 94% for simulatedW

events satisfying all selection criteria. The uncertainty of the photon-muon

trigger eÆciency is �6%.

� Csim is the product of the correction factors to the detection eÆciencies com-

puted by the CDF detector simulation:

Cz60, the eÆciency for the requirement jzeventj < 60 cm, measured to be

0:95� 0:02;

CEOT , the eÆciency for the requirement ET(out-of-time) = 0, measured

to be 0:975� 0:004 [23];

the product over the leptons and photons identi�ed by the detector simula-

tion,
Qn
i=1CXiID

, of corrections CXiID
to the simulated particle identi�cation

eÆciencies listed in Table 4.1;

and ��
2

PEM , an additional correction factor for each PEM electron identi�ed

by the detector simulation, measured to be 0:953� 0:005 and described above.

� R Ldt is the integrated luminosity for the 1994-5 run employed in this analysis,
86:34� 3:52 pb�1 [24].

� Pwpass is the sum of the weights of the simulated events satisfying all selec-

tion criteria. The uncertainty is given by
qP

w2
pass, which is typically a few

percent.
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Two-Body Events
Process eX �X
 +W production
 +W ! `� 1:09� 0:14 1:44� 0:19
 +W ! �� 0:08� 0:02 0:09� 0:02
Subtotal 1:17� 0:15 1:52� 0:21

 + Z0 production

 + Z0 ! `` 5:06� 0:54 6:53� 0:76

 + Z0 ! �� 0:34� 0:05 0:53� 0:08
Subtotal 5:40� 0:57 7:06� 0:82
Total 6:57� 0:68 8:58� 0:97

Table 4.3: The estimated W and Z0 backgrounds for two-body photon-lepton
events. There exist correlated uncertainties between the di�erent photon-lepton
sources.

� Pwtot is the sum of the weights of all simulated events, with uncertainty given

by
qP

w2
tot, which is typically negligible.

Table 4.2 shows a sample calculation for multi-body photon-electron events origi-

nating fromW (! e�)+ production. The uncertainty in the mean rate has roughly

equal contributions from the NLO K-factor, simulation systematics, luminosity, pro-

ton structure, and generator statistics. Other simulated processes have similar un-

certainties.

Table 4.3 shows the results of all simulated processes, for inclusive two-body

events; Table 4.4 shows the same results for inclusive multi-body events and multi-

body ` 6ET events. The slightly larger contribution of two-body � events relative

to e events is due to the explicit exclusion of e events whose invariant mass is \Z0-

like" (86 GeV < Me < 96 GeV). There are no signi�cant di�erences between the

inclusive multi-body rates for e and � production. In the case of Z0 production,

there is a larger number of multi-body � 6ET events (1.0) relative to e 6ET events

(0.3). The di�erence is due to events where the second muon falls outside the solid
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Multi-Body Events
Process eX �X e 6ET � 6ET
 +W production
 +W ! `� 2:36� 0:31 2:47� 0:33 1:89� 0:25 1:94� 0:26
 +W ! �� 0:08� 0:02 0:06� 0:01 0:04� 0:01 0:05� 0:01
Subtotal 2:44� 0:32 2:53� 0:34 1:93� 0:26 1:99� 0:27

 + Z0 production

 + Z0 ! `` 4:88� 0:53 4:49� 0:53 0:28� 0:05 0:90� 0:14

 + Z0 ! �� 0:13� 0:03 0:11� 0:02 0:03� 0:01 0:05� 0:01
Subtotal 5:01� 0:54 4:60� 0:54 0:32� 0:05 0:96� 0:15
Total 7:45� 0:78 7:13� 0:82 2:25� 0:28 2:95� 0:37

Table 4.4: The estimatedW and Z0 backgrounds for inclusive multi-body photon-
lepton events and multi-body ` 6ET events. There exist correlated uncertainties
between the di�erent photon-lepton sources.

angle in which muons can be detected (j��j > 1:2), subsequently inducing missing ET

equal to the pT of the second muon. Leptons from � decays contribute to the total

photon-lepton rate at a level far below the leptonic branching ratio of a � (about 3%

accepted compared to a leptonic branching ratio of 18%) because the average lepton

ET is much lower than that of leptons from the direct decay of a W or Z0.

Tables 4.5 and 4.6 shows the results of all simulated processes for multi-body

photon-lepton events with additional leptons or photons, respectively. More ee

events than �� events are expected due to the larger detector acceptance for addi-

tional electrons, which are identi�ed in the central, plug, and forward calorimeters.

4.2 Jets Misidenti�ed as Photons

A jet of hadrons initiated by a �nal state quark or gluon can contain mesons which

decay to photons, such as the �0, �, or !. If one or more of these photons consti-

tute a suÆciently large fraction of the jet momentum, then the hadron jet can be
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Multi-Body Events
Process ee �� e�
 +W production
 +W ! `� | | |
 +W ! �� | | |
Subtotal | | |

 + Z0 production

 + Z0 ! `` 3:25� 0:44 2:19� 0:30 |

 + Z0 ! �� | | 0:05� 0:01
Subtotal 3:25� 0:44 2:19� 0:30 0:05� 0:01
Total 3:25� 0:44 2:19� 0:30 0:05� 0:01

Table 4.5: The estimated W and Z0 backgrounds for multi-body photon-lepton
events with additional leptons. There exist correlated uncertainties between the
di�erent photon-lepton sources. The expected contributions from W production
are negligible.

misidenti�ed by the CDF detector as a single prompt photon. Such a jet produced

in association with a lepton candidate contributes to the detected photon-lepton

candidates.

The contribution of lepton plus misidenti�ed jet events is determined by counting

the number of jets in CDF lepton data, N`jet, and then multiplying that number

by an estimate of the probability of a jet being misidenti�ed as a photon, P
jet
 , to

obtain the number of photon-lepton candidates,

N` = N`jet � P jet
 : (4.3)

Lepton-jet candidates are selected from inclusive electron and muon triggers as

follows. The Level 1 trigger and Level 3 trigger requirements are identical to those

enumerated in Sections 3.2 and 3.3 of Chapter 3. The Level 2 trigger requirements

di�er from those of the photon-lepton sample due to the absence of the photon.

Electron-jet events must be accepted by a Level 2 electron trigger, which requires
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Multi-Body Events
Process e �
 +W production
 +W ! `� | |
 +W ! �� | |
Subtotal | |

 + Z0 production

 + Z0 ! `` 0:012� 0:012 0:004� 0:004

 + Z0 ! �� | |
Subtotal 0:012� 0:012 0:004� 0:004
Total 0:012� 0:012 0:004� 0:004

Table 4.6: The estimated W and Z0 backgrounds for multi-body photon-lepton
events with additional photons. There exist correlated uncertainties between the
di�erent photon-lepton sources. The expected contributions from W production
are negligible.

a CEM energy cluster with ET > 16 GeV; a cluster HAD/EM < 0:125; and a

CFT track matching the CEM cluster with pT > 12 GeV/c. The eÆciency of

these electron trigger requirements has been measured to be �e = 90:9� 0:3% [25].

Muon-jet events are selected from the Level 2 inclusive muon triggers described

in Chapter 3.2, which have the same eÆciency as the muon triggers described in

Appendix A, except that they are prescaled due to bandwidth limitations. The

prescaling results in a reduction of the trigger eÆciency by a factor of 0:43�0:02 for

CMX muons, 0:43�0:02 for CMNP muons, and 1:0 (no prescale) for CMUP muons.

Requiring a Level 2 muon trigger precludes the use of CMP or CMU muons.

The requirements for lepton-jet candidates are: one or more lepton candidates

satisfying the criteria in Table 3.3; and one or more jets with j�j j < 1:0, jet

ET > 25 GeV, and a separation distance of the jet from the lepton in �� ' space,

�R`j , greater than 0.5. As a further step to prevent electrons from Z0 boson decays

being counted as jets, jet candidates must have electron-jet separation �Rej > 0:5
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for all central electrons satisfying the selection criteria for additional electrons listed

in Table 3.4. Table 4.8 shows the raw total number of jets, summed over all lepton-jet

candidate events, for the various signal regions of this analysis.

Because the lepton trigger requirements of the lepton-jet sample are less eÆcient

than the trigger requirements of the photon-lepton sample, the e�ective number of

jets which potentially contribute to the photon-lepton candidates must be augmented

by a ratio of the eÆciencies of the di�erent trigger paths. For electron-jet events with

exactly one electron, this is simply a constant, �e=�e = 1:08 � 0:02; for muon-jet

events with exactly one muon, the eÆciency ratio, R�i, varies with muon stub type

and jet ET,

R�i =
��i + (1� ��i)� �(ET)

P�i��i
(4.4)

where ��i is the trigger eÆciency for muons of stub type i, P�i is the inclusive muon

trigger prescale for muons of stub type i, and �(ET) is the trigger eÆciency of

the photon candidate a jet would produce in the event of jet misidenti�cation, as

a function of photon ET. This ratio is evaluated for each jet in each event, and

the sum over all jets in all events gives the total e�ective number of jets. Because

CMU and CMP muons have been excluded from the lepton-jet sample, the number

of jets in muon-jet events must be additionally multiplied by a factor of 1:14�0:03 to
compensate for the acceptance lost relative to that of photon-lepton events. This lost

acceptance was calculated from theW and Z simulation described in Chapter 4.1.

For lepton-jet events with multiple leptons, the presence of the additional lepton

increases the eÆciency of the lepton trigger requirements, and the eÆciency ratio of

such events relative to the corresponding photon-lepton events must be accounted

for separately. For electron-jet events with an additional CEM electron, the trigger
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eÆciency for both electron-jet and photon-electron events is nearly 100%, so that the

trigger eÆciency ratio of such events is assumed to be unity. Electron-jet events with

additional PEM or FEM electrons have the same eÆciency ratio as that of single

electron-jet events above. For muon-jet events with an additional CMNP, CMUP, or

CMX muon, the trigger eÆciency ratio depends upon the muon trigger eÆciencies

of the two muon stub types:

R�i�j =
��i�j + (1� ��i�j )� �(ET)

P�i��i + (1� P�i��i)� P�j ��j
; (4.5)

where ��i and ��j are the muon trigger eÆciencies of the two di�erent muon stub

types, P�i and P�j are the inclusive muon trigger prescales of the two di�erent muon

stub types, and ��i�j is the eÆciency of the logical OR of the two muon triggers,

��i�j � ��i + (1� ��i)� ��j : (4.6)

Muon-jet events with additional CMU, CMP, or CMI muons have the same eÆciency

ratio as that of single muon-jet events above.

