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SEARCH FOR NEW PHYSICS IN PHOTON-LEPTON . .. PHYSICAL REVIEW @5, 012004 (2002

We present the results of a searchp'a collisions aty/s=1.8 TeV for anomalous production of events
containing a photon with large transverse energy and a lepaor (@) with large transverse energy, using
86 pb ! of data collected with the Collider Detector at Fermilab during the 1994—1995 collider run at the
Fermilab Tevatron. The presence of large missing transverse enégQy gdditional 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 lafge for which the observed total is 16 events and the
expected mean total is 78).7 events.

DOI: 10.1103/PhysRevD.66.012004 PACS nuntder13.85.Rm, 12.60.Jv, 13.85.Qk, 14.80.Ly

. INTRODUCTION (I7/<1.0) photon withE;>25 GeV, and at least one iso-

An important test of the standard model of particle phys-@atéd, central electron or muon witty>25 GeV. Studying

ics [1] (and the extent of its validilyis to measure and un- this class of events has the added advantage of highly effi-

derstand the properties of the highest-energy particle colli€€nt detection and data acquisition. These photon-lepton

sions. The chief predictions of the standard model for thesg‘ndidaItes are further partitioned by angular separation.
collisions are the numbers and varieties of fundamental pa Events where exactly one photon and one lepton are detected

: . . nearly opposite in azimuthA(g,,>150°) are characteristic
ticles, i.e., the fermions and gauge bosons of the standaro a two-particle final statéwo-body photon-lepton events

mogel, tf[hat atre pfroduced. ;’_het_o bsefrvatu;]n of tf'“l‘ ar_lortr;alougnd the remaining photon-lepton events are characteristic of
production rate of any combination ot Such particies IS th€f€, .oe o more particles in the final stataulti-body photon-

fore a clear indication of a new physical process. This papefghion events The inclusive event totals and kinematic
describes an analysis of the production of a set of combingsgperties of each of these two categories are studied. The
tions involving at least one photon and at least one lepéon ( myti-body photon-lepton events are then further studied for
or u), using 86 pb* of data from proton-antiproton colli- the presence of additional particles: photons, leptons, or the
sions collected with the Collider Detector at Fermil&DF)  missing transverse energy associated with weakly interacting
[2] during the 1994-1995 run of the Fermilab Tevatron.  neutral particles.

Production of these particular combinations of particles is  Section Il describes the CDF detector. Section Ill speci-
of interest for several reasons. Events with photons and lefies the methods for identifying photons and leptons, and the
tons are potentially related to the puzzlingéyyE;" event  selection of photon-lepton candidates. Section IV estimates
recorded by CDH3]. A supersymmetric mod¢l] designed the standard model sources of photon-lepton candidates in
to explain theeeyyE event predicts the production of pho- the various search categories. Section V compares the stan-
tons from the radiative decay of thg neutralino, and lep- dard model expectations with the CDF data. Section VI pre-

tons through the decay of charginos, indicating events sents the conclusions of the analysis.
as a signal for the production of a chargino-neutralino pair.
Other hypothetical, massive particles could subsequently de- Il. THE CDF DETECTOR
cay to one or more standard model electroweak gauge ) . )
bosons, one of which could be a photon and the other of '€ CDF detector is a cylindrically symmetric, forward-
which could be a leptonically decayingy or Z° boson. In  backward symmetric particle detector designed to stoiy
addition, photon-lepton studies complement similarly moti-collisions at the Fermilab Tevatron. A schematic drawing of
vated inclusive searches for new physics in diphotbh  the major detector components is shown in Fig. 1. A super-
photon-jet[6], and photorb-quark event§7]. conducting solenoid of length 4.8 m and radius 1.5 m gen-
The scope and strategy of this analysis are meant to refle€fates a magnetic field of 1.4 T and contains tracking cham-
the motivating principles. Categories of photon-lepton event®ers used to detect charged particles and measure their
are defineda priori in a way that characterizes the different momenta. Sampling calorimeters, used to measure the elec-
possibilities for new physics. For each category, the inclusivdromagnetic and hadronic energy deposited by electrons,
event total is Compared with standard model expectation@hotons, and jets of hadrons, surround the solenoid. Outside
and a few simple kinematic distributions are presented fofhe calorimeters are drift chambers used for muon detection.
further examination. The decay products of massive particled this section the subsystems relevant to this analysis are
are typically isolated from other particles, and possess largeriefly described; a more detailed description can be found
transverse momentum and low rapidity. This search is thereelsewherg2].

fore limited to those events with at least one isolated, central A set of vertex time projection chambef¢TX) [8] pro-
vides measurements in tihez plane up to a radius of 22 cm

and detects particle tracks in the regipp|<3.25. VTX

*Present address: Northwestern University, Evanston, IL 60208.tracks are used to find theposition of thepp interaction
"Present address: University of California, Santa Barbara, CAZ.,en) and to constrain the origin of track helices. The 3.5-

93106. m-long central tracking chambé€TC) is a wire drift cham-
*present address: Carnegie Mellon University, Pittsburgh, PAer which provides up to 84 measurements between the radii
15213. of 31.0 cm and 132.5 cm, efficient for track detection in the

012004-3



D. ACOSTAet al. PHYSICAL REVIEW D 66, 012004 (2002

CD F CENTRAL MUON UPGRADE
SOLENOID RETURN YOKE
(E&ST) 'OUT OF THE PAGE]
( ) CENTRAL MUON
EXTENSION
CENTRAL MUON CHAMBERS
e
TOROIDS WALL HADRONIC|  CENTRAL HADRONIC CALORIMETER ) .

FORWARD CALORMETER FIG. 1. A schematic drawing

ELECTROMAGNETIC of one quadrant of the CDF detec-

CALORMETER

tor.
/ CENTRAL ELECTROMAGNETIC
CALORIMETER
FORWARD [ SUPER
HADRONIC
CALORMETER PLUG HADRONIC
CALORIMETER
BEAM-BEAM COUNTERS CENTRAL TRACKING CHAMBER
PLUG ELECTROMAGNETIC CALORMETER VERTEXTPC
BEAMLINE SILICON VERTEX DETECTOR

region| »|<1.0. The CTC measures the momenta of chargedimeters, with construction similar to the CHA. The end-plug
particles with momentum resolution o,/p  calorimeters, one on each side of the central barrel, have an
</(0.001%)?+ (0.0066¥%, wherep is measured in Ge\.  electromagnetic calorimetefPEM) consisting of propor-
The calorimeter, segmented into towers projecting to thdional chambers sandwiched between lead absorber sheets,
nominal interaction point, is divided into three separgte and a hadronic calorimetéPHA) consisting of proportional
regions: a central barrel which surrounds the solenoid coithambers sandwiched between iron absorber sheets. The
(J7|<1.1), “end-plugs” (1.X|7n|<2.4), and forward/ PEM and PHA are both segmented into towers spanning 5°
backward modules (24| 7|<4.2). The central barrel has an in ¢ and 0.09 in». The forward-backward modules also
electromagnetic calorimet¢€EM) which absorbs and mea- have electromagnetiGGEM) and hadronic(FHA) calorim-
sures the total energy of electrons and photons and also eters, and are constructed similarly to the PEM and PHA.
portion of the energies of penetrating hadrons and muons. Muons are detected with three systems of muon chambers
The CEM is a sampling calorimeter consisting of a polysty-situated outside the calorimeters in the regigh<1.1. The
rene scintillator sandwiched between lead absorber sheetsgntral muon detectdiCMU) system consists of four layers
and is segmented into 480 towers spanning 15¢ end 0.1  of drift chambers directly outside the central hadronic calo-
in 7. The CEM is also instrumented with proportional cham-rimeter, covering 84% of the solid angle fpy|<0.6. Out-
bers (CES embedded near shower maximum at approxi-side of the CMU system is 0.6 m of steel shielding, followed
mately 6 radiation lengths. Wires and cathode strips in thdy the central muon upgrad€MP) system. The CMP sys-
CES measure electromagnetic shower profiles ingtlendz ~ tem consists of four layers of drift chambers covering 63% of
views, respectively. Beyond the outer radius of the CEM is ahe solid angle fof 7| <0.6. About 53% of the solid angle for
hadronic calorimetefCHA) which absorbs and measures the|»|<0.6 is covered by both the CMU and the CMP. The
energy of hadrons and also a portion of the energy of peneentral muon extensiofCMX) system consists of eight lay-
etrating muons. The CHA is a sampling calorimeter consisters of drift tubes sandwiched between scintillation counters.
ing of an acrylic scintillator sandwiched between iron ab-The CMX detector covers 71% of the solid angle for 0.6
sorber sheets, and is segmented similarly to the CEM. Ar<|#|<1.0. Figure 2 shows the coverage ine space for
endwall hadronic calorimetefWHA) covers the gap be- the three muon detection systems. In each muon system the
tween the central barrel calorimeter and the end-plug calodrift chambers reconstruct the position of charged particles
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CDF n-¢ Map for Central Muons TABLE I. The selection criteria used to identify photon candi-
IE-cMX E5-cMP EH.cMu dates.
-1 0

Photon candidates

CEM fiducial photon

PhotonE¢ > 25 GeV

Tracks withpy>1 GeVlc = 0

Tracks withpr<1 GeV/c < 1

Euan/Eem < 0.055+0.00045 GeV!xE”
ngg:(thrip+X3vire)/2 < 20

) ESES _ < 2.39 GeW 0.01XE”

Er in a cone of 0.4E50,. < 2 GeV

p7 of tracks in a cone of 0.4 < 5 GeVic

candidates are selected using algorithms similar to those em-
ployed in the final offline analysis, and a final trigger deci-
sion selects events to be recorded for later analysis.

\

- m > IlI. SELECTION OF PHOTON-LEPTON CANDIDATES

FIG. 2. The coverage im-¢ space of the CDF central muon
systems for the 1994-1995 r(i8).