The total e�ective number of jets in lepton-jet candidate events after all cor-

rections have been applied is also given in Table 4.8. For two-body lepton-jet and

inclusive multi-body lepton-jet events, there are more electron-jet candidates than

muon-jet candidates because of the presence of non-electroweak sources of electron

candidates (heavy avor decay, photon conversion, stable hadrons misidenti�ed as

electrons, etc.). This is borne out by an increased electron-muon discrepancy for

two-body events versus multi-body events, as expected from QCD dijet production.

For multi-body lepton-jet events with 6ET > 25 GeV, electron-jet and muon-jet can-

didates are roughly equal, as would be expected from W -jet production. Comparing
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Table 4.8 with Tables 4.3{4.6, it is concluded that in order to measure photon-

lepton processes with electroweak-sized cross sections and a signal-to-background

ratio greater than 1:1, P jet
 must be less than approximately 10�3.

Mesons which decay to photons are typically only a portion of a shower of hadrons

initiated by a high ET quark or gluon. Other hadrons in the shower will deposit

energy in the calorimeter close to the electromagnetic shower produced by these

photons. Prompt photons (or electrons, which shower similarly) produced in the hard

scattering of partons do not exhibit additional nearby calorimetric energy, therefore

the additional ET measured in a cone of R = 0:4 around the electromagnetic shower

position, EIsocone, serves as a discriminant between prompt photons and misidenti�ed

jets. This discriminant is already employed in the photon selection (Table 3.1),

by requiring EIsocone < 2 GeV. If the distribution of EIsocone is relatively at for

misidenti�ed jets, the distribution of EIsocone of the photon candidates which fail this

requirement can be extrapolated linearly to estimate the number of misidenti�ed jets

which satisfy it.

The probability that a jet is misidenti�ed as a photon is determined from samples

of jets and photons in events with a lepton trigger. Lepton candidates in lepton-

triggered jet events are selected with the same trigger requirements as the lepton-jet

sample described above. Instead of applying the full lepton selection criteria in

Table 3.3, the minimal set of Level 3 lepton trigger requirements, listed in Table 3.2,

is applied in this selection, so as to maximize the sample size. Along with exactly one

such loose lepton candidate, lepton-triggered jet events are required to have exactly

one jet with j�j j < 1:0, ET > 25 GeV, and �R`j > 0:5. The lepton-triggered jet

sample consists of 46091 electron-triggered jet events and 12875 muon-triggered jet

events.
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Lepton candidates in lepton-triggered photon events are selected with the same

trigger requirements as the lepton-triggered jet events described above, except that

the prescaled Level 2 inclusive muon trigger requirements are replaced by the muon-

jet trigger described in Chapter 3.2. Lepton-triggered photon events are required to

have exactly one loose lepton candidate as above, and are required to have exactly

one photon candidate satisfying all of the photon selection criteria in Table 3.1,

except for the isolation requirements. Speci�cally, the requirement that the sum of

the pT of all tracks in a cone of R = 0:4 around the photon be less than 5 GeV/c

is rescinded, and the EIsocone requirement is loosened from 2 GeV to 12 GeV. The

lepton-triggered photon sample consists of 121 photon-electron and 38 photon-muon

events.

Since the muon-triggered jet sample has a less eÆcient trigger path than the

muon-triggered photon sample, an unbiased comparison of the two samples requires

that the number of muon-triggered jet events must be augmented by the ratio of

trigger eÆciencies, in this case equal to the inverse of the eÆciency of the Level 2

inclusive muon trigger prescale for each muon stub type, 1=P�i, on an event-by-event

basis. This increases the e�ective number of muon-triggered jet events from 12875

to 17745.

Photon candidates in the lepton-triggered photon sample consist of a combina-

tion of prompt photons, electrons misidenti�ed as photons, and jets misidenti�ed as

photons, where only the jet component is relevant to the evaluation of P jet
 . The dis-

tribution of EIsocone of the other two components is measured using a sample of CEM

electrons from Z0 decays. Dielectron events are selected from events satisfying the

same trigger criteria as that of the photon-electron candidates described in Chap-

ter 3.3. From these triggers a sample of Z0-like dielectron events is selected which
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has exactly two CEM electrons passing the electron criteria in Table 3.3, excepting

the isolation requirement (that the total ET deposited in the calorimeters, in a cone

of R = 0:4 around the electron track, be less than 10% of the electron ET), and

requiring dielectron invariant mass within 5 GeV of MZ . The distribution of EIsocone

normalized to unity, dNZ=dE
Iso
cone, for the 3300 electrons in this sample is shown in

Figure 4.3. CEM electron showers|which have the same calorimeter response as

CEM showers from prompt photons|exhibit EIsocone < 2 GeV 95% of the time.

Using the measured distribution dNZ=dE
Iso
cone for prompt photons or electrons,

and assuming a linear distribution in EIsocone for jets misidenti�ed as photons, the

total number of photon candidates as a function of EIsocone, dN=dE
Iso
cone, is given by

dN

dEIsocone
= A1 �

dNZ

dEIsocone
+ A2 � EIsocone + A3; (4.7)

where A1, A2, and A3 are free parameters to be �t to the data. If the bin size is

chosen to be equal to the EIsocone threshold for isolated photon candidates (2 GeV),

then A1 is simply the number of prompt photon (or electron misidenti�ed as photon)

candidates with EIsocone < 2 GeV, and A3 � A2 is the number of jets misidenti�ed as

photons with EIsocone < 2 GeV. If in addition the normalization of the distribution is

chosen to be the ratio of the number of lepton-triggered photon events (121 photon-

electron and 38 photon-muon) to that of the e�ective number of lepton-triggered jet

events (46091 electron-jet and 17745 muon-jet), then A3 � A2 is identically the jet

misidenti�cation rate P
jet
 .

Employing these conventions, the distribution dN=dEIsocone for lepton-triggered

photon events is shown in Figure 4.4. The distribution (solid points) is peaked

in the �rst bin corresponding to isolated photon candidates, followed by a linearly

falling tail of non-isolated photon candidates. The minimum �2 �t of the data to
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Lepton-Jet Samples
ej �j `j

photons 121 38 159
jets 46091 17745 63836
A1(10

�4) 13� 2 14� 4 13� 2

A2(10
�4) �0:4� 0:1 �0:2� 0:2 �0:4� 0:1

A3(10
�4) 4:7� 0:9 2:4� 1:5 4:2� 0:7

�2/d.o.f. 0:38 0:44 0:42

P jet
 (10�4) 4:3� 1:0 2:2� 1:5 3:8� 0:7

Table 4.7: The results of �tting dN=dEIsocone to photon candidates in CDF jet data
obtained with a lepton trigger. Included are the number of photons and jets in each
sample, the best �t parameters Ai, the �

2 per degree of freedom for the �t, and the

jet misidenti�cation rate P jet
 .

the functional form of Equation 4.7 (solid line) is shown in Figure 4.4, along with

the linear portion of the �t obtained from A2 and A3 (dashed line). The functional

form chosen describes the data well (�2/d.o.f. = 0.38), yielding an average jet

misidenti�cation rate P
jet
 of 3:8 � 0:7 � 10�4. The best �t parameters are shown

in Table 4.7.

Also shown in Figure 4.4 is an estimate of dN=dEIsocone obtained from a simulation

of W -jet production (cross-hatched histogram), using the pythia event generator

and the detector simulation described in Chapter 4.1. The leading-order Feynman

diagrams for W -jet production employed by the pythia event generator are shown

in Figure 4.5. Simulated events are selected which satisfy the same requirements

as the lepton-triggered jet and lepton-triggered photon samples obtained from the

data, and photon candidates are required to arise solely from hadron decay. The

simulated results for dN=dEIsocone exhibit a shape consistent with a linear functional

form, as well as a magnitude consistent with the observed jet misidenti�cation rate.

Figure 4.6 shows the distribution dN=dEIsocone computed for electron-triggered pho-
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Figure 4.5: The leading-order Feynman diagrams for W -jet production.
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ton events and muon-triggered photon events separately. The separate jet misiden-

ti�cation rates obtained from these distributions, also shown in Table 4.7, are sta-

tistically consistent with each other.

Additional evidence for the linear behavior of dN=dEIsocone in misidenti�ed jets

is obtained from a sample of lepton-triggered events enriched with �0's. Lepton

candidates in these lepton-triggered �0 events are selected with the same trigger re-

quirements as the lepton-triggered photon events described above. Lepton-triggered

�0 events are required to have exactly one loose lepton candidate as above, and are

required to have exactly one �0 candidate which satis�es requirements similar to pho-

ton candidates in Table 3.1, with the following di�erences: the isolation requirements

are not applied, as done for the lepton-triggered photon sample; the requirements

for additional CES energy clusters are not applied; and the �2Avg is required to be

greater than 20. The lepton-triggered �0 sample consists of 38 electron-�0 and 11

muon-�0 events.

The distribution dN=dEIsocone for lepton-triggered �
0 events is shown in Figure 4.7.

The distribution (solid points) is consistent with that of a linearly decreasing tail.

Also shown in Figure 4.7 is an estimate of dN=dEIsocone obtained from a simulation

of W -jet production (cross-hatched histogram) as described above, except with the

lepton-triggered �0 selection applied. As with lepton-triggered photons, the simu-

lated results for dN=dEIsocone exhibit a shape consistent with a linear functional form,

as well as a magnitude consistent with the observed �0 rate.

Table 4.8 shows the mean number of photon-lepton events expected to originate

frommisidenti�ed jets, for the various subsets of photon-lepton events to be analyzed.