Photon-lepton candidates are obtained from three differ-
ent samples of events selected by the Level 3 trigger: inclu-
sive photon events and inclusive muon events, from which
hoton-muon candidates are selected; and inclusive electron
vents, from which photon-electron candidates are selected.
The methods for lepton identificatidi1l] and photon iden-
tification[3,7] are very similar to those of previous analyses.

x ®he offline identification requirements of photons and the
layers of chambers, in both they andr-z planes. selection of photon-muon candidates from the inclusive pho-

A three-level multipurpose trigger is used to selegt  ton sample are described in Sec. Ill A; the offline identifica-
collisions for analysis. The trigger decision at each level istion requirements of muons and the selection of photon-
the logical sum of a number of triggers designed to selecinuon candidates from a muon trigger sample are described
events with electrons, muons, photons, or jets. The functiofh Sec. 11l B. The offline identification requirements of elec-
of each trigger level is briefly described here; the particulatrons and the selection of photon-electron candidates are de-
trigger combinations employed in this analysis are specifiedcribed in Sec. Ill C. The identification requirements of miss-
in Sec. lII. ing transverse energy, additional photons, or additional

The first trigger stage, “Level 1,” uses fast outputs from |eptons in the photon-lepton sample are described in Sec.
the three central muon detectors for muon triggers, and fasf| D. A description of the subsamples of photon-lepton can-
outputs from all the calorimeters for electron and jet triggersdidates to be analyzed is given in Sec. Ill E.

The second trigger stage, “Level 2,” combines tracking data Al CDF data samples described in this paper satisfy the
and clusters of energy in the calorimeters to form muongollowing requirements{zg,end is less than 60 cm, so that
electron, photon, and jet candidates. A list of calorimeteithe collision is well-contained by the CDF detector; and
clusters is provided by a nearest-neighbor hardware clustghere is no measurable energy in the calorimeters recorded
finder. For each cluster, the, averagep, and average;  out of time(more than 20 ns early or more than 35 ns late, as

are determined. Jet candidates are selected fr_om this list of a5sured by TDC’s within the CHAwith the pp collision
clusters_, and cl_usters that predoml_nantl_y_ consist of electroﬁme, in order to suppress cosmic ray events and back-
magnetic ca!orlmeter energy are |de|jt|f|ed as electron oérounds related to the Main Ring accelerator.

photon candidates. A list af-¢ tracks is provided by the
central fast trackefCFT) [10], a hardware track processor,
which uses fast timing information from the CTC as input. A
list of muon stubs is obtained from the central muon detec- Photon selection criteria are listed in Table | and are de-
tors, and they are matched to CFT tracks to form muon canscribed below. For the energies considered here, the response
didates. CFT tracks can also be matched to electromagnetaf the CEM to photons is nearly identical to that of electrons;
energy clusters to form electron candidates. A decision by théhe reconstruction and identification of electrons and photons
Level 2 hardware to accept the event initiates full readout ofire therefore very similar, the chief difference being the high
the CDF detector data. The last trigger stage, “Level 3,”"momentum track left by the former and the absence of any
performs full event reconstruction using software executedracks left by the latter. Photon or electron candidates in the
by commercial processors. Electron, muon, photon, and jeEEM are chosen from clusters of energy in adjacent CEM

using the time-to-distance relationship in the transversé
(r-¢) plane, and charge division in the longitudinal-Z)
plane. Three-dimensional muon track segmefitsiuon

A. Photon identification
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towers. A cluster starts from seed towers exceeding 3 GeV in TABLE Il. Level 3 trigger criteria for the inclusive photon, in-
energy, and spans three towerszirby one tower inp, with  clusive muon, and inclusive electron samples.
no sharing of towers between different clusters. The totat - -
photon or electron energy is the sum of the energies of the Inclusive photon trigger
towers in a cluster, where the energy scales of the CEM
) CEM photon
towers are calibrated by electrons fraff decays. The en- E < 23 GeV
. . . T
ergy resolution of a CEM electron or photon is given[&g] Fiducial CES cluster

SE\2 [ (13.5+0.7%GeV2| ES%<4 GeV ORE;>50 GeV
(_) = i i +(1.5+0.3%)°. (1) Inclusive muon trigger
E N=
CMNP, CMUP, or CMX muon
The resolution folE;>25 GeV is better than 3%. P - 18 Gevie
CHA energy < 6 GeV

For photons or electrons, the CES shower position is de-
termined by the energy-weighted centroid of the highest en-
ergy clusters of those strips and wires in the CES corre- | AXstu < 5cm(CMNP, CMUB
sponding to the seed tower of the CEM energy cluster. For | AXstu) < 10 cm(CMX)
electrons, the shower position is determined by the clusters Inclusive electron trigger
of strips and wires in the CES closest to the position of the  ~£\1 electron

Track-stub matching:

electron track, when the track is extrapolated to the CES

. e . o . Et > 18 GeV
radius. Similarly, the photon direction is determined by the b < 13 GeVk
line connecting the primary event vertex to the CES shower _'

o e ; Enan/Eem < 0.125
position, and the electron direction is determined by the elec-
tron track. )L(S‘”P < 1‘;

To ensure that events are well measured, the shower po- ~sh* . < 0.
sitions of electron or photon candidates are required to fall 'rack-CES matching:
within the fiducial volume of the CEM. To be in the fiducial ~ |A%ced < 3 cm
region, the shower position is required to lie within 21 cm of  |AZces < 5cm

the tower center in the-¢ view so that the shower is fully
contained in the active region. The regipm <0.05, where
the two halves of the detector meet, is excluded. The regiophoton cluster, are used to discriminate photons produced in
0.77<7<<1.0,75°<¢<<90° is uninstrumented because it is isolation from those originating in jets of hadrons. The total
the penetration for the cryogenic connections to the solenoitransverse energy deposited in the calorimeters in a cone of
dal magnet. In addition, the region ¥x0»|<1.1is excluded R=0.4 around the photon shower position is summed, and
because of the smaller depth of the electromagnetic calorimne photonE; is subtracted. If there are multippep interac-
eter in that region. The fiducial CEM coverage per photon Ofjons in the event, the mean transverse energy in a cone of
electron is 81% of the solid angle in the region defined byr=0.4 per additional interaction (0.23 GeViinteraction) is
|7|<1.0. ) _ _ also subtracted. The mean transverse energy leakage of the
Photon candidates are required to have tracking and CEMhoton shower into CEM towers outside the photon cluster,
shower characteristics consistent with that of a single, neuss 5 function of photon shower position, is also subtracted.
tral, electromagnetically interacting particle. No CTC tracksThe remaining energy in the cone is the photon isolation
with pr>1 GeVic may point at the CEM towers in the anergyEis®  which is required to be less than 2 GeV. As an
photon cluster; at most one track wit <1 GeVlc is al-  yqgitional indicator of photon isolation, the sum of the mo-

lowed to point at these same towers. The réigap/Eem:  menta of CTC tracks incident upon a coneRof 0.4 around
of the total energ)EHAD of the CHA towers located behind 4 photon shower position must be less than 5 @eV/
the CEM towers in the photon cluster to the total enegy, An inclusive photon sample is selected with the CDF trig-

of those CEM towers, is required to be less than 0.05%er requirements described below and summarized in Table
+0.00045 GeVXE?, whereE” is the energy of the pho- || At Level 1, events are required to have at least one CEM
ton ca_ndlda_lte. A¢? statlstlc_ is used to compare the energy trigger tower[13] with E; exceeding 8 GeV. At Level 2, a
deposited in the CES wiresxf;.) and cathode strips |ow_threshold, isolated photon trigger selects events with
(X3uip) to that expected from test beam data. The average afEM clusters exceeding 23 GeV By (computed assuming
the two measurementgs,,, is required to be less than 20. z,,.,=0.0). In addition, a CES energy cluster is required to
The CES cluster of second highest energy in the CEM seedccompany the CEM cluster, and the additional transverse
tower, E‘z:fds, is required to be less than 2:39.01XE” in energy deposited in an array of calorimeter towers spanning
units of GeV. The last two requirements suppress CEM clusthree towers iny by three towers irp surrounding the CEM
ters arising from hadrons, since hadron decay typically reeluster, E5%, is required to be less than approximately 4
sults in two or more closely spaced photons. GeV. Alternatively at Level 2, a high-threshold photon trig-
Calorimeter and tracking data in a cone pfp space, ger selects events with CEM clusters exceeding 50 GeV in

defined by a radius dR= /A 7%+ A ¢?< 0.4 surrounding the  E;. At Level 3, the full offline CEM clustering is performed
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TABLE Ill. The selection criteria used to identify electron and B. Muon identification

muon candidates. Muons are identified by extrapolating CTC tracks through

the calorimeters, and the extrapolation must match to a stub
in either the CMU, CMP, or CMX. There are five different

Electron candidates

CEM fiducial electron types of track-stub matches: tracks which intersect only the
ElectronE+ > 25 GeV CMU and match a CMU stubfCMNP muon$, tracks which
prxc > 5/9% Et intersect both the CMU and CMP and match stubs in both
Track-CES matching: (CMUP muong, tracks which intersect both the CMU and
|AXced < 1.5 cm CMP and match a stub in the CMU onl{CMU m_uons),
|Azced < 3 cm tracks which intersect the CMP a_nd r_natch a stub in the CMP
Track-vertex matching: only (CMP muong, and tracks which intersect the CMX and
|AZgyond < 5 cm match a stub in the CMXCMX muons. For offline identi-
Evun/Eey - 0.05 flcatlon, CMP and CMX muons are required to have a
V2 - 10 matching dlstanceﬁ(x_stub) less than 5 cm,_and .aII other
||_S”'Fi - 0.2 muon types are required to have a matching distance less
Phscr;;on conversion removal ' than 2 cm. CTC tracks that are matched to muon stubs are
Isolation E _ 0.1XE req_wred to be WeII-_measured and to be consistent with origi-
T _ : T nating from the primary event vertex. The muon track is
Muon candidates required to have a minimum of six layers of CTC wire mea-
CMNP, CMUP, CMX, CMP, or CMU muon surements, at least three of which must be axial wire mea-
Track pr > 25 GeVk surements and at least two of which must be stereo wire
Track-stub matching: measurements. The distance of closest approach of the CTC
| A% < 5 cm (CMP, CMX) track to the primary event vertex must be less than 3 mm in
| Aot . 2 cm (all othed the r-¢ view (dg), and Ies; than 5 cm in the dlrect|or_1
Track-vertex matching: (A_zevem). M_u_on tracks W_hlch mf_;lt<_:h yvltrzeUem are r_eflt
Id| - 03 cm with the additional constraint of originating from the primary
1020y ond - 5 cm event vertex(“beam—constrmned)’, which improves muon
CE;/lieg;'lergy _ 2 GeV momentum resolution by a factor of approximately two. The
curvature resolution for beam-constrained muons satisfying
g:afge;iyenergy i 0616(;3;/\/ all offline selection requirements is given by
IsolationE+ < 0.1cXpy 5(1/p7)=(0.091+0.004 X 10" %(GeV/ic) L, (2

corresponding to gy resolution of 2—8% for muons with
and events passing the low-threshold isolated photon trigggenging from 25 to 100 Ge\/[12].
are required to have fiducial CEM clusters with; High energy muons are typically isolated, minimum-
>23 GeV; events passing the high-threshold photon triggeionizing parti(_:les which have Iim_ited calorimeter activity. A
are required to have fiducial CEM clusters with; Muon traversing Fhe CEM deposits an average energy pf 0.3
>50 GeV. Events selected by these photon triggers are thegeV: muon candidates are therefore required to deposit less

required to have at least one photon candidate, satisfying atﬁ]an 2 Qe\_/ total in the CEM tqwes) the muon trac!< Inter-
offline photon selection requirements, with 25 Gel sects. Similarly, muons traversing the CHA deposit an aver-

<55 GeV for events passing the low-threshold trigger, or29e energy of 2 GeV, and so muon candidates are required to

. ) . . —deposit less than 6 GeV total in the intersecting CHA tow-
with ET.;55 GeV_for evgnts passing the high-threshold trlg'er(s). An additional requirement that the sum of all energies
ger. This results in an inclusive photon sample of 31442

) o i Qn the intersecting CEM and CHA towers exceeds 0.1 GeV is
_events. The trigger efficiency for the Ipw-threshold tr'ggerimposed in order to suppress hadrons or cosmic rays which
increases from 43% to 89% as photér increases from 25 5y have passed through cracks in the central calorimeters.
GeV to 31 GeV, and remains constant at 89% from 31 GeMinally, in order to further suppress hadrons and muons aris-
to 55 GeV. The trigger efficiency for the high-threshold trig- jng from the decay of hadrons, the total transverse energy
ger is greater than 99%. The detection efficiency of the ofgeposited in the calorimeters, in a coneRof 0.4 around the
fline photon selection criteria is 86:0.7% [14]. muon track direction, must be less than 0.1 times the muon
Photon-muon candidate events are selected from the inrack transverse momentum in Ge&V/The detection effi-
clusive photon sample by requiring at least one muon irciency of the offline muon selection criteria is 93.0.3%
addition to the photon in the event. The muon can have anyl15].
of the central muon stub types described in Sec. Ill B, the Photon-muon candidates are obtained from CDF muon
muon track must havpr>25 GeVLk, and all of the offline  triggers as follows. At Level 1, a muon stub is required in
muon selection requirements must be satisfied, as describeither the CMU or CMX. The of the muon is determined
in Sec. lll B and summarized in Table Ill. This results in a from the angle made by the line segment in the muon cham-
photon-muon sample of 28 events. bers(the muon stupreconstructed by the L1 hardware with
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respect to a radial line; for a CMU stub tipg must exceed ratio, E4ap/Egy, Of the total energy of the CHA towers

6 GeVlc, and for a CMX stub thep;y must exceed located behind the CEM towers in the electron cluster to that
10 GeVck. In addition, a minimum energy of 300 MeV is of the electron itself is required to be less than 0.05. A sta-
required in the CHA tower associated with the muon stub. Atistic comparing the energy deposited in the CES cathode
Level 2, a CFT track withpr>12 GeVik is required 10 strips to that expected from test beam daga,, , is required
point within 5° of a CMUP, CMNP, or CMX muon stub o pe |ess than 10. A comparison of the lateral shower profile
triggered at Level 1. Level 2 inclusive muon triggers arejn the CEM cluster with test beam data is parametrized by a
prescaled due to bandwidth limitations; more restrictivet dimensionless quantity..<,,, which is required to have a

not prestﬁale)jtlngtg_;ers ?}f ITeveI ? muﬁt tbe employed cti(')dmt_ magnitude less than 0[26]. Electrons from photon conver-
crease ihe selection etficiency for photon-muon canditaleyg, s 4va removed using an algorithm based on tracking in-

B e s et e o, S rmaton (11 Faly, a5 an adona sclaton requre
; P . 99 quir ent, the total transverse energy deposited in the
which also have a calorimeter energy cluster with Level 2 ; . a
. . calorimeters, in a cone &=0.4 around the electron track,
clusterE;>15 GeV. At Level 3, as summarized in Table II, must be less than 10% of the electrén. The detection
a fully reconstructed CMUP, CMNP, or CMX muon is re- .

quired, with maximum track-stub matching distances of Siff(')uzi/r;c[{sgf the offline electron selection criteria is 81.0

g';]éeSegTéagde\bo g::j trr?esgiizt;velzl-e-r:iig g?rr: ;r?l—lmltjz\t/ver Photon-electron candidates are selected by a CDF elec-
by the muon mL;st be less thzgr)]/ 6 (F_);ev A total of 31396 tron trigger as follows. At Level 1, events are required to
y ' 3have at least one CEM trigger tower3] with E; exceeding

events pass the Level 3 muon triggers. .
Photon-muon candidates are then selected offline fron§ va. At Level 2, two CEM clusters witkr>16 GeV are
required, and also the ratiB,p/Egy Of each cluster is

this sample by requiring at least one CMUP, CMNP, or CMX . .
muon candidate satisfying all offline muon selection require-reqUIred to be less than 0.125. The Level 3 electron trigger,

ments, as described in Table Ill, and at least one photoiu{?gmg“f/e‘j Irt] ;_aglf Il,é?r%u![reska _CEI\>/Il(::3Iu?3te<//(\;vElh

candidate satisfying all offline photon selection require-~ . €V matched fo a rack withy : evie. in-
ments, as described in Table I. This results in a photon-muo dqmon, for th's. cluster, a set O.f eIe(_:t_ron. |dent|_f|ce_1t|qn cr-
samplc'a of 20 events. When combined with the 28 photontcha less selective than offline identification criteria is im-

muon events from the photon triggers in Sec. Il A, a sampleposed:EHAD/EEM is required to be less than 0.125, the CES

of 29 unique photon-muon events is obtained. Of those 2gathode strip¢? is required to be less than 10, the magnitude
of Ly, is required to be less than 0.2, and the electron track

events, 9 events satisfied only the photon trigger require- h th ition b A db
ments, 1 event satisfied only the muon trigger requirementdnusSt match the CES position by 3 cmAxcesand by 5 cm

and 19 events satisfied both the photon and muon triggdP AZces- At this point one has events with one clustet
requirements. leas) that passes the electron trigger selection and a second

The efficiency of the complete selection path for CMUPloose cluster that is a po;sible photon candidate.
photon-muon or CMNP photon-muon candidates is 84 Photon-electron candidates are selected from 474912

+3%: the efficiency for CMX photon-muon candidates is EV€NtS passing the Level 3 electron trigger by requiring at
68= 5% [14]. When photon-muon candidates from the muonl€ast one electron candidate satisfying all offline electron se-

triggers are combined with those from the photon triggers jrjection requirements, as described in Table Ill, and at least
Sec. Il A, the combined trigger efficiency varies with pho- one photon candidate satisfying all offline photon selection

ton E; and muon stub type, with an average efficiency eX_requirements, as described in Table I. This results in a
ceeding 90% ' photon-electron sample of 48 events. The efficiency of the

CDF electron trigger requirements for photon-electron can-
didates is 98.5 1.5% [14].
C. Electron identification

Electrons are identified in the CEM by matching high D. Selection of additional objects

momentum CTC tracks to high energy CEM clusters, as In addition to inclusive photon-lepton production, this
summarized in Table Ill. The track of highgst which in-  analysis investigates the associated production of other pho-
tersects one of the towers in a CEM cluster is defined to béons, other leptons, and large missing transverse energy.
the electron track. An electron candidate is required to have Rlentification of additional photon candidates is the same as
track with pr (in GeV/c) >5/9 of the CEM clusteEt (in  that described in Sec. Ill A and summarized in Table I. The
GeV). The track position, as extrapolated to the CES radiusidentification of additional leptons is less selective, because
is required to fall within 1.5 cm of the CES shower position the presence of the primary photon and lepton provides good
of the cluster in the-¢ view (AXceg), and within 3 cm of  trigger efficiency and reduces the sources of misidentified
the CES shower position in the direction Azcgg. The  particles.
distance of closest approach of the CTC track to the primary The selection of additional electron candidates is identical
event vertex must be less than 5 cm in thealirection to that of previous CDF analys¢$6] and is summarized in
(AZgyeny - Table 1V. Additional electron candidates in the CEM
The CEM shower characteristics of electron candidate$'LCEM electrons”) are identified with criteria similar to,
must be consistent with that of a single charged particle. Théut looser those that of the primary electron candidates in
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TABLE IV. The selection criteria used to identify additional Additional muon candidates include the following: any

lepton candidates. muon satisfying the criteria in Table IIl, with the muqy
requirement lowered to 20 Gew®/or an isolated CTC track
LCEM electron consistent with that of a minimum ionizing particl€MI
E, - 20 GeV muong, the criteria for which are summarized in Table IV.
prxc - 12X Ey CTC track; in the central region of the detectdm;(
Evino/Ecn - 01 |<1.2) which do not gxtrapolate to any of the centra_ll muon
Isolation E; - 0.1XE; chambers are required .to have .beam-constralrmd
PEM electron >20 QeV/c, a}nd are r(_equwed to sat|_sfy all of thg muon
selection requirements in Sec. Il B, with the following ex-
= > 15 GeV ceptions: the muon stub matching requirement is no longer
Enap/Eem < 0.1 employed; and the isolation requirements are supplemented
Xoua < 3.0 by the requirement that the sum of the momenta of CTC
Isolation E; < 0.1XE; tracks, incident upon a cone &=0.4 around the muon
FEM electron track, be less than 0.1 of the muon trgek. The detection
efficiency of these selection criteria is 9%.2.3% for CMI
Er > 10 GeV muons withp:>20 GeVL.
Enap/Eem < 01 The missing transverse energy of an evéit, is calcu-
Isolation E+ < 0.IXEy lated as follows. For each tower of each calorimeter, a vector
CMI muon E' is defined whose magnitude equals the calorimeter trans-
P ~ 20 GeVk verse energy, as determined by t_he line directed from the
ER < 1.2 primary event vertex to the calorlme_ter tower center, and
Trgck-vertex matching: whose direction is that of the same line projected into the
Idy| - 0.3 em plane transverse to the peam direction. The opposite of the
1AZgyon - 5 cm vector sum over all calorimeter towers,
CEM energy < 2 GeV R .
CHA energy < 6 GeV Er(raw)=— 2 EtT. ©)
CEM+CHA energy > 0.1 GeV '
E:)gﬂg?;ks in a cone of 0.4 z ooitippT is a first approximation of;. In this paper, the measure-
T . T

ment of £t is improved by the identification of jets, muons,
electrons, and photons, as described below.