The uncertainties in these estimates are dominated by the uncertainty in P
jet
 , which

in turn is limited in precision by the number of exclusive photon-lepton events. The
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Figure 4.6: The number of photon candidates per jet, as a function of EIsocone, for
CDF jet data obtained with (a) an electron trigger or (b) a muon trigger. Included
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Nraw N`jet N`
Two-Body Events

e 4530 4909 1:9� 0:3
� 1983 3844 1:5� 0:3

Multi-Body Events
eX 4235 4565 1:7� 0:3
�X 2024 3855 1:5� 0:3
e 6ET 2584 2798 1:1� 0:2
� 6ET 1369 2633 1:0� 0:2
ee 479 496 0:19� 0:03
�� 226 346 0:13� 0:02
e� 16 19 |
e 3 3 |
� 3 4 |

Table 4.8: The contributions N` to the various categories of photon-lepton can-
didates from jets misidenti�ed as photons, using the measured jet misidenti�cation
rate 3:8 � 0:7 � 10�4. Included are the raw number Nraw of jets in inclusive lep-
ton data and the e�ective number of jets N`jet which potentially contribute to each
category.

total number of two-body and multi-body events expected is 1-2 events per category

per lepton species, with roughly equal contributions in photon-electron and photon-

muon events. The number of multi-lepton events arising from misidenti�ed jets is

an order of magnitude smaller. The number of e�, e, and � events arising

from misidenti�ed jets is negligible, due to the small number of jets in e�, e, and

� events, respectively.

4.3 Electrons Misidenti�ed as Photons

The dominant source of fake background for photon-electron events is Z0 ! e+e�

production, wherein one of the electrons undergoes hard photon bremsstrahlung in

the detector material, or the CTC fails to detect one of the electron tracks, and that

electron subsequently passes all of the photon cuts. There are approximately 1000
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central electron pairs in the CDF data, so a photon fake rate as low as 1% will give

rise to 20 photon-electron background events, which would be unacceptably high for

�nding sources of new physics comparable to W=Z0+  production (see Tables 4.3{

4.6). It is therefore necessary to either obtain independently the photon fake rate to

suÆcient accuracy that a background subtraction can be performed, or to assume

that those photon-electron events in the CDF data which are suÆciently similar

in their kinematics to Z0 production are not a signi�cant source of new physics,

and that such events may be used to estimate the photon-electron background rate

elsewhere. The latter method is employed in what follows.

A control sample of Z0-like events is selected from the 49 two-body photon-

electron candidates by requiring that the invariant mass of the photon-electron pair,

Me , be within 5 GeV of the Z0 mass (91 GeV). There are 17 such events in the CDF

data, and their characteristics are shown in Figure 4.8. In order to check the as-

sumption that these are predominantly Z0 ! e+e� events, a sample of Z0 ! e+e�

events is selected from the inclusive electron sample which have exactly two elec-

trons passing the electron criteria in Table 3.3, and which have the same kinematic

requirements as the photon-electron control sample. There are 1235 such events,

and their distributions, normalized to the photon-electron control sample, are also

shown in Figure 4.8. It is observed that the shapes of the distributions of the two

samples are statistically consistent with each other.

Some of the photon-electron events in the control sample will arise from real

photons from W=Z0 +  production, or from photons misidenti�ed as jets. In order

to avoid double-counting these as a source of background, the diboson Monte Carlo

calculations described in Chapter 4.1 and the jet misidenti�cation calculations de-

scribed in Chapter 4.2 are used to estimate the number of photon-electron events
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passing the control sample cuts, and this is subtracted from the total number of

control sample events to give a corrected rate for electron-fake-photon production.

Out of 17 events, 1:24 � 0:13 events (1:01 � 0:12 from diboson events, 0:23 � 0:04

from misidenti�ed jets) on average are expected to have real photons, which are

subtracted to give 15:8� 4:3 electron-fake-photon events in the control sample.

The number of electron-fake-photon control sample events, Nctrle , divided by

the number of electron-electron events with the same kinematics, Nctrlee , gives the

electron-fake-photon rate per central electron pair. This can then be applied to any

particular subset of central electron pairs to give the electron-fake-photon rate for

the corresponding photon-electron subset. For multi-body photon-lepton events, a

sample of dielectron events is selected from events satisfying the same trigger criteria

as that of the photon-electron candidates described in Chapter 3.3. From these

triggers a sample of multi-body dielectron events is selected which has exactly two

electrons passing the electron criteria in Table 3.3, and which has the same angular

separation requirements (�'ee < 150Æ) as the multi-body photon-lepton sample.

There are 132 such events. The estimated number of electron-fake-photon events in

multi-body photon-electron events is therefore

Nmult
e = [(15:8� 4:3)=1235]� 132

= 1:7� 0:5 events. (4.8)

Similar calculations are made for the other photon-lepton samples analyzed, and the

results are summarized in Table 4.9. The number of multi-photon and multi-lepton

events is negligible, due to the low number of ee and eee events in the CDF data.
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Nee Ne

Two-Body eX 321 4:10� 1:14
Multi-Body eX 132 1:68� 0:49
Multi-Body e 6ET 8 0:10� 0:04

Table 4.9: The expected mean number of photon-electron candidates Ne from Z0

electrons misidenti�ed as photons, for the various categories analyzed. Included is
the number of dielectron events Nee which potentially contribute to each category.

4.4 Light Hadrons Misidenti�ed as Muons

A hadron jet can contain charged hadrons, which may occasionally penetrate the

calorimetry and be detected by the muon chambers, (\hadron punchthrough"), or

which may decay to a muon before reaching the calorimetry (\hadron decay-in-

ight"). If one of these hadrons constitutes a suÆciently large fraction of the jet

momentum, then the hadron jet can be misidenti�ed by the CDF detector as a

single prompt muon. Such a jet produced in association with a photon candidate

contributes to the detected photon-muon candidates. The contribution of photon

plus misidenti�ed jet events is determined by analyzing a sample of isolated, high-

momentum tracks in CDF photon data, determining the probability of each track

being misidenti�ed as a muon, and computing the total contribution by summing

this probability over all tracks in the sample.

Starting with the inclusive photon events described in Chapter 3.1, a photon-

track sample is selected which satis�es the following criteria: one or more photon

candidates satisfying the criteria in Table 3.1; and one or more CTC tracks which ex-

trapolate to the CMU, CMP, or CMX detectors, with pT > 25 GeV/c. The selected

CTC tracks must also satisfy the same track requirements as those of muon tracks,

as described in Chapter 3.2: a minimum of six layers of CTC wire measurements, at

least three of which must be axial wire measurements and at least 2 of which must
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be stereo wire measurements; an impact parameter d0 < 0:3 cm; the distance in z

of the CTC track to the primary event vertex j�zeventj < 5 cm; and, as an isolation

requirement, the sum of the momenta of other CTC tracks incident upon a cone of

R = 0:4 around the candidate track direction must be less than 10% of the pT of

the candidate track. The photon-track sample consists of 394 events containing 398

track candidates.

Because the photon trigger requirements of the photon-track sample are less

eÆcient than the trigger requirements of the photon-muon sample, the e�ective

number of tracks which potentially contribute to the photon-muon candidates must

be augmented by a ratio of the eÆciencies of the di�erent trigger paths, for each

track in each event of the sample. The eÆciency ratio Rt varies with photon ET

and the muon stub type �i that the track t would produce in the event of hadron

punchthrough or decay-in-ight:

Rt =
��i + (1� ��i)� �(ET)

�(ET)
; (4.9)

where ��i is the trigger eÆciency for muons of stub type i, and �(ET) is the trigger

eÆciency of photon candidates as a function of photon ET.

The fraction of track candidates which give rise to hadron punchthrough is

computed from the number of hadronic interaction lengths traversed through the

calorimeter to a muon chamber, for high-momentum pions and kaons. The thick-

ness of the CDF calorimeter, typically 5 absorption lengths for pions (4.4 for kaons),

corresponds to a hadron rejection factor of about 150 (80) for the CMU and CMX.

The CMP is additionally shielded from hadrons by 60 cm of steel, which e�ectively

absorbs all incident hadrons; the contribution of hadron punchthrough to CMP or

CMUP muon candidates is henceforth assumed to be negligible. For each track in the
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Stub Type Two-Body Multi-Body Multi-Body
�X �X � 6ET

CMUP | | |
CMNP 0:37 0:12 0:07
CMX 0:15 0:08 0:03
CMP | | |
CMU 0:90 0:25 0:09
Total 1:42� 0:74 0:45� 0:25 0:18� 0:11

Table 4.10: The contribution to the photon-muon candidates of punchthrough
hadrons misidenti�ed as muons, indexed by muon stub type, for various categories
analyzed.

photon-track sample, the probability of the track becoming hadron punchthrough,

P t
PT�, is given by

P t
PT� = F� � exp (���(Et)= sin �t)

+FK � exp (��K(Et)= sin �t); (4.10)

where F� and FK are the relative � : K fractions; and ��(E
t) and �K(E

t) are

the calorimeter thicknesses in units of the interaction lengths for the corresponding

particle type, as a function of the total energy Et of the track t and the sign of

its charge. The interaction length for kaons is longer than that of pions, so PPT�

is a maximum for FK = 1:0 and a minimum for FK = 0.0. For the central value

estimate, an experimentally measured value FK = 0:33 is used [26], with upper

and lower systematic bounds de�ned by FK = 1:0 and FK = 0:0. This systematic

uncertainty is the dominant uncertainty for the hadron punchthrough estimates.

For any particular subset of the photon-track sample, the total contribution to

the corresponding photon-muon sample is the sum over all candidate tracks of the

hadron punchthrough probabilities, weighted by the appropriate trigger eÆciency
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ratio for each track:

NPT� =
X
t

Rt � P t
PT�: (4.11)

For example, in the case of multi-body � events, a subset of the punchthrough

candidates is selected for which the track extrapolates to the CMU or CMX detectors,

and �' between the photon and the track is less than 150Æ. There are 89 such tracks,

corresponding to a background of 0:45+0:25
�0:13 events from hadron punchthrough in

the inclusive multi-body � sample. Of these 89 tracks, 32 belong to events with

6ET > 25 GeV, corresponding to 0:18+0:11
�0:06 punchthrough events in the multi-body

� 6ET sample. The results indexed by muon stub type are shown in Table 4.10.