Jets of hadrons are identified via clusters of energy mea-
Sec. lll C: electrorE+ must be 20 GeV or greater; electron sured by the calorimeters. A jet reconstruction algorifii
track p (in GeV/c) must exceed half of the electrd®y, (in  finds clusters of energy deposited in cones of fixed radius
GeV); the ratioEop /Egy for the electron must be less than R=0.4. The jet energy and jet direction are measured using
0.1; and the total transverse energy deposited in the calorinthe total energy and the energy-weighted centroid, respec-
eters, in a cone dR=0.4 around the electron direction, must tively, of the calorimeter towers contained in the cone. The
be less than 10% of the electr&® . The detection efficiency jet energy is then corrected for non-linearity in the response
of these electron selection criteria is 88.0.4% for candi- Of the calorimeters, the leakage of energy between calorim-
dates withE;>20 GeV. eter towers, the energy depgsited outside of the jet cone, the

Additional electron identification is extended to the endenergy from the underlyingp collision debris, and the en-
plug and forward regions of the calorimeter. Electron candi-ergy from any additionapp interactions. These corrections
dates originate with clusters of energy in the PEM or FEMresult in mean increases of 70@6%) to the raw jetEr, for
with clusterE; in excess of 15 GeV and 10 GeV, respec-jets with rawE; of 10 GeV (100 GeVj [11].
tively. For PEM electrons, a statistic comparing the energy An estimate oft+ which takes into account the corrected
deposited in a %3 array of PEM towers surrounding the jet energiesir(j), is obtained fron(raw) by adding for
PEM cluster to that expected from test beam dafa,s, is  each jet the raw jet momentum vecté*T(raw), and sub-
required to be less than 3. The rafigap/Egy of the total  tracting the corrected jet momentum vectik(cor):
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 require- ET(J'): ET(faW)—E (1_
ment, the total transverse energy deposited in the calorim- ]
eters, in a cone oR=0.4 around the cluster direction, must _
be less than 10% of the clustEr. The detection efficiency The jets included in this sum are required to h&igraw)
of these selection criteria is 87:4.7% for PEM electrons >8 GeV and|7;|<2.4.
with E;>15 GeV and 75.42.6% for FEM electrons with Muons penetrate the calorimeters, so their energy is not
E;>10 GeV. accounted for inEq(raw) and must be included separately.

El(raw)

=j
El(con) ) Et(cor). (4
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Photon-Lepton Sample
>1 Lepton, Eg > 25 GeV
>1 Photon, Et > 25 GeV

77 Events
=1 Lepton, E; > 25 GeV Inclusive Multi-Body Photon-Lepton Events
=1 Photon, E > 25 GeV (All Other Photon-Lepton Events)
AD(Ly) > 150°
50 Events 27 Events
Y \i FIG. 3. The subsets of inclusive photon-
Z-Like ey =1 Lepton lepton events analyzed in this paper. The multi-
86 GeV < M(e,y) <96 GeV =1 Photon body photon-lepton subcategories dfyE+,
(Background Calibration) Er< 25 GeV multi-lepton, and multi-photon events are not
17 Events 7 Events mutually exclusive.
Multi-Body Subsets
 J (20 Events Total) v
Two-Body Photon-Lepton Events Multi-Lepton Multi-Photon
33 Events (>1 Lepton) 0 (>1 Photon)
4 ‘ 0 1 0 0
Er>25GeV

Muons with any combination of stubs in the central muonrequirements are rescinded. The final estimat&-pfvhich
chambers are included in tH&; calculation, provided that takes into account the electron and photon candidates de-
the beam-constrained muon tragk exceeds 10 Ge scribed aboveE(j uey), is obtained front(j 1) by sub-

less than 6 GeV of energy is deposited in intersecting CHAracting for each electron or photon its transverse energy vec-
towers, less than di GeV of er;ergyr:s deposited in interseglting)r, ES”, and adding the transverse energy vector of the jet
CEM towers, andAxg,,, satisfies the requirements in Table : =i .

[1l. High momentum tracks without matching muon chamberenergy cluster corresponding to B**(cor):
stubs are also included, provided that all of the CMI muon
criteria in Table IV are satisfied, except for the following
differences: the track need not extrapolate to regions unin-

strumented by muon ch.ambers, the_ |solat|or_1 requirements in — ET(]#)—E (E&7— E{re,y(cor)). (6)
Table IV are rescinded; and in their place is added the re- ey

quirement that the total transverse energy deposited in the

calorimeters, in a cone &=0.4 around the track direction, ~ The resolution of£; in events with two or more leptons
must be less than 5 GeV. An estimatefaf which takes into  or photons has been studied in Rid] and is parametrized
account the muons described abo®(ju), is obtained Wwell by the formula

from E1(j) by subtracting for each muon the muon momen-

tum vector,ﬁ-’r‘ , and adding the transverse energy vecﬁé‘r,

of the total energy deposited in intersecting CHA and CEM
towers:

M

IiTE 1(juey)

o(Er)=2.66+0.043< S Er(had)(GeV), @)

whereX Er(had) is the sum of thé&e; deposited in the calo-

rimeter which does not originate from an identified lepton or

( “ ) photon. The resolution does not depend strongly on the num-
cpk.

E _
1- — (5) ber of pp interactions in the event, nor does it vary signifi-
cpf cantly between samples with leptons and samples with pho-

) ) tons[18].
The response of the calorimeters to high energy electrons

and photons differs from that of jets of hadrons, so their
energy is not properly accounted for By(j ). The follow-

ing types of electrons and photons are included in this cor- The selection of 29 photon-muon events and 48 photon-
rection: any CEM photon satisfying the criteria in Table [; electron events results in the “inclusive photon-lepton

and any CEM, PEM, or FEM electron satisfying criteria sample” of 77 events total. The purpose of this paper is to
identical to that listed in Table IV, except that the isolation sort and analyze the inclusive and exclusive combinations of

Er(ju)=Eq(j)— >

o

E. Photon-lepton samples
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particles produced for events in this sample, the method for
which is summarized in Fig. 3.

The first step in understanding the sample composition is
through the angular separation between the lepton and the
photon. A two-particle final state is indicated by the identifi-
cation of a single lepton and a single photon that are nearly
opposite in azimuth. Since a two-particle photon-lepton final
state would violate the conservation of the lepton number,
such events arise from the standard model in one of two
ways: either the lepton or photon has been misidentified, or
is associated with a jet of hadrons; or a second lepton which

PHYSICAL REVIEW &5, 012004 (2002

g Y

q 17
a) Initial state photon radiation
q i

restores conservation of the lepton number has evaded iden-
tification. 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 W ¢
events with misidentified photons or leptons. To this end, the w
inclusive photon-lepton sample is analyzed as two sub-
samples: a “two-body photon-lepton sample” typical of a
two-particle final state; and a “multi-body photon-lepton q Ve
sample” typical of three or more particles in the final state. L
The ps,ele?:/'tri)on requirements of thpe two-body photon-lepton b) W final Stafe photon radiation
sample are as follows: exactly one photon and exactly one 7 v
lepton satisfying the criteria summarized in Tables | and IlI;
no additional leptons satisfying the criteria in Table 1V; and
the nearest distance in azimuth between the photon and lep- )
ton, Ag;,,, must exceed 150°. The regidny,,>150° was w
chosen by requiring it to include 95% @ boson events
decaying to two CEM electrons, which are a source of misi-
dentified photons. Excluded from the two-body photon-
lepton sample are those two-body photon-electron events for
which the photon-electron invariant masdd,,, is within
5 GeV/c? of M. This “Z%like” control sample is used to
estimate the photon misidentification rate from electrons, as " e
described in Sec. IV C. The multi-body sample is composedi©n in the processiq’ —1v;y.
of the remaining inclusive photon-lepton events.

The multi-body sample is then further analyzed for the
presence of larg&, additional leptons, or additional pho-

q Uy
¢) Lepton final state photon radiation

FIG. 4. The leading-order Feynman diagrams for photon radia-

ton. The number of photon-lepton events from electroweak

diboson production is estimated from a Monte Carlo event

tons. Multi-body events witlE+>25 GeV, the “multi-body generator prograr’ﬁlgj. The event generator program out-
puts 4-vectors of particles emanating from a diboson produc-

| yEE+ sample,” and multi-body events with one or more ad- . ' : .
ditional photons or leptons satisfying the criteria described ir;[Ion event, and this output is used as input to a CDF detector

Sec. Il D, the “multi-photon and multi-lepton sample,” are simulation program, which outputs simulated data in a for-

studied concurrently with the two-body sample and the ir]_mat identical to that of an actual CDF event. Simulated

clusive multi-body sample. The; threshold of 25 GeV was photon-lepton events can then be analyzed in a manner iden-

: D - tical to that of CDF data.
chosen from previous analysg 16| as a significant indica- : .
) e ; The event generator program consists of a set of leading-
tor of a neutrino arising from leptonic decays of tébo-

. . order matrix element calculatioj20] which was incorpo-
son. Among these samples, the following properties are ana-

o rated into the general-purpose event generator program
lyzed: the total event rate; the distribution of lepté&s, . . 0
photonE+, andE+; the distribution of the invariant mass of PYTHIA [21]. The matrix element calcu_latlon fol'y (Z79)

any relevant combinations of particles; and the angular disincludes all tree-level diagrams withc' (qq) initial state
tributions of any relevant combinations of particles. and al vy (Il y) final state, wheréis ane, u, or 7, an% the
mediating electroweak boson is a real or virt¥el(Z"” or

v*). Figure 4 shows the leading-order Feynman diagrams
for qq' —1v,y. Figure 5 shows the leading-order Feynman
diagrams forgg—11 7.

The dominant source of photon-lepton events at the Teva- The region of phase space where the final state lepton and
tron is electroweak diboson production, wherein an elecphoton are collinear is carefully sampled, taking into account
troweak boson\(V or Z°) decays leptonicallyl or l1) and  the lepton mass for each lepton flavor. This allows reliable
a photon is radiated from either the initial state quark, acalculations to be made for all photon-lepton separation
charged electroweak bosoWy], or a charged final state lep- angles and for photok; well below (<1 GeV) those con-

IV. STANDARD MODEL SOURCES
A. Wy and 2%y production
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q ¥ TABLE V. Corrections to the simulated particle identification
efficiencies obtained from CDF dafta4]. Included are the efficien-
cies measured directly from CDF datefi{%?), the efficiencies mea-
sured from simulated data¥5), and the corrections to simulated

¢ rates Cxp)-
20/ Particle egata e Cxip
q 7 CEM photon 0.86 0.93 0.9380.04
CEM electron 0.81 0.88 0.920.04
a) Initial state photon radiation 2nd CEM electron 0.89 0.97 0.910.05
= PEM electron 0.92 0.99 0.940.03
? 7 FEM electron 0.75 0.98 0.770.12
central muon 0.93 0.99 0.940.03
CMI muon 0.91 0.99 0.920.04
Y
2oy
The lepton detection efficiencies are obtained from
samples ofZ boson candidates decaying to pairs of leptons,

q 7 specifically those events which have one lepton candidate

satisfying the selection criteria of Tables Il and IV, a second
b) Lepton final state photon radiation lepton candidate satisfying the fiducial and kinematic selec-

tion criteria from those tables, and a dilepton madg
FIG. 5. The leading-order Feynman diagrams for photon radiayithin 10 GeV/c? of M. The efficiency is extracted from
tion in the processig— 1 y. that fraction of events where the second lepton satisfies all
selection criteria.
sidered in this analysiseYTHIA generates, fragments, and  The photon identification efficiency is similarly measured
hadronizes the partons described by the matrix elementsvith electron pair data, using the assumption that the shower
Event rates |an collisions are obtained from the parton- characteristics in the CEM of an electron and photon of the
level matrix elements through convolution with the leading-sameEy are similar[14]. Particle identification efficiencies
order proton structure function CTEQ5R2]. The TAUOLA in simulated data are obtained with the same procedure using
[23] program is used to Compute the decays Of aﬂgptons a Sample ofZ boson events created by tiy THIA event
generated. Each generated event is assigned a weight prop8gnerator and a detector simulation. The systematic uncer-
tional to the probability of its occurrence as determined bytainty of Cy is estimated to be half of the difference between
the event rate calculation. Cyx and unity. Table V lists the corrections for the various
Generated events are used as input to a program whidpes of leptons and photons analyzed.
simulates the CDF detector response to the final state par- Simulated events with PEM electrons are an exception to
ticles. The simulation includes the following features rel-this procedure, since the PEM shower shape quagfity; is
evant to this analysis: the, ¢ distribution ofpp collisions not included in the detector simulation. The PEM electron

observed in CDF data, the geometric acceptance of all cp#etection 2efﬁcienc.y for all the requirements in Table 1V, ex-
detector subsystems, charged tracks measured by the CTEEPt thexs, s requirement, is measured and corrected for in
the tower-by-tower response of the calorimeters to final state same way as other leptons; the correction is listed in
particles, the CES response to electromagnetic showers, af@ble V. The efficiency of thec3, 5 requirement for PEM
the response of the central muon chambers to penetratirglectrons which satisfy all other requirementggy,z2, is
charged particles. The program is not used to simulate ththen measured separately using CDF data to be*98.3%
CDF trigger, thezq, e distribution beyondze,.,{=60 cm, [14]. This is an additional correction to the identification
nor the energy-out-of-time distribution; the event selectionefficiency for simulated events with PEM electrons.
efficiencies for these must be applied as separate corrections The complete set of correction factors to the detection
to the simulated event rates. There also exist 6-8% differefficiencies of simulated event€;,, is given by

ences between the leptdand photoh detection efficiencies

found in CDF data and the efficiencies similarly computed in N N

simulated datd14]. Simulated event rates cox;nainirl?g par- Csim= €260% EEOTXI;[ Cxip ™ €ppmye - ©
ticles of typeX are therefore adjusted by a rat®y, of de-

tection efficiencies in CDF data to that of simulated events;the efficiency for the requiremefity, end <60 cM, €60, has
1 ’ L]

C., = ¢datay sim ®) been measured from CDF data to be @8302. The effi-
X EXIDEEXID ciency for the requiremenE(out-of-tim@=0, egor, has
been measured from CDF data to be 0.29304[3]. The

whereel is the detection efficiency of in CDF data and  factorsCy,p are corrections to the simulated particle identi-

e§i,r,g is the corresponding efficiency in simulated data. fication efficiencies listed in Table V, and the product
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TABLE VI. The mean number of multi-body photon-electron are 1.36-0.10 for Wy production and 1.250.05 for Z°y
eventsN,,, expected fromW(—ev)+ y. The factors used in Eq. production, where the uncertainties are estimated from the

10 and their uncertainties are also shown. QCD renormalization scale dependence of the NLO cross
- : section. The trigger efficiency for photon-lepton eveats,,
ltem Value Relative Uncertainty  js measured from CDF data. For photon-electron events,
Knio 1.30+0.10 77% €trig = 98.5-1.5%; for photon-muon eventsg,ig varies with
Tlo 105.0:5.3 pb 5.0% muon type and photoBr, W|t_h an average efﬁmency o_f 94%
SWpass/SWeop  (2.57+0.12)x 1074 4.7% for simulatedWy events satisfying all selection criteria. The

uncertainty of the photon-muon trigger efficiency 16%

' 0.985+0.015 1.5% . .
8”‘9 0792+ 0.052 6 60/: [14]. The product of the correction factors to the detection
fliléint 86 '3i3 5 ' b-1 4 i% efficiencies computed by the CDF detector simulatiog,y,

9 '2 3&021 1\;5 10 is described above. The integrated luminosity for the 1994-5
. . . (V)

ey run employed in this analysigLdt, is 86.3:3.5 pb ! [26].
SWpass is the sum of the weights of the simulated events
satisfying all selection criteria; its uncertainty is given by
[1xCY% runs over each typx of lepton or photon identified V=Wpass Which is typically a few percenEw, is the sum

of the weights of all simulated events, with an uncertainty

in this analysis. Each factor has an exponggtequal to the given by SwZ,,, which is typically negligible.
number of particles of typX identified by the detector simu- = tgpje VI shows a sample calculation for multi-body
lation. An additional correction factor for PEM electrons, photon-electron events originating frol¥(— ev)+y pro-

N
EPEEMXz, has been measured from CDF data to be 0.953uction. The uncertainty in the mean rate has roughly equal

+0.005, and it has an exponeitg), equal to the number of contributions from the NLQX factor, simulation systematics,
PEM electrons identified by the detector simulation. luminosity, proton structure, and generator statistics. Other

. (10

The mean contribution to photon-lepton candidates irsimulated processes have similar uncertainties.
CDF dataﬁlw for a particular generated process is given by ~ Table VIl shows the results of all simulated processes, for
inclusive two-body events, inclusive multi-body events, and
_ multi-body | yE+ events. The slightly larger contribution of
N, = oLoXKnLoX EmgXCsime Ldt two-body .y events relative t@y events is due to the ex-
plicit exclusion of ey events whose invariant mass is
“Z%-like” (86 GeV/c’<M,,<96 GeVk?). There are no
X ( E WPaSS) (E Wiot significant differences between the inclusive multi-body rates
for ey and wy production. In the case a°y production,
The leading order cross sectian o is computed by the there is a larger number of multi-bodyyE; events(1.0)
event generator for a given process with a given set ofelative toeyE events(0.3). The difference is due to events
generator-level selection requirements and thresholds. Thehere the second muon falls outside the solid angle in which
uncertainty ino|_ o due to generator statistics is negligible, muons can be detectediz(,|>1.2), subsequently inducing
and the uncertainty due to PDF normalization is taken to bénissing E; equal to thep; of the second muon. Leptons
+5%, as recommended if24]. The next-to-leading order from 7 decays contribute to the total photon-lepton rate at a
(NLO) QCD K factor for Wy (Z%y) production,Ky, o, is  level far below the leptonic branching ratio ofrgabout 3%
estimated from NLO calculation®5]. The K factors used accepted compared to a leptonic branching ratio of 18%

TABLE VII. The estimatedWy and Z°y backgrounds for two-body photon-lepton events, inclusive
multi-body photon-lepton events, and multi-boldy events. There exist correlated uncertainties between
the different photon-lepton sources. The symXalenotes the allowed inclusion of any other combination of
particles, except where explicitly prohibited.

Two-body Events Multi-body Events Multi-body Events
Process eyX nyX eyX nyX eyEX ryELX
v+ W production
y+W—lv 1.1+0.1 1.4-0.2 2.4-0.3 25-0.3 1.9-0.3 1.9-0.3
y+W— v 0.08+0.02 0.09:0.02 0.08£0.02 0.06£0.01 0.040.01 0.05-0.01
Subtotal 1.220.2 1.5-0.2 2.4-0.3 25-0.3 1.9-0.3 2.0:0.3
v+ Z° production
y+Z0=ll 5.1+0.5 6.5-0.8 4.9t0.5 4.5:0.5 0.3:0.1 0.9:0.1
y+2%— 71 0.3x0.1 0.5£0.1 0.13£0.03 0.16:0.02 0.03:0.01 0.05-0.01
Subtotal 5.40.6 7.1-0.8 5.0:0.5 4.6:0.5 0.3:0.1 1.0:0.2
Total 6.6:0.7 8.6:1.0 7.5-0.8 7.1+0.8 2.3:0.3 3.0:0.4
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TABLE VIII. The estimatedWy andZ%y backgrounds for multi-body photon-lepton samples with addi-
tional leptons and photons.