Each of the photon-track events described above is also a potential contribution

to photon-muon events in the form of hadron decay-in-ight; hadrons which decay

to muons prior to interacting with the central calorimeters will satisfy the require-

ments of prompt muons. The inner radius of the central calorimeters is 1.73 m, and

the radius corresponding to one hadronic interaction length is approximately 2 m;

hadrons decaying prior to a radius of 2 m are therefore likely to be misidenti�ed as

muons.

For each track in the photon-track sample, the hadron decay-in-ight probability

P t
DIF� is given by

P t
DIF� = F� � BR(�� ! ��)

�(1� exp (�(2:0=c��)(m�=cpT)))

+FK � BR(K� ! ��)

�(1� exp (�(2:0=c�K)(mK=cpT))); (4.12)
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where pT is the transverse momentum of the track t, in GeV/c; F� is the fraction

of tracks which are pions, BR(�� ! ��) is the branching ratio of pions to muons

(� 1:0), c�� is the pion proper decay length in meters (7.8 m), and m� is the pion

mass (0.140 GeV); FK is the fraction of tracks which are kaons, BR(K� ! ��) is

the branching ratio of kaons to muons (0.635), c�K is the kaon proper decay length

in meters (3.7 m), and mK is the kaon mass (0.494 GeV). For tracks with transverse

momentum of 25 GeV/c, the decay-in-ight probability is 0.67% for kaons and 0.14%

for pions.

For any particular subset of the photon-track sample, the contribution to the

corresponding photon-muon candidates of decay-in-ight hadrons is the sum over all

tracks of the decay-in-ight probabilities, augmented by the trigger eÆciency ratio:

NDIF� =
X
t

Rt � P t
DIF� (4.13)

Due to the shorter kaon lifetime, the upper and lower bounds are again determined

by the results assuming kaon fractions of 1.0 and 0.0, respectively, with the central

value determined by FK = 0:33. The results indexed by muon stub type are shown

in Table 4.11. The contributions relative to those sources of photon-muon events

considered previously are small.

4.5 Heavy-Flavored Hadron Decay to Leptons

A hadron consisting of one or more quarks with heavy avor (charm or bottom)

has a much shorter lifetime than those hadrons considered in Section 4.4; at the

Tevatron, heavy-avored hadrons typically travel a few millimeters before decaying

and do not produce a measurable track in the CTC. Consequently, the decay in
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Stub Type Two-Body Multi-Body Multi-Body
�X �X � 6ET

CMUP 0:35 0:10 0:03
CMNP 0:15 0:04 0:02
CMX 0:21 0:11 0:03
CMP 0:08 0:04 0:01
CMU | | |
Total 0:80� 0:89 0:28� 0:31 0:10� 0:11

Table 4.11: The contribution to the photon-muon candidates of decay-in-ight
hadrons misidenti�ed as muons, indexed by muon stub type, for the various cat-
egories analyzed.

ight of heavy-avored hadrons to leptons is not accounted for in the estimates of

Section 4.4, which infer the number of decay-in-ight hadrons from CTC tracks. The

contribution to photon-lepton candidates that arises from heavy-avored hadrons

produced in association with a prompt photon is instead accounted for through

Monte Carlo event generation and detector simulation, as in Section 4.1.

Figure 4.9 shows the leading-order Feynman diagram for a heavy-avored quark

produced in association with a prompt photon. The leading-order matrix element

for this process is calculated with the pythia [18] event generator program, using

the leading-order proton structure function CTEQ5L [19]. Pythia also generates,

fragments, and hadronizes the partons produced in a simulated interaction. The QQ

program, based on measurements of the CLEO experiment [27], is used to compute

the decays of heavy-avored hadrons. Previous measurements of photon-heavy-avor

events at the Tevatron [28] indicate agreement of CDF data with next-to-leading

order QCD predictions. In order to obtain agreement of the leading order simulation

with next-to-leading order cross section predictions, a next-to-leading order K-factor

is applied to the leading order cross section computed by pythia. In the previous

measurements this K-factor was found to be KNLO = 1:9� 0:2. Using this K-factor
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Figure 4.9: The leading-order Feynman diagram for  + b; c production.

and the leading-order cross section computed by pythia (�LO = 7 nb), the mean

contribution to photon-lepton candidates in CDF data for this process is given by

Equation 4.2 in Section 4.1.

Table 4.12 shows, for the various signal regions of this analysis, the number

of simulated events which are photon-lepton candidates, NMC , out of 117 million

events (equivalent to 8.4 fb�1) generated; and the mean contribution expected in

86.34 pb�1 of CDF data, N`. The contributions expected are small compared to

those discussed in Sections 4.1{4.4. All simulated candidates are found to be two-

body photon-lepton events, as would be expected for a process with a two-body �nal

state. Contributions to multi-body photon-lepton events are bounded from above

by 0:01 at the 68% con�dence level, and are henceforth assumed to be negligible.
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NMC (8.4 fb�1) N`

Two-Body Events
e 10 0:07� 0:02
� 3 0:03� 0:01

Multi-Body Events
eX 0 < 0:01
�X 0 < 0:01
e 6ET 0 < 0:01
� 6ET 0 < 0:01

Table 4.12: The contribution to photon-lepton candidates, N` , of heavy-avored
hadrons decaying to leptons, for the various categories analyzed. Included is the
number of candidate events NMC produced by the simulation for each category.



CHAPTER 5

ANALYSIS OF PHOTON-LEPTON CANDIDATES

The objectives of this analysis are the comparison of the total observed event rates,

in the various photon-lepton samples described in Chapter 3.5, with the total rates

predicted by the standard model, and a similar comparison of the distributions of

kinematic properties in those samples. For each photon-lepton sample, the total

mean rate predicted by the standard model, �SM , is the sum of each of the sources

discussed in Chapter 4. The uncertainty in the total mean rate is the standard

deviation of a large ensemble of calculations of the total predicted rate, where each of

the quantities used to compute photon-lepton event sources (simulation systematics,

integrated luminosity, photon and lepton misidenti�cation rates, etc.) is allowed

to uctuate with a Gaussian distribution about its mean value. This ensemble of

calculations accounts for correlated uncertainties between the various contributing

sources, such as the uncertainty in the integrated luminosity used to normalize the

various simulated event rates.

Also of interest, for the small samples dealt with here, is the probability that

the total mean rate �SM predicted by the standard model would vary as a Poisson

statistic up to or above (down to or below) any excess (de�cit) level observed in CDF

data, N0. This \one-sided uctuation probability", denoted by P (N � N0j�SM )

for an observation of an excess over the predicted mean and P (N � N0j�SM) for

observation of a de�cit under the predicted mean, is again computed from a large

ensemble of calculations of the total predicted rate. Each of the quantities used to

compute photon-lepton sources is allowed to uctuate with a Gaussian distribution
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about its mean value, and the resulting mean is used to generate a Poisson distributed

outcome N . The one-sided uctuation probability is the fraction of outcomes in the

ensemble which equal or exceed (equal or fall short of) the observed excess (de�cit)

in CDF data. Perfect agreement between the standard model and CDF data will

yield a one-sided uctuation probability of � 50%, in some cases exceeding 50% due

to the asymmetry about the mean of a Poisson distribution.

The total standard model predictions for the distributions of kinematic properties

are the sums of the distributions of the corresponding properties of each of the sources

discussed in Chapter 4. For the contribution from jets misidenti�ed as photons, the

appropriately weighted distributions of jet properties in lepton-jet events are used

in the predicted distributions of photon properties. Similarly, for the contribution

from electrons misidenti�ed as photons the distributions of electron properties in

electron-electron events are used to predict distributions of photon properties, and

for the contribution from hadrons misidenti�ed as muons the distributions of track

properties in photon-track events are used to predict distributions of muon proper-

ties. The kinematic properties of the individual photon-lepton candidate events are

tabulated in Appendix C.

5.1 Two-Body and Inclusive Multi-Body Photon-Lepton

Events

The predicted and observed total rates for two-body photon-lepton events are com-

pared in Table 5.1. The mean predicted contributions from each of the sources

discussed in Chapter 4 are also listed. Half of the total predicted rate originates

from Z0 production where one of the charged leptons has evaded identi�cation; the

other half originates from roughly equal contributions of W production, misiden-
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Process e � `
W+ 1:17� 0:15 1:52� 0:21 2:69� 0:32
Z+ 5:40� 0:57 7:06� 0:82 12:46� 1:21
`+jet, jet !  1:87� 0:34 1:46� 0:27 3:33� 0:72
Z ! ee; e!  4:10� 1:14 - 4:10� 1:14
Hadron+ - 1:42� 0:74 1:42� 0:74
�=K Decay+ - 0:80� 0:89 0:80� 0:89
b=c Decay+ 0:07� 0:02 0:03� 0:01 0:10� 0:03
Mean Rate �SM 12:61� 1:37 12:29� 1:78 24:90� 2:43
CDF Data N0 20 13 33
P (N � N0j�SM ) 0.043 0.46 0.093

Table 5.1: The mean rate �SM predicted by the standard model for two-body
photon-lepton events, the number N0 observed in CDF data, and the one-sided uc-
tuation probability P (N � N0j�SM). There exist correlated uncertainties between
the di�erent photon-lepton sources.

ti�ed jets, misidenti�ed electrons, and misidenti�ed charged hadrons. The total

observed photon-electron rate is somewhat higher than the predicted rate, with an

upward uctuation probability of 4.3%; the observed photon-muon rate is in excellent

agreement with the predicted rate, however, so that the upward uctuation proba-

bility of the total two-body photon-lepton rate increases to 9.3%. The probability

that the 33 total observed events would exhibit an asymmetry between electrons and

muons of (20-13)/33 = 21% or greater where none is expected, is 30%.