Multi-body Events
Process eey My ewy eyy mYY

v+ W production

y+W—lv — — — — —
y+W—T1v — — — — —
Subtotal — — — — —

v+ Z° production

y+Z0=ll 3.3+x0.4 2.2:0.3 — 0.012:0.012 0.004:0.004
y+2%— 71 — — 0.05+0.01 — —
Subtotal 3.304 2.2:0.3 0.05:0.01 0.012:0.012 0.0040.004
Total 3.3:04 2.2:0.3 0.05:0.01 0.012-0.012 0.0040.004

because the average lept&r is much lower than that of duction of the trigger efficiency by a factor of 048.02 for

leptons from the direct decay of\& or Z°. CMX muons, 0.4%0.02 for CMNP muons, and 1.0ho
Table VIl shows the results of all simulated processes foprescalg for CMUP muons. Requiring a Level 2 muon trig-

multi-body photon-lepton events with additional leptons orger precludes the use of CMP or CMU muons.

photons, respectively. Morey events thanuuy events are The requirements for lepton-jet candidates are as follows:

expected due to the larger detector acceptance for additionahe or more lepton candidates satisfying the criteria in Table

electrons, which are identified in the central, plug, and for-lll; and one or more jets witHn;j|<1.0, jetEr>25 GeV,

ward calorimeters. and a separation distance of the jet from the leptoryin
— ¢ spaceAR;;, greater than 0.5. As a further step to pre-
B. Jets misidentified as photons vent electrons fronzZ® boson decays being counted as jets,

. - . jet candidates must have electron-jet separaiéq; >0.5
AJet Of. hadrons initiated by a final state quark or gluon for all central electrons satisfying the selection criteria for
can contain mesons that decay to photons,. such asotjjg, additional electrons listed in Table 1V. Table 1X shows the
or w. If one or more of these photons constitute a sufficiently 5. total number of jets, summed over all lepton-jet candi-
large fraction of the jet momentum, then the hadron jet Cany,e eyents, for the various signal regions of this analysis.
be m|S|dent|f|ed_ by the CDF deteqtor as a s_lngle_ Prompt  gecause the lepton trigger requirements of the lepton-jet
photon. Such a jet, when produced in association with a lepgs e are less efficient than the trigger requirements of the
gqg (;andldate, contributes to the detected photon-lepton Caloton-lepton sample, the effective number of jets which
idates.
The contribution of the lepton plus misidentified jet o ) _
events is determined by counting the number of jets in CDF  TABLE IX. The contributionsN; , to the various categories of
lepton datavNIjet- and then multiplying that number by an photon-lepton c_andld'a.tes fr_qm j_ets m|3|de|f|ed 2134 photons, using
estimate of the probability of a jet being misidentified as athe measured jet misidentification rate 38.7<10 . Included

jet - ) . are the raw numbeN,,,, of jets in inclusive lepton data and the
phOton'P7 , to obtain the number of photon-lepton candi effective number of jetd;;.; which potentially contribute to each

dates, category.
— jet
Ni,=Njje X P (12) Nooo, Nijo N,
Lepton-jet candidates are selected from inclusive electron Two-body Events
and muon triggers as follows. The Level 1 trigger and Level gyx 4530 4909 1.90.3
3 trigger requirements are identical to those enumerated in 1983 3844 1503
Secs. llI B and Il C. The Level 2 trigger requirements differ Multi-body Events
from those of the photon-lepton sample due to the absence of
the photon. Electron-jet events must be accepted by a Level eyX 4235 4565 1703
2 electron trigger, which requires a CEM energy cluster with  xyX 2024 3855 1.50.3
E;>16 GeV; the raticEyap/Egy for that cluster<0.125; eyErX 2584 2798 1.+0.2
and a CFT track matching the CEM cluster wiihy; wyETX 1369 2633 1.60.2
>12 GeVk. The efficiency of these electron trigger re-  eeyX 479 496 0.190.03
quirements has been measured toepe 90.9+0.3% [16]. My X 226 346 0.130.02
Muon-jet events are selected from the Level 2 inclusive euyX 16 19 —
muon triggers, which have the same efficiency as the muon eyyx 3 3 _
triggers described in Sec. Ill B, except that they are prescaled ,,,yx 3 4 —

due to bandwidth limitations. The prescaling results in a re
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potentially contribute to the photon-lepton candidates mushigher lepton| »|. A comparison of Table IX with Tables VII

be augmented by a ratio of the efficiencies of the differentand VIII indicates that in order to measure photon-lepton
trigger paths. For electron-jet events with exactly one elecprocesses with electroweak-sized cross sections and a signal-
tron, this is simply a constante,,/e.=1.08-0.02; for  to-background ratio greater than 12" must be less than
muon-jet _even;s with exactly one muon, the efficiency ratio’approximately 103

R,.y, varies with muon stub type and jgf;, After finding the effective number of jets, the next step is
to measure the probability that a jet is misidentified as a
photon. Mesons which decay to photons are typically only a
portion of a shower of hadrons initiated by a high quark

or gluon. Other hadrons in the shower will deposit energy in
wheree,, is the trigger efficiency for muons of stub type the calorimeter close to the electromagnetic shower produced

P, is the inclusive muon trigger prescale factor for muonsPY these photons. Prompt photorier electrons, which

of stub typei, and €,(Ey) is the trigger efficiency of the shower S'”?"‘."‘”y pr-o.duced in the hard sgatterlng of partons.
photon candidate a jet would produce in the event of jefjo not <.a>_<h|b|t additional negrby energy in the calorimeters;
misidentification, as a function of photd®y. This ratio is e additionalE; measured in a cone ¢=0.4 around the
evaluated for each jet in each event, and the sum over all je@lectromagnetic shower positioBey, e, therefore serves as a
in all events gives the total effective number of jets. Becauséliscriminant between prompt photons and misidentified jets.
CMU and CMP muons have been excluded from the leptonThis discriminant is already employed in the photon selec-
jet sample, the number of jets in muon-jet events must b&on (Table ), by requiringEgy,.<2 GeV. If the distribu-
additionally multiplied by a factor of 1.140.03 to compen- tion of ES), . is relatively flat for misidentified jets, the dis-
sate for the acceptance lost relative to that of photon-leptotribution of E{,. of the photon candidates which fail this
events. This lost acceptance is calculated from\hg and  requirement can be extrapolated linearly to estimate the
Zy simulation described in Sec. IV A. number of misidentified jets which satisfy it.

For lepton-jet events with multiple leptons, the presence The probability that a jet is misidentified as a photon is
of the additional lepton increases the efficiency of the leptordetermined from samples of jets and photons in events with
trigger requirements, and the efficiency ratio of such eventa lepton trigger. Lepton candidates in lepton-triggered jet
relative to the corresponding photon-lepton events must bevents are selected with the same trigger requirements as the
accounted for separately. For electron-jet events with an adepton-jet sample described above. Instead of applying the
ditional CEM electron, the trigger efficiency for both full lepton selection criteria in Table Ill, the minimal set of
electron-jet and photon-electron events is nearly 100%, sbevel 3 lepton trigger requirements, listed in Table I, is
that the trigger efficiency ratio of such events is assumed tapplied in this selection, so as to maximize the sample size.
be unity. Electron-jet events with additional PEM or FEM Along with exactly one such loose lepton candidate, lepton-
electrons have the same efficiency ratio as that of singlériggered jet events are required to have exactly one jet with
electron-jet events above. For muon-jet events with an addi-;;|<1.0, Er>25 GeV, and AR;>0.5. The lepton-
tional CMNP, CMUP, or CMX muon, the trigger efficiency triggered jet sample consists of 46091 electron-triggered jet
ratio depends upon the muon trigger efficiencies of the twavents and 12875 muon-triggered jet events.

- e#i-i—(l—eﬂi)x €,(Ey)

R, .=
iy P#isﬂi

12

muon stub types: Lepton candidates in lepton-triggered photon events are
selected with the same trigger requirements as the lepton-
G#iﬂﬁ(l—f#iﬂj)xfy(ET) triggered jet events described above, except that the pres-

Ruim: P €.t (1-P, G}L)XP,MJ-G,M]-' (13 caled Level 2 inclusive muon trigger requirements are re-

placed by the muon-jet trigger described in Sec. Il B.
Lepton-triggered photon events are required to have exactly
. i ] ) one loose lepton candidate as above, and are required to have
two different muon stub type&,, andP , are the inclusive  gyactly one photon candidate satisfying all of the photon
muon trigger prescales of the two different muon stub typesselection criteria in Table |, except for the isolation require-
ande,,,, is the efficiency of the logical OR of the two muon ments. Specifically, the requirement that the sum ofthef
triggers, all tracks in a cone oR=0.4 around the photon be less than
5 GeVlc is rescinded, and th&gy, . requirement is loos-
pin = €y T (1€)X €y (14 ened from 2 GeV to 12 GeV. The lepton-triggered photon
sample consists of 121 photon-electron and 38 photon-muon
Muon-jet events with additional CMU, CMP, or CMI muons events.
have the same efficiency ratio as that of single muon-jet Since the muon-triggered jet sample has a less efficient
events above. trigger path than the muon-triggered photon sample, an un-
The total effective number of jets in lepton-jet candidatebiased comparison of the two samples requires that the num-
events after all corrections have been applied is also given iber of muon-triggered jet events must be augmented on an
Table IX. There are more electron-jet candidates than muorevent-by-event basis by the ratio of trigger efficiencies of the
jet candidates because the angular coverage of the CEM a0 samples. The ratio for each event in this case is simply
larger than that of the central muon chambers, particularly athe inverse of the Level 2 muon trigger prescale factor for

where €u, and e, are the muon trigger efficiencies of the

€
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FIG. 6. The distribution ofE'S° . for CEM electrons fromz°® FIG. 7. The number of photon candidates per jet, as a function
decays, normalized to unity. of ES0 ., for CDF jet data obtained with a lepton trigger. Included