The predicted and observed distributions of the kinematic properties of two-body

photon-lepton events are compared in Figures 5.1 and 5.3. Superimposed upon the

distributions of the total standard model contribution are the distributions of that

portion arising from standard model diboson production.

Figure 5.1 shows the distributions of photon ET, lepton ET, and 6ET for the

events. Observed photon and lepton ET exhibit the range of values expected from

the standard model. The number of two-body photon-lepton events observed with
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6ET < 25 GeV is in good agreement with the predicted rate. There are 5 events

observed with 6ET > 25 GeV, whereas 2.3 events are expected, a result which is

potentially related to that observed in multi-body ` 6ET events described below.

The distribution of the total ET of all objects in the event, HT, is also included

in Figure 5.1. It is de�ned as the sum of the magnitudes of 6ET and the transverse

energies of all electrons, muons, photons, and jets in the event:

HT � 6ET +
X
e

EeT +
X
�

cp
�
T +
X


E

T +
X
j

E
j
T cor: (5.1)

The jets included in this sum are required to have E
j
T raw > 8 GeV and j�j j < 2:4,

just as in Equation 3.4. Large HT is correlated with the production of massive

particles, virtual or real. The observed data exhibit the range of HT values expected.

Process e � `
W+ 2:44� 0:32 2:53� 0:34 4:97� 0:59
Z+ 5:01� 0:54 4:60� 0:54 9:61� 0:94
`+jet, jet !  1:73� 0:32 1:46� 0:27 3:19� 0:59
Z ! ee; e!  1:68� 0:49 - 1:68� 0:49
Hadron+ - 0:45� 0:25 0:45� 0:25
�=K Decay+ - 0:28� 0:31 0:28� 0:31
b=c Decay+ < 0:01 < 0:01 < 0:01
Mean Rate �SM 10:87� 0:97 9:33� 1:00 20:19� 1:66
CDF Data N0 11 16 27
P (N � N0j�SM ) 0.52 0.037 0.10

Table 5.2: The mean rate �SM predicted by the standard model for inclusive multi-
body photon-lepton events, the number N0 observed in CDF data, and the one-
sided uctuation probability P (N � N0j�SM ). There exist correlated uncertainties
between the di�erent photon-lepton sources.

The predicted and observed total rates for inclusive multi-body photon-lepton

events are compared in Table 5.2. The magnitude of the predicted rate is similar
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to that of two-body photon-lepton events. About half of the total predicted rate

originates from Z0 production, a quarter from W production, and the remaining

quarter from particles misidenti�ed as photons or leptons. In this sample the total

observed photon-muon rate is higher than the predicted rate, with an upward uctu-

ation probability of 3.7%; all of the di�erence can be attributed to events with large

6ET, as discussed below. The observed photon-electron rate is in excellent agreement

with the predicted rate, and the upward uctuation probability of the total two-body

photon-lepton rate increases to 10%.

The predicted and observed distributions of the kinematic properties of inclusive

multi-body photon-lepton events are compared in Figures 5.2 and 5.3. The di�erence

between the observed and predicted rate can be entirely attributed to events with

6ET > 25 GeV; the observed events with lower 6ET agree with predictions. There

is also a larger proportion of observed events than expected with smaller photon-

lepton azimuthal separation, �'` , for which the contributions from misidenti�ed

photons or leptons are largely absent. Included in the observed multi-body photon

lepton events is the ee 6ET event previously analyzed by CDF [2] (Run 68739/Event

257646 in Appendix C).

5.2 Multi-Body ` 6ET Events

The predicted and observed total rates for multi-body ` 6ET events are compared

in Table 5.3. For photon-electron events, requiring 6ET > 25 GeV suppresses the

contribution from Z0 production and from electrons misidenti�ed as photons, which

have no intrinsic 6ET, while preserving the contribution from W production. As a

result, 57% of the predicted e 6ET rate arises from W production, 31% from jets

misidenti�ed as photons, only 3% from Z0 production, and the remaining 9% from
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Figure 5.1: The distributions for (a) lepton ET, (b) photon ET, (c) 6ET, and (d) HT

in two-body photon-lepton events. The points are CDF data, the hatched histogram
is the total predicted mean background, and the cross-hatched histogram is the
predicted mean diboson background.
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Figure 5.2: The distributions for (a) lepton ET, (b) photon ET, (c) 6ET, and (d) HT

in inclusive multi-body photon-lepton events. The points are CDF data, the hatched
histogram is the total predicted mean background, and the cross-hatched histogram
is the predicted mean diboson background.
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Figure 5.3: The distributions for (a)M` in two-body photon-lepton events, (b)M`
in inclusive multi-body photon-lepton events, (c) �'` in two-body photon-lepton
events, and (d) �'` in inclusive multi-body photon-lepton events. The points are
CDF data, the hatched histogram is the total predicted mean background, and the
cross-hatched histogram is the predicted mean diboson background.
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other particles misidenti�ed as photons. The observed e 6ET rate agrees with the

predicted rate, with a 25% probability that the predicted mean rate of 3:4 events

yields 5 observed events. Included in the 5 events observed is the ee 6ET event.

For photon-muon events, requiring 6ET > 25 GeV does not completely eliminate

the contribution from Z0, for if the second muon has j�j > 1:2 and pT > 25 GeV/c

it evades all forms of muon detection and induces the necessary amount of 6ET. The
rate at which this occurs is estimated well by Z0 event simulation, however, since it

is solely a function of the CDF detector acceptance for such a second muon. Of the

4.6 multi-body photon-muon events predicted to originate from Z0 production, 2.2

events are predicted to contain a second visible muon, 1.0 are predicted to induce

more than 25 GeV of 6ET as above, and 1.4 are predicted to induce less than 25 GeV

of 6ET. As shown in Table 5.4, 1 event is observed with a second visible muon,

in agreement with Z0 predictions. The total predicted rate for multi-body � 6ET
events consists of 47%W production, 24% events with jets misidenti�ed as photons,

23% Z0 production, and the remaining 7% from other particles misidenti�ed as

muons.

The total observed � 6ET rate is much higher than the predicted rate (11 observed

vs. 4 expected), with an upward uctuation probability of only 0.54%; the upward

uctuation probability of the total ` 6ET rate is only slightly higher at 0.72%. The

probability that the 16 total observed events would exhibit an asymmetry between

muons and electrons of (11-5)/16 = 37.5% or greater where none is expected, is

7.7%, so it is reasonable to interpret the di�erence in expected and observed rates

as arising from the total rate and not from the muon channel alone.

The predicted and observed distributions of the kinematic properties of multi-

body ` 6ET events are compared in Figures 5.4{5.6. The photon ET, lepton ET,
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Process e 6ET � 6ET ` 6ET
W+ 1:93� 0:26 1:99� 0:27 3:92� 0:47
Z+ 0:32� 0:05 0:96� 0:15 1:27� 0:17
`+jet, jet !  1:06� 0:20 1:00� 0:18 2:06� 0:38
Z ! ee; e!  0:10� 0:04 - 0:10� 0:04
Hadron+ - 0:18� 0:11 0:18� 0:11
�=K Decay+ - 0:10� 0:11 0:10� 0:11
b=c Decay+ < 0:01 < 0:01 < 0:01
Mean Rate �SM 3:41� 0:34 4:23� 0:46 7:64� 0:71
CDF Data N0 5 11 16
P (N � N0j�SM ) 0.26 0.0054 0.0072

Table 5.3: The mean rate �SM predicted by the standard model for multi-body
` 6ET events, the number N0 observed in CDF data, and the one-sided uctua-
tion probability P (N � N0j�SM ). There exist correlated uncertainties between the
di�erent photon-lepton sources.

6ET, and HT observed are within the range expected from the standard model. The

observed photon ET spectrum has more events near the 25 GeV threshold than

expected. However, nearly all photon candidates are one standard deviation or

more above threshold in terms of the 3% CEM energy resolution (see Appendix C).

The masses of combinations of objects in observed ` 6ET events are characterized

by photon-lepton mass less than 100 GeV, lepton-6ET transverse mass greater than

50 GeV, photon-6ET transverse mass between 80 and 100 GeV, and ` 6ET transverse

mass between 90 and 120 GeV. The observed angular distributions favor smaller

azimuthal photon-lepton separation and larger lepton-6ET and photon-6ET azimuthal

separations than expected from the standard model. The di�erence in total rate is

therefore diÆcult to attribute to misidenti�ed photons or leptons, which as shown

in Figure 5.6 tend to have the larger photon-lepton azimuthal separation that is

characteristic of a two-body �nal state.
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Figure 5.4: The distributions for (a) lepton ET, (b) photon ET, (c) 6ET, and (d) HT

in multi-body ` 6ET events. The points are CDF data, the hatched histogram is the
total predicted mean background, and the cross-hatched histogram is the predicted
mean diboson background.
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Figure 5.5: The distributions for (a) photon-lepton mass, (b) lepton-6ET transverse
mass, (c) photon-6ET transverse mass, and (d) ` 6ET transverse mass in multi-body
` 6ET events. The points are CDF data, the hatched histogram is the total predicted
mean background, and the cross-hatched histogram is the predicted mean diboson
background.
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Figure 5.6: The distributions for (a) �'(`6ET), (b) �'( 6ET), (c) �'` , and (d)
�R` in multi-body ` 6ET events. The points are CDF data, the hatched histogram
is the total predicted mean background, and the cross-hatched histogram is the
predicted mean diboson background.
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5.3 Events with Additional Leptons or Photons

The predicted and observed total rates for multi-body multi-lepton events are com-

pared in Table 5.4. Nearly all of the predicted rate is expected from Z0 production.

A total of approximately 6 events are expected; 5 events are observed, including the

ee 6ET event. Both the electron and muon channels are in good agreement with

the standard model. No e� events were expected, and none were observed.

The predicted and observed total rates for multi-body multi-photon events are

compared in Table 5.5. Only a small (0.01 event) rate is expected from Z produc-

tion; the single event observed is the ee 6ET event. Judged solely as an event with

one lepton with ET > 25 GeV and two photons with ET > 25 GeV, the upward

uctuation probability of this event is 1.5%. Judged as an event with an additional

lepton and large 6ET, the upward uctuation probability is much smaller, as described
in a previous analysis [2].

Process ee �� `` e�
Z+ 3:26� 0:44 2:19� 0:30 5:45� 0:61 0:05� 0:01
`+jet, jet !  0:19� 0:04 0:13� 0:03 0:32� 0:07 |
Mean Rate �SM 3:45� 0:44 2:32� 0:30 5:77� 0:61 0:05� 0:01
CDF Data N0 4 1 5 0
P (N � N0j�SM ) 0.45 | | |
P (N � N0j�SM ) | 0.33 0.61 0.95

Table 5.4: The mean rate �SM predicted by the standard model for multi-body
events with additional leptons, the number N0 observed in CDF data, and the one-
sided uctuation probability P (N � N0j�SM ). There exist correlated uncertainties
between the di�erent photon-lepton sources.
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Process e � `
Z+ 0:012� 0:012 0:004� 0:004 0:016� 0:016
`+jet, jet !  | | |
Mean Rate �SM 0:012� 0:012 0:004� 0:004 0:016� 0:016
CDF Data N0 1 0 1
P (N � N0j�SM ) 0.013 � 1 0.015

Table 5.5: The mean rate �SM predicted by the standard model for multi-body
events with additional photons, the number N0 observed in CDF data, and the one-
sided uctuation probability P (N � N0j�SM ). Expected contributions from jets
misidenti�ed as photons are negligible.



CHAPTER 6

CONCLUSION

We have performed an inclusive study of events containing at least one photon and

one lepton (e or �) in proton-antiproton collisions, motivated by the possibility of

uncovering heretofore unobserved physical processes at the highest collision ener-

gies. In particular, the unexplained ee 6ET event, uncovered early on in the CDF

analysis of the 1994-5 run of the Fermilab Tevatron, indicated that the samples of

previously unexamined particle combinations involving leptons and photons could

contain potentially related, and therefore possibly novel, processes. The de�nition of

the photon-lepton samples studied was chosen a priori, including the kinematic range

of particles analyzed and the particle identi�cation techniques employed. Wherever

possible, the methods of previously published studies of leptons or photons at large

transverse momentum were adopted. The questions of interest were also de�ned a

priori, namely whether the total production rates of the photon-lepton subsamples

enumerated in Figure 3.1 agree with standard model predictions. As a supplemen-

tal result, the distributions of the kinematic properties of the various photon-lepton

subsamples are presented in Chapter 5 and the same properties are tabulated for

each photon-lepton candidate in Appendix C.

The answers to those questions are as follows. A two-body photon-lepton sample,

meant to encompass physical processes with two energetic particles in the �nal state,

was observed to have a rate (33 events) consistent with that of standard model

predictions (25 events). Speci�cally, the observed rate was greater then the mean

predicted rate, but the probability of a statistical uctuation of the mean predicted
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rate up to or above the observed rate was more than 9%. A multi-body photon-

lepton sample, meant to encompass physical processes with three or more energetic

particles in the �nal state, was also observed to have an inclusive rate (27 events)

consistent with standard model predictions (20 events). The observed rate was again

higher than the mean predicted rate, but the probability of the uctuation of the

predicted rate up to or above the observed rate was 10%.

Several subsets of the multi-body photon-lepton sample were studied for the

presence of additional particles. A subset of multi-body photon-lepton events with

additional leptons (5 ee or �� events and 0 e� events) was observed to have good

agreement with standard model predictions (6 events and 0 events, respectively).

A subset of multi-body photon-lepton events with additional photons was studied,

yielding only the unexplained ee 6ET event, whereas the predicted mean rate of

inclusive ` events (regardless of the presence of 6ET or a second lepton) is 0.01, a

uctuation probability of 1%. This event and estimations of its likelihood have been

analyzed elsewhere [2].

Finally, a subset of the multi-body photon-lepton sample, consisting of those

events with 6ET > 25 GeV, was observed to have a rate (16 events) that is sub-

stantially above the rate predicted by the standard model (7:6 � 0:7 events). The

probability of a statistical uctuation of the mean predicted rate is 0.7%. Moreover,

the excess rate in the observed inclusive multi-body photon-lepton sample can be

completely accounted for by the excess in the multi-body ` 6ET sample; observed

multi-body photon-lepton events with 6ET < 25 GeV agree well with the standard

model.

That the standard model prediction yields the observed rate of a particular sam-

ple of events with 0.7% probability (equivalent to 2.7 standard deviations for a



79

Gaussian distribution) is an interesting result, but it is not a compelling observation

of new physics. Multi-purpose particle physics experiments analyze dozens of inde-

pendent samples of events, making a variety of comparisons with the standard model

for each sample. In the context of this analysis alone, 5 mostly independent sub-

samples of photon-lepton events were analyzed. This large number of independent

comparisons with the standard model for the same collection of data vastly increases

the likelihood that outcomes with � 1% probability occur. However, once a partic-

ular comparison has been identi�ed as anomalous, the same comparison performed

with subsequent experiments is no longer subject to the dilution of its signi�cance

by the number of other independent comparisons performed concurrently. Hence an

observation of equal or greater signi�cance in the forthcoming run of the Fermilab

Tevatron would con�rm decisively the failure of the standard model to describe ` 6ET
production; an observation of no signi�cant excess would con�rm the present result

as a statistical uctuation.



APPENDIX A

TRIGGER EFFICIENCY OF THE PHOTON-LEPTON

SELECTION

A.1 Inclusive Photon Trigger EÆciency

As discussed in Chapter 3.1, the Level 1 trigger requirement for events in the inclusive

photon sample is the presence of one or more CEM trigger towers with ET exceeding

8 GeV. The eÆciency of this Level 1 requirement has been measured to be 100+0:0
�0:3%

for CEM clusters with ET greater than 11 GeV [25]; it is therefore assumed that the

Level 1 trigger eÆciency for events in the inclusive photon sample is 100%.

There are two separate trigger paths through Level 2 and Level 3 for inclusive

photon events. For events with photon ET ranging from 25{55 GeV, a low-threshold,

isolated photon trigger is required; for events with photon ET � 55 GeV, a high-

threshold trigger is required. The combined Level 2 � Level 3 eÆciencies of these

two trigger paths are measured separately.

The eÆciency of the low-threshold, isolated photon trigger path, �23, is mea-

sured piecewise as follows: the eÆciency of the EIso3x3 and CES trigger requirements,

�ISO;CES , is measured by comparing the low-threshold, isolated trigger with a pho-

ton trigger that has the same energy threshold but does not have the EIso3x3 and CES

requirements; the eÆciency of the cluster ET threshold cut combined with the CES

trigger requirement, �ET;CES , is measured by comparing the low-threshold, isolated

photon trigger with an isolated photon trigger with a 10 GeV threshold; and the
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eÆciency of the CES requirement alone, �CES , is measured separately. The total

eÆciency of the low-threshold trigger is then given by:

�23 = �ISO;CES � �ET;CES � �CES (A.1)

The total Level 2 � Level 3 eÆciency of the low-threshold trigger, �23, is shown

in Figure A.1 as a function of photon ET. Below 31 GeV, there exists signi�cant

photon ET dependence, and trigger eÆciency is modeled on a bin-by-bin basis in

1 GeV bins. Above 31 GeV, �23 is at with photon ET, and the trigger eÆciency

there is taken to be the average eÆciency from 31 GeV to 55 GeV, 88:7� 0:8%.

The high-threshold photon trigger has no Level 2 prerequisites, and at Level

3 requires only a �ducial CES cluster and an electromagnetic cluster with ET >

50 GeV. The eÆciency of this trigger for photons satisfying the cuts used in Table 3.1

has been measured to be 99:3+0:3
�0:4% for photon ET above 55 GeV.

Figure A.2 summarizes the results of the trigger eÆciency for events satisfying

the photon cuts in Table 3.1. As photon ET increases from 25 GeV to 31 GeV, the

low-threshold, isolated photon trigger increases sharply in eÆciency. From 31 GeV

to 55 GeV, the eÆciency of the low-threshold trigger is constant at 89%. Above

55 GeV, the high-threshold photon trigger is used, and the eÆciency is constant at

a higher value of 99%. Table A.1 lists the complete quantitative results, including

uncertainties.

A.2 Photon-Muon Trigger EÆciency

Muon events and photon events have complementary trigger paths, neither of which

is 100% eÆcient. It is therefore advantageous to require that photon-muon events
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Figure A.1: The total eÆciency of the low-threshold, isolated photon trigger, as a
function of photon ET, for events satisfying the cuts in Table 3.1. The points are
CDF data; the horizontal line indicates the average eÆciency of 88:7 � 0:8% for
31 GeV < ET < 55 GeV.
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Figure A.2: The total inclusive photon trigger eÆciency, as a function of photon ET,
for photons satisfying the cuts in Table 3.1.
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Photon ET (GeV) Trigger EÆciency
25-26 0:431� 0:020
26-27 0:594� 0:023
27-28 0:708� 0:023
28-29 0:821� 0:022
29-30 0:852� 0:024
30-31 0:865� 0:025
31-55 0:887� 0:008
55-up 0:993� 0:004

Table A.1: Trigger eÆciency of events satisfying the photon selection requirements
in Table 3.1, as a function of photon ET.

pass either a muon trigger path or a photon trigger path. To this end, the in-

clusive muon sample and the inclusive photon sample are combined to create the

photon-muon data sample, and the combined eÆciency for photon-muon events is

the eÆciency of the logical OR of the muon and photon triggers.

Level 2 muon triggers require either a CMUP muon stub, a CMNP muon stub,

or a CMX muon stub which matches to a CTC track. The combined eÆciency

of the Level 1 and Level 2 muon triggers for CMUP or CMNP muons has been

measured to be 86:3� 3:0%; the corresponding CMX eÆciency has been measured

to be 69:6 � 5:0%. Inclusive muon triggers at Level 2 are prescaled; for photon-

muon events a full scale Level 2 muon trigger is employed which requires a Level 2

calorimeter cluster with ET > 15 GeV, the Level 2 \muon-jet trigger."