are the results of CDF datpoints, the fit of CDF data to Eq(15)
the stub type of the muon, RL _The effective number of (solid line), the linear portion of the same fitlotted ling, an esti-
muon-trigaered iet events increiases from 12875 to 17745 mate of this distribution from a simulation & plus jet events
99 .] . . " performed byrYTHIA (cross-hatched histogramand an arrow indi-
Photon candidates in the lepton-triggered photon samplg : jet
. L . Cating the value oP’’".
consist of a combination of prompt photons, electrons misi- v
dentified as photons, and jets misidentified as photons, wher&
only the jet component is relevant to the evaluatiorPé;ff‘.
The distribution ofEgy,. of the other two components is

prompt photon(or electron misidentified as photonan-
didates wWithEl>S <2 GeV is given by

cone

measured using a sample of CEM electrons fighdecays. dN,
Dielectron events are selected from events satisfying the A X — =A;X0.95, (16
same trigger criteria as that of the photon-electron candidates dEcone bini

described in Sec. Il C. From these triggerS:like dielec- .
tron events are selected which have exactly two CEM elecand the number of jets misidentified as photons V&fff,.
trons passing the electron criteria in Table Ill, excepting the<2 GeV is given by

isolation requiremen(that the totaE+ deposited in the calo- iso

rimeters, in a cone oR=0.4 around the electron track, be Azt AgXEcondbini=Az T AgX1 GeV. 17
less than 10% of the electrd#y), and which have dielectron
invariant mass within 5 GeV oM. The distribution of

Eov e Normalized to unitydN; /dEgy,, for the 3300 elec-

cone’

trons in th|s_sample is shown in F|g._6. CEM electronthe effective number of lepton-triggered jet eve(M$091
showers—which have the same calorimeter response

i %ﬁectron-jet and 17745 muon-jethen A,+AzX1 GeV is
CEM showers from prompt photons—exhibiES . . . P a3
—2 GeV 95% of the fime. identically the jet misidentification rate.” .

. o i Employing these conventions, the distributidN/dE'S°
Using the measured d|str|but|cd_1\lz/dE_'CSo°nefor_ prpmpt .for lepton-triggered photon events is shown in Fig.m?n.eThe
photons or electrons, and assuming a linear distribution Wistribution (solid points is peaked in the first bin corre-

EiS° . for jets misidentified as photons, the total number Ofsponding to isolated photon candidates, followed by a lin-

photon candidates as a function Bfne, dN/AECG,, is early falling tail of non-isolated photon candidates. The

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-mudm that of

given by minimum y? fit of the data to the functional form of E¢L5)
(solid line) is shown in Fig. 7, along with the linear portion
dN dN, , of the fit obtained fromA, and A; (dashed ling The func-
so ~ALX o T At AsX Edghe, (15  tional form chosen describes the data wep?/d.o.f.
dEcone dEcone J

=0.38), yielding an average jet misidentification rﬁ’ﬂét of
3.8+0.7X 10 *. The best fit parameters are shown in Table
whereA;, A,, andA; are free parameters to be fit to the X. _

data. If the bin size is chosen to be equal to B, thresh- Also shown in Fig. 7 is an estimate ofN/dE:;,, ob-

cone
old for isolated photon candidaté® GeV), then the number tained from a simulation o#\-jet production(cross-hatched
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TABLE X. The results of fittingdN/dEgo, to photon candi- 20 T 3
dates in CDF jet data obtained with a lepton trigger. Included are 2 1% £ (,\:Zs':gt 32}2 LE('Z?,"Q{‘_(I)",?QSQ 3
the number of photons and jets in each sample, the best fit param- 2 1 3
etersA,; , the y? per degree of freedom for the fit, and the jet misi- g 12 3
dentification rateP’". S 10 E

S s 3

£ 6 3

Lepton-Jet Samples g a 3

ej wi J £ 2 = ;
0 2 4 6 8 10 12

Photons 121 38 159 Photon Isolation E,, R = 0.4 (GeV)

Jets 46091 17745 63836 P 20 71— (oy J5t Data (Muon Tribgen) ™ =

Ay (1079 13+2 14x4 13+2 3 }2 3 | Misid. Rate = (2.2 + 1.5) X 10 E

A,(1074) 4.7+0.9 24515 4.2+0.7 3 14T E

A5(10°%/GeV) -0.4+0.1 —02+02 —0.4+0.1 O 12 p 3

Pe{(107%) 43+10  22:t15  3.8:07 8 g [ 3

x%d.of. 0.38 0.44 0.42 E 6 [ 3

g 4 ] 3
[=3 E
£ 2 ;
: . 0
histogram), using thePYTHIA event generator and the detec- 0 2 4 6 8 10 12

tor simulation described in Sec. IV A. The leading-order Photon Isolation Er, R = 0.4 (GeV)

Feynman diagrams fo¥W-jet production employed by the
PYTHIA event generator are ?ho""” in Fig. 8. .S'mUIatedof EiSo ., for CDF jet data obtained witte) an electron trigger or
events are s_elected _Wh'Ch satisfy the same requirements E’b”} a muon trigger. Included are the results of CDF datzints, the
the Igpton-trlggered jetand Iepton-tnggeyed photon sampleﬁ of CDF data to Eq15) (solid line), the linear portion of the same
obtained from the data, and photon candidates are required @ (qotted ling, an estimate of this distribution from a simulation of
arise solely from hadron decay. The simulated results fo{y pjys jet events performed yvTHiA (cross-hatched histogram
dN/dESS, . exhibit a shape consistent with a linear functional and an arrow indicating the value gp'yef_

form, as well as a predicted magnitude consistent with the

observed jet misidentification rate. these lepton-triggereat® events are selected with the same
Figure 9 shows the distributiotiN/dEgy,,. computed for  trigger requirements as the lepton-triggered photon events
electron-triggered photon events and muon-triggered photogescribed above. Lepton-triggered events are required to
events separately. The separate jet misidentification rates oRave exactly one loose lepton candidate as above, and are
tained from these diStribUtionS, also shown in Table X, arQ'equired to have exact|y onﬁ-o candidate which satisfies
statistically consistent with each other. _ requirements similar to photon candidates in Table I, with the
Additional evidence for the linear behavior 8N/dE;;,.  following differences: the isolation requirements are not ap-
in misidentified jets is obtained from a sample of lepton-plied, as done for the lepton-triggered photon sample; the
triggered events enriched with®s. Lepton candidates in requirements for additional CES energy clusters are not ap-
B plied; and the)(gv is required to begreaterthan 20. The
a 9 lepton-triggeredr® sample consists of 38 electrerf:and 11
muon-7° events. .
The distribution dN/dESS,. for lepton-triggered 7°
) events is shown in Fig. 10. The distributi¢solid points is
consistent with that of a linearly decreasing tail. Also shown
w in Fig. 10 is an estimate afN/d E;,y,. obtained from a simu-
lation of W-jet production(cross-hatched histogranas de-
scribed above, except with the lepton-triggereliselection
a) g7 —» Wy applied. As with lepton-triggered photons, the simulated re-
g 7 sults fordN/dEg,,. exhibit a shape consistent with a linear
functional form, as well as a magnitude consistent with the
observedr® rate.
Table 1X shows the mean number of photon-lepton events
expected to originate from misidentified jets, for the various
1% subsets of photon-lepton events to be analyzed. The uncer-
tainties in these estimates are dominated by the uncertainty
q by in P'ye‘, which in turn is limited in precision by the number
b) g — W¢ of exclusive ph_oton-lepton events. The_total number of two-
body and multi-body events expected is 1-2 events per cat-
FIG. 8. The leading-order Feynman diagrams\\jet produc- ~ egory per lepton species, with roughly equal contributions in
tion. photon-electron and photon-muon events. The number of

FIG. 9. The number of photon candidates per jet, as a function
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is(F)ZIG. 10. Thg number oﬁo cand.idates per jet., as a function of £, 11. The distributions fofa) Me,, (b) Er, (c) Age,, and
Econe: for CDF jet data obtained with a lepton trigger. Included are ) AR, in Z%-like events. The points are the’-like photon-
the results of CDF datgpointg and an estimate of this distribution  gjectron sample; the cross-hatched histogram is electron-electron
from a simulation ofW plus jet events performed ¥ THIA (Cross-  eyents from CDF data with the same kinematic requirements, nor-
hatched histogram malized to the control sample.

(r)r:curlrt]lz;leﬁittir;:\/seggsng:ls#]gefquclJerntrg f'g;mlﬁeed jetasnlg an Order(91 GeV/k?). There are 17 such events in the CDF data, and
9 ' Y €YY KYY  their characteristics are shown in Fig. 11. In order to check

events arising from misidentified jets is negligible, due to the

o . the assumption that these are predominaf—ete”
small number of jets ik, ey, anduy events, respectively. events, a sample Gf%—e*e~ events is selected from the

inclusive electron sample which have exactly two electrons
passing the electron criteria in Table IIl, and which have the
The dominant source of misidentifed particles in photon-same kinematic requirements as the photon-electron control
electron events i20—ete” production' wherein one of the sample. There are 1235 such events, and their distributions,
electrons undergoes hard photon bremsstrahlung in the déormalized to the photon-electron control sample, are also
tector material, or the CTC fails to detect one of the electrorshown in Fig. 11; the shapes of the distributions of the two
tracks, and that electron is subsequently misidentified as samples are statistically consistent with each other.
prompt photon. There are approximately 1000 central elec- Some of the photon-electron events in the control sample
tron pairs in the CDF data, so an electron misidentificatiorwill arise from real photons fronw/z%+ y production, or
rate as low as 1% will give rise to 20 photon-electron eventsfrom jets misidentified as photons. In order to avoid double-
which would be unacceptably high for finding sources ofcounting these as a source of background, the diboson Monte
new physics comparable W/Z°+ y production(see Tables Carlo calculations described in Sec. IV A and the jet misi-
VIl and VIII). It is therefore necessary to either obtain inde-dentification calculations described in Sec. IV B are used to
pendently the electron misidentification rate to sufficient acestimate the number of photon-electron events passing the
curacy that a background subtraction can be performed, or tgentrol sample requirements, and this is subtracted from the
assume that those photon-electron events in the CDF datftal number of control sample events to give a corrected
which are sufficiently similar in their kinematics & pro- ~ number of misidentified photon-electron events. Out of 17
duction are not a significant source of new physics, and thagvents, 1.240.13 events (1.0£0.12 from diboson events,
such events may be used to estimate misidentified photor®.23+0.04 from misidentified jejson average are expected
electron events elsewhere. The latter method is employed it¢ have real photons, which are subtracted to give 15.8
what follows. +4.3 misidentified photon-electron events in the control
A control sample ofZz°like events is selected from sample.
photon-electron candidates with the following requirements: The number of misidentified photon-electron events in the
exactly one photon and exactly one electron satisfying theontrol Sample,Ngty”, divided by the number of electron-
criteria summarized in Tables | and Ill; no additional leptonselectron events with the same kinemati te” , gives the
satisfying the criteria in Table 1V; the nearest distance inmisidentified photon-electron rate per central electron pair.
azimuth between the photon and the electrdg,,, must  For any other particular subset of central electron pairs, the
exceed 150°; and the invariant mass of the photon-electrototal contribution to the corresponding photon-electron
pair, M must be within 5 Gew? of the Z° mass sample is the product of the number of central electron pairs