The probability that a photon with ET > 25 GeV passes the 15 GeV jet trig-

ger requirement is determined as follows. From the inclusive muon sample, events

are selected which satisfy the following criteria: the event passes one of the Level 3

inclusive muon triggers described in Table 3.2, and the event passes the correspond-

ing Level 2 trigger; there is exactly one �ducial CEM cluster with ET >20 GeV,

HAD=EM < 0.1, and isolation ET < 0:1� ET; and second calorimeter cluster with
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ET > 10 GeV. This results in a sample of 112 events; all of them also pass the

appropriate muon plus jet trigger. The jet trigger eÆciency for photon-muon events

is therefore 100+0
�2%. The muon plus jet triggers are not scaled, so the Level 1 �

Level 2 eÆciencies are simply the muon trigger eÆciencies quoted above, 86.3% for

CMUP-photon or CMNP-photon events and 69.6% for CMX-photon events.

At Level 3, the inclusive muon trigger (described in Table 3.2) corresponding

to the appropriate Level 2 muon trigger is required. The Level 3 eÆciency of the

inclusive muon triggers has been measured to be 97:0+0:6
�0:7%. The total trigger eÆ-

ciency for photon-muon events from the inclusive muon sample is then simply the

product of the Level 3 eÆciency with the appropriate Level 1 � Level 2 eÆciency:

83:7� 3:4% for CMNP-photon or CMUP-photon events, and 67:5� 5:1% for-CMX

photon events.

The combined trigger eÆciency of using both muon and photon triggers together

is calculated as the logical OR of the two. Muon trigger eÆciency varies by muon

stub type (CMUP, CMNP, CMX, or other), and photon trigger eÆciency varies by

photon ET, so the total trigger eÆciency for photon-muon events with muon stub

type �i and a given photon ET is

��(�i;ET) = ��i + (1� ��i)� �(ET); (A.2)

where �CMUP = �CMNP = 83:7 � 3:4%, �CMX = 67:5 � 5:1%, �other = 0%, and

�(ET) is given in Table A.1.

The numbers used are given in Table A.2; the results are plotted in Figure A.3. It

is observed that signi�cant improvement over that of muon or photon triggers alone

is obtained. The total uncertainty in the trigger eÆciency of photon-muon events is

taken to be �6%, which bounds the uncertainty for any muon type or photon ET.
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Figure A.3: The trigger eÆciency of photon-muon events, as a function of photon ET
and muon stub type, for events satisfying all selection requirements. Included are
the measurements for photon-muon events with CMUP or CMNP muons (un�lled
stars), CMX muons (asterisks), or any other muon stub type (�lled stars). The
eÆciencies of the CMUP/CMNP-jet triggers (dashed line) and the CMX-jet trigger
(dotted line) are shown for comparison.
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Muon Stub Type CMUP/CMNP CMX any other
Photon ET (GeV)

25-26 0.907 0.815 0.431
26-27 0.934 0.868 0.594
27-28 0.952 0.905 0.708
28-29 0.971 0.942 0.821
29-30 0.976 0.952 0.852
30-31 0.978 0.956 0.865
31-55 0.982 0.963 0.887
55-up 0.999 0.998 0.993

Table A.2: The trigger eÆciency for � events satisfying all selection requirements,
as a function of photon ET and muon stub type.

A.3 Photon-Electron Trigger EÆciency

As discussed in Chapter 3.3, the Level 1 trigger requirement for events in the photon-

electron sample is the presence of one or more CEM trigger towers with ET exceeding

8 GeV. The eÆciency of this Level 1 requirement is 100% (see Section A.1). At

Level 2, two Level 2 CEM clusters with ET > 16 GeV are required; the eÆciency

of this trigger has been measured in previous analyses [29] to be 100+0:0
�1:5% for two

CEM clusters with ET greater than 22 GeV; it is therefore assumed that the Level

2 eÆciency for photon-electron events is 100%. At Level 3, the inclusive electron

trigger described in Table 3.2 is required. The eÆciency of this Level 3 trigger has

been measured to be 98:5 � 0:1% [25]. The overall trigger eÆciency for photon-

electron events is the product of the eÆciencies of the 3 levels of triggers, equal to

98:5+0:1
�1:5%.



APPENDIX B

DETECTION EFFICIENCY OF PHOTON AND LEPTON

SELECTION

This Appendix describes the measurements of the CDF detection eÆciencies of the

lepton and photon selection criteria described in Chapter 3. Measurements are made

using both CDF data and data obtained from the simulation software described in

Chapter 4.1, so that corrections to simulated particle identi�cation eÆciencies are

obtained (Table 4.1). Many of the results have been measured in previous analyses;

previously unpublished results are described here in detail.

B.1 Photon Identi�cation EÆciency

Events are selected using a dielectron trigger requiring two or more CEM clusters

with ET > 22 GeV. A sample of events are then selected which pass this trigger

and which have two central electron candidates consistent with Z0 decay. Both

candidates must have a well-matched track with momentum comparable to the elec-

tromagnetic shower energy, a �ducial CES cluster, and ET > 25 GeV. The �rst

candidate must satisfy all of the requirements in Table 3.1, appropriately modi�ed

for the presence of the electron track. The second candidate is not required to satisfy

any of the photon shower requirements, but the invariant mass of the two electrons

must lie within 5 GeV of the mass of the Z0 boson. The complete set of requirements

is listed in Table B.1. If P is the number of second candidates satisfying the require-

ments, and T is the total number of second candidates, then the photon detection

88
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eÆciency, � , is given by

� = 2P=(T + P ): (B.1)

Table B.2 summarizes the results for each of the photon selection requirements. The

total eÆciency � is 86:0� 0:7%.

The photon identi�cation eÆciency of simulated data is measured in an identical

way. Using pythia event generation and a CDF detector simulation, 250,000 Z0 !
e+e� events (approximately 1.2 fb�1) were simulated and analyzed identically to the

CDF Z0 ! e+e� data sample above, and the identi�cation eÆciencies computed are

shown in Table B.2. EÆciencies of simulated data are systematically larger than that

of CDF data. Any simulated data rate predictions should be corrected by a factor

C equal to the ratio of the photon identi�cation eÆciency measured in CDF data

to that measured in simulation, with a systematic uncertainty given by (1� C)=2.

C , for various stages of selection, is shown in Table B.2. The appropriate correction

for the complete photon selection criteria is C = 0:93� 0:01(stat)�0:04(syst).

B.2 Lepton Identi�cation EÆciency

The identi�cation eÆciency of the lepton selection criteria in Table 3.3, for both

CDF data and simulated data, has been measured in previous analyses involving

top quark production [30, 9]. The measurement technique is essentially identical to

that described above, using samples of Z0 ! e+e� or Z0 ! �+�� events from

CDF data and from simulated data to extract the relevant eÆciencies. The set of

eÆciencies computed previously also includes those of the CMI muon criteria listed

in Table 3.4.
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First Electron Leg
CEM �ducial electron
ET > 25 GeV

Electron Tracking Cuts
pT � c > 5=9� ET
j�xCES j < 1:5 cm
j�zCES j < 3 cm

Electromagnetic Shower Cuts
Had/EM < 0:055 + 0:00045� E

�2Avg < 20:0

ECES2nd < 2:39 + 0:01� E GeV
�1 (non-electron) tracks pointing at the cluster
0 (non-electron) tracks with pT > 1 GeV
pT of (non-electron) tracks in a cone of 0.4 < 5 GeV/c

EIsocone < 2 GeV

Second Electron Leg
First Leg Fiducial Cuts
ET > 25 GeV
First Leg Electron Tracking Cuts
Electron track opposite in sign to First Leg

86 GeV < Mee < 96 GeV

Table B.1: The selection criteria for the dielectron sample from which the photon
identi�cation eÆciency is computed.

The identi�cation eÆciency in CDF data of the selection criteria for LCEM, PEM,

and FEM electrons listed in Table 3.4 has also been measured in previous analyses

involving Z0 production [13]; it remains here to measure the identi�cation eÆciency

of these criteria for simulated data, where the methods of [13] are emulated.

The pythia event generator program and a CDF detector simulation are used to

create 250,000 Z0 ! e+e� events. Simulated events are selected which satisfy the

following requirements: one central electron candidate satisfying the LCEM criteria

in Table 3.4; a second �ducial electromagnetic energy cluster with ET exceeding

20 GeV in the CEM, 15 GeV in the PEM, or 10 GeV in the FEM; and an invariant
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Electromagnetic Shower Cuts, ET > 25 GeV
Criterion Events E�. Events E�. C ID

(Data) (%) (MC) (%)
Sample 1648 100:0 19175 100:0 1.000
HAD/EM 1619 99:1 19068 99:7 .994
Track Cut 1486 94:8 18418 98:0 .968
2nd Cluster Cut 1442 93:3 17791 96:3 .970
�2Avg < 20:0 1375 91:0 17314 94:9 .959

�pT < 5 GeV 1362 90:5 17220 94:6 .956
coriso < 2 GeV 1244 86:0 16650 93:0 .926

C ID (per photon) = 0:93� 0:01� 0:04

Table B.2: Identi�cation eÆciency of the electromagnetic shower requirements for
the events satisfying the dielectron selection in Table 3.1. Included are the results
for CDF Z0 ! e+e� events (Data), simulated Z0 ! e+e� events (MC), and the
ratio of the two (C ID).

mass of the two clusters within 15 GeV of MZ . If P is the number of second LCEM

electron candidates satisfying all LCEM selection requirements, and T is the total

number of second LCEM candidates, then the LCEM electron detection eÆciency is

given by 2P=(T + P ).

Similarly, if P is the number of PEM (or FEM) electron candidates satisfying

all PEM (FEM) selection requirements, and T is the total number of PEM (FEM)

candidates, then the PEM (FEM) detection eÆciency is simply P=T . The measured

identi�cation eÆciencies for various stages of selection are shown in Table B.3. It is

observed that the �23�3 eÆciency for PEM electrons is grossly underestimated by the

simulation. This selection criterion is therefore not applied to simulated data, and

simulated PEM electron candidates satisfying all other selection criteria are weighted

by the �23�3 eÆciency measured from CDF data (95%), in addition to the simulation

correction factor for all other PEM selection criteria (94%).
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Electron Identi�cation EÆciency
Criterion Events E�. Events E�. Ce ID

(Data) (%) (MC) (%)
LCEM electrons

Sample 2762 100:0 28915 100:0 1.000
E=cp 28779 99:7
HAD/EM 25064 92:9
Isolation ET 2263 88:9 24520 97:4 .913

PEM electrons
Sample 2058 100:0 33855 100:0 1.000
HAD/EM 2033 98:8 33802 99:8 .990
Isolation ET 1900 92:3 33360 98:5 .937

�23�3 1805 87:7 20833 61:7 1.416

FEM electrons
Sample 271 100:0 5593 100:0 1.000
HAD/EM 265 97:8 5589 99:9 .979
Isolation ET 205 75:4 5479 98:0 .769

Table B.3: Identi�cation eÆciency of the electron selection criteria in Table 3.4 for
CDF data and simulated data. Included are the results for CDF Z0 ! e+e� events
(Data), simulated Z0 ! e+e� events (MC), and the ratio of the two (Ce ID).



APPENDIX C

TABULATED PROPERTIES OF PHOTON-LEPTON

CANDIDATES

Photon Lepton ~6ET
Run/event ET ' � type ET ' � 6ET '
61124/197930 35.6 160 -0.65 CEM 34.9 337 -0.67 1.4 64
61221/ 7784 57.8 131 0.12 CEM 64.7 311 -0.38 7.8 147
63485/337978 34.9 273 -0.55 CEM 25.3 85 -0.67 23.2 139
64663/249519 32.5 173 0.65 CEM 31.6 355 -0.42 7.8 328
65004/150318 43.6 33 -0.42 CEM 45.2 205 0.57 19.5 27
65344/327956 52.2 32 -0.71 CEM 50.1 195 0.43 7.8 300
65426/226997 46.2 8 -0.02 CEM 44.4 199 -0.74 3.0 339
65750/125312 30.7 70 0.43 CEM 25.1 228 0.45 22.1 290
65917/ 27370 25.5 328 0.99 CEM 47.6 133 1.07 5.6 126
65974/ 26662 39.1 43 -0.85 CEM 41.7 233 -0.22 5.2 107
66208/ 13933 35.1 121 -0.65 CEM 27.0 288 0.56 3.5 273
66500/ 37841 44.7 190 -0.99 CEM 51.9 21 -0.64 6.3 244
66539/423756 38.2 176 -0.31 CEM 41.0 355 -0.48 2.9 106
68352/362020 40.4 148 -0.24 CEM 38.4 306 -0.26 13.7 13
68518/ 16652 56.9 347 -0.62 CEM 52.2 167 0.09 1.2 136
68570/429326 37.2 46 -0.72 CEM 39.3 245 -0.46 12.5 221
69005/ 62946 71.1 272 0.35 CEM 85.0 92 0.84 4.0 254
69709/299702 27.3 99 0.75 CEM 31.5 288 0.64 1.0 93
69833/ 6775 41.8 68 0.39 CEM 33.8 245 -0.45 3.9 272
70605/262312 35.6 191 -0.56 CEM 26.5 27 -0.60 6.1 50

Table C.1: The kinematic properties of photons, electrons, and 6ET in two-body
photon-electron events. ET and 6ET are given in units of GeV; ' is given in degrees.
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Photon Lepton ~6ET
Run/event ET ' � type ET ' � 6ET '
60573/ 40406 53.4 122 0.02 CMX 53.7 317 -0.80 13.6 224
64061/ 65839 47.6 173 -0.10 CMNP 39.5 10 0.64 7.4 272
64421/203383 44.7 247 -0.54 CMUP 42.0 66 -0.16 1.9 167
64934/125866 27.4 207 0.22 CMX 56.5 32 -0.93 18.9 86
65390/ 16199 48.3 79 0.59 CMUP 54.7 253 -0.30 38.4 127
65494/ 48066 28.9 46 -0.55 CMNP 44.1 213 -0.45 5.7 24
65894/ 15693 30.1 201 -0.71 CMP 27.8 1 -0.38 16.8 112
67494/700006 30.5 144 -0.58 CMNP 41.8 323 -0.56 14.3 152
67989/405914 25.8 121 0.12 CMNP 42.4 322 -0.26 35.0 134
68312/258160 31.0 268 0.22 CMP 44.9 104 -0.58 25.8 301
69036/ 49611 142.2 16 -0.85 CMUP 71.6 187 -0.33 64.4 229
70019/166983 39.2 27 0.68 CMUP 56.8 233 -0.45 25.1 84
70606/107771 45.5 339 -0.89 CMX 56.0 151 0.70 11.8 303

Table C.2: The kinematic properties of photons, muons, and 6ET in two-body photon-
muon events. ET and 6ET are given in units of GeV; ' is given in degrees.
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Photon Lepton ~6ET
Run/event ET ' � type ET ' � 6ET '
56119/ 4309 34.9 335 -0.22 CEM 29.1 103 0.66 14.7 28

LCEM 24.9 207 0.29
61140/311478 54.2 223 0.03 CEM 26.5 275 -0.68 10.6 24
63149/ 4148 41.9 92 -0.22 CEM 33.2 125 -0.24 39.8 114
64345/ 8574 37.6 199 1.04 CEM 33.1 243 0.47 54.7 36
65085/273167 193.4 353 0.66 CEM 113.5 182 -0.23 1.0 273

LCEM 85.8 157 0.54
66347/268924 48.2 208 0.17 CEM 49.5 130 -1.07 7.2 274
66434/ 53860 27.6 28 -0.67 CEM 26.3 98 -0.24 37.4 243
67651/ 70517 31.0 102 0.12 CEM 52.1 79 0.26 106.3 64
68739/257646 36.2 332 -0.86 CEM 36.3 160 0.57 51.3 167

32.3 246 -0.65 PEM 63.3 17 -1.72
68915/158688 26.2 313 -0.75 CEM 46.6 136 -0.16 10.5 30

PEM 25.7 285 1.19
69831/ 56500 38.2 233 0.07 CEM 37.7 21 0.32 16.8 183
56934/ 62225 34.9 325 0.54 CMNP 30.5 259 0.05 47.9 112
58760/ 6610 32.8 262 0.47 CMUP 29.4 202 0.20 45.7 67
60972/ 72605 27.0 354 0.09 CMNP 25.3 322 0.27 43.6 163
61548/881820 36.4 6 -0.87 CMX 37.6 33 0.87 82.1 206
63078/ 25391 36.3 7 -0.40 CMUP 38.5 260 -0.33 4.2 294
65277/541087 25.3 351 -0.59 CMX 41.7 221 0.63 39.5 59
65472/195753 27.0 326 0.81 CMNP 30.3 278 -0.36 54.0 120
65769/ 1449 26.3 107 -0.39 CMNP 44.8 83 -0.07 26.5 248
66209/ 15413 46.2 211 0.65 CMUP 32.3 127 -0.17 55.0 357
66411/475700 29.5 101 -0.67 CMUP 57.3 39 -0.17 21.7 75
67737/298286 26.9 304 0.96 CMX 39.1 61 0.94 39.8 204
67862/355699 29.9 67 0.19 CMX 26.1 31 -0.92 49.9 223
69464/118013 35.1 142 0.70 CMUP 47.0 352 0.07 12.8 220
69998/ 73762 43.1 162 0.96 CMUP 39.4 56 -0.18 41.8 296
70577/406481 38.7 303 0.25 CMUP 45.3 181 -0.12 2.1 73

CMX 34.4 34 0.81
70605/776306 25.1 4 -0.53 CMUP 64.4 144 0.26 14.0 256

Table C.3: The kinematic properties of photons, leptons, and 6ET in inclusive multi-
body photon-lepton events. ET and 6ET are given in units of GeV; ' is given in
degrees.
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Photon Lepton ~6ET
Run/event ET ' � type ET ' � 6ET '
63149/ 4148 41.9 92 -0.22 CEM 33.2 125 -0.24 39.8 114
64345/ 8574 37.6 199 1.04 CEM 33.1 243 0.47 54.7 36
66434/ 53860 27.6 28 -0.67 CEM 26.3 98 -0.24 37.4 243
67651/ 70517 31.0 102 0.12 CEM 52.1 79 0.26 106.3 64
68739/257646 36.2 332 -0.86 CEM 36.3 160 0.57 51.3 167

32.3 246 -0.65 PEM 63.3 17 -1.72
56934/ 62225 34.9 325 0.54 CMNP 30.5 259 0.05 47.9 112
58760/ 6610 32.8 262 0.47 CMUP 29.4 202 0.20 45.7 67
60972/ 72605 27.0 354 0.09 CMNP 25.3 322 0.27 43.6 163
61548/881820 36.4 6 -0.87 CMX 37.6 33 0.87 82.1 206
65277/541087 25.3 351 -0.59 CMX 41.7 221 0.63 39.5 59
65472/195753 27.0 326 0.81 CMNP 30.3 278 -0.36 54.0 120
65769/ 1449 26.3 107 -0.39 CMNP 44.8 83 -0.07 26.5 248
66209/ 15413 46.2 211 0.65 CMUP 32.3 127 -0.17 55.0 357
67737/298286 26.9 304 0.96 CMX 39.1 61 0.94 39.8 204
67862/355699 29.9 67 0.19 CMX 26.1 31 -0.92 49.9 223
69998/ 73762 43.1 162 0.96 CMUP 39.4 56 -0.18 41.8 296

Table C.4: The kinematic properties of photons, leptons, and 6ET in multi-body
photon-lepton events with 6ET > 25 GeV. ET and 6ET are given in units of GeV; '
is given in degrees.
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