C. Electrons misidentified as photons

ey
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TABLE XI. The expected mean number of photon-electron can-addition, as an isolation requirement, the sum of the mo-
didatesN,,, from Z° electrons misidentified as photons, for the vari- menta of other CTC tracks incident upon a coneRef0.4
ous categories analyzed. The number of dielectron evBts  around the candidate track direction must be less than 10%
which potentially contribute to each category is also included.  of the p; of the candidate track. The photon-track sample
consists of 394 events containing 398 track candidates.

Nee Ne, Because the photon trigger requirements of the photon-
Two-bodyeyX 321 4111 track sample are less efficient than the_ trigger requirements
Multi-body eyX 132 1.7-05 of the photon-muon sample, the effective number of tracks
Multi-body eyE X 8 0.10+ 0.04 which potentially contribute to the photon-muon candidates

must be augmented by a ratio of the efficiencies of the dif-
ferent trigger paths, for each track in each event of the
with this misidentification rate. To calculate the number ofsample. The efficiency ratiR,; varies with photorE; and
misidentified events in each of the two-body and multi-bodythe muon stub type; that the track would produce in the
photon-lepton event samples, a sample of dielectron events @&/ent of hadron punchthrough or decay-in-flight:

selected from events satisfying the same trigger criteria as
that of the photon-electron candidates described in Sec. Il C.
From these triggers a sample of two-body and a sample of
multi-body dielectron events are selected which have exactly
twq electrons satisfying the electron criteria_ in Table _III, a”dwheree _is the trigger efficiency for muons of stub type
which have the same angular separation requirements mi . . .
(Agec>150° for the two-body and\e..<150° for the andey(ET) is the trigger efficiency of photon candidates as a
multi-body) as the respective photon-lepton sample. Therdunction of photonEs . . o

are 321 such two-body and 132 such multi-body events. The The fraction of track candidates which give rise to hadron

estimated number of misidentified photon-electron events "punch_through is computed from the number_ of hadronic in-
multi-body photon-electron events, for example, is thereford€raction lengths traversed through the calorimeter to a muon
' ' chamber, for high-momentum pions and kaons. The thick-

_e,ui-i-(l—eﬂi)Xey(ET)

N ’

(19

N(T”":[(15.8t 4.3)/1235)x 132 ness of the CDF calorimeter, typically 5 absorption lengths
7 for pions and 4.4 lengths for kaons, corresponds to a hadron
=1.7+0.5 events. (18) rejection factor of about 15@0) for the CMU (CMX). The

CMP is additionally shielded from hadrons by 60 cm of steel,
Similar calculations are made for the other photon-leptonwhich effectively absorbs all incident hadrons; the contribu-
samples analyzed, and the results are summarized in Tabli@n of hadron punchthrough to CMP or CMUP muon candi-
XI. The number of multi-photon and multi-lepton events is dates is henceforth assumed to be negligible. The contribu-
negligible, due to the low number efey andeeeevents in  tion to hadron punchthrough of hadrons which partially

the CDF data. shower in the calorimeter is reduced to a negligible level by
the muon identification requirements of low calorimeter ac-
D. Light hadrons misidentified as muons tivity and a small track-stub matching distance. It is therefore

sufficient to consider only the case where a hadron traverses

A hadron Jet can contain cha_lrged hadrons, which Ma¥he entire length of the calorimeter without interacting, and
occasionally penetrate the calorimeters and be detected b

’ . sYJbsequentIy enters the CMU or CMX.
the muon chamberShadron punphthrough), or which may For each track in the photon-track sample, the probability
decay to a muon before reaching the calorimeténadron

decay-in-flight”). If one of these hadrons constitutes a suffi-Of the track becoming hadron punchthrou@lﬁw, IS given

ciently large fraction of the jet momentum, then the hadronby

jet can be misidentified by the CDF detector as a single

prompt muon. Such a jet produced in association with a pho- PIPTM= F.xexd —\,(EY/sing,]+Fg

ton candidate contributes to the detected photon-muon can- fy g

didates. The contribution of the photon plus misidentified jet X exf —A(ED/sing], (20

events is determined by analyzing a sample of isolated, high-

momentum tracks in CDF photon data, determining the probwhereF . andF are the relativer:K fractions; anch ,(E")

ability of each track being misidentified as a muon, and comand A¢(E") are the calorimeter thicknesses in units of the

puting the total contribution by summing this probability interaction length$27] for the corresponding particle type,

over all tracks in the sample. as a function of the total enerds} of the trackt and the sign
Starting with the inclusive photon events described inof its charge. The interaction length for kaons is longer than

Sec. lll A, a photon-track sample is selected by requiring onéhat of pions, soPpy, is a maximum forFx=1.0 and a

or more photon candidates satisfying the criteria in Table Iminimum for Fx=0.0. For the central value estimate, an

and one or more CTC tracks with;>25 GeVk which  experimentally measured vallg = 0.33 is used 28|, with

extrapolate to the CMU, CMP, or CMX detectors. The se-upper and lower systematic bounds definedy=1.0 and

lected CTC tracks must also satisfy the same track requird=,=0.0. This systematic uncertainty is the dominant uncer-

ments as those of muon tracks, as described in Sec. Il B; itainty for the hadron punchthrough estimates.
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TABLE XII. The contribution to the photon-muon candidates of ~ TABLE Xlll. The contribution to the photon-muon candidates
punchthrough hadrons misidentified as muons, indexed by muoof decay-in-flight hadrons misidentified as muons, indexed by muon

stub type, for various categories analyzed. stub type, for the various categories analyzed.

Stub Type Two-body Multi-body Multi-body Stub Type Two-body Multi-body Multi-body
nyX nyX wmyErX myX myX myEX

CMUP — — — CMUP 0.35 0.10 0.03
CMNP 0.37 0.12 0.07 CMNP 0.15 0.04 0.02
CMX 0.15 0.08 0.03 CMX 0.21 0.11 0.03
CMP — — — CMP 0.08 0.04 0.01
CMU 0.90 0.25 0.09 CMU — — —
Total 142512 0.45°323 0.18 5% Total 0.80" 583 0.28" 33 0.10" 3¢

For any particular subset of the photon-track sample, th€0.494 GeV. For tracks with transverse momentum of
total contribution to the corresponding photon-muon sampl@5 GeVk, the decay-in-flight probability is 0.67% for kaons
is the sum over all candidate tracks of the hadron punchand 0.14% for pions.
through probabilities, weighted by the appropriate trigger ef- For any particular subset of the photon-track sample, the
ficiency ratio for each track: contribution to the corresponding photon-muon candidates of

decay-in-flight hadrons is the sum over all tracks of the

decay-in-flight probabilities, augmented by the trigger effi-
Npr,= Et: Ry X Phr, @D ciency ratio:

For example, in the case of multi-bodlyy events, a subset _ t
of the punchthrough candidates is selected for which the Nore. zt: Ry Porey- 23
track extrapolates to the CMU or CMX detectors, ahg
between the photon and the track is less than 150°. There aRue to the shorter kaon lifetime, the upper and lower bounds
89 such tracks, corresponding to a background of 0.4%re again determined by the results assuming kaon fractions
+0.25 events from hadron punchthrough in the inclusiveof 1.0 and 0.0, respectively, with the central value deter-
multi-body ©y sample. Of these 89 tracks, 32 belong tomined byF,=0.33. The results indexed by muon stub type
events with E;>25 GeV, corresponding to 0.#80.11  are shown in Table XIIl. The contributions relative to those
punchthrough events in the multi-boglyyEr sample. The sources of photon-muon events considered previously are
results indexed by muon stub type are shown in Table XII. small.

Each of the photon-track events described above also po-
tentially contributes to photon-muon events in the form of E. Heavy-flavored hadron decay to leptons

hadron decay-in-flight; hadrons which decay to muons prior A hadron consisting of one or more quarks with heavy

to interacting with the central calorimeters will satisfy theflavor (charm or bottor has a much shorter lifetime than

requirements of prompt muons. The inner radius of the cen; . : ]
tral calorimeters is 1.73 m, and the radius beyond this corret-hose hadrons c0n5|dered_ In Sec. IVD; at Fh_e Tevatron,
heavy-flavored hadrons typically travel a few millimeters be-

sponding to one hadronic_interactionllength is approximatehfOre decaying and do not produce a measurable track in the
ﬁkgﬂgdggn;ig%ce%:gg dpggrr;csjsnrsadlu’smm are therefore CTC. Consequently, the decay in flight of heavy-flavored

For each track in the photon-tr.ack sample, the haolrolgadrons to leptons is not accounted for in the estimates of
decav-in-fliaht probabilitve is aiven b ' ec. IV D, which infer the number of decay-in-flight hadrons
y gntp Ybir, 1S 9 y from CTC tracks. The contribution to photon-lepton candi-

dates that arises from heavy-flavored hadrons produced in

t _ * — —
Poip,=FxXBR(7™ — uy)X{1-exd —(2.067,) association with a prompt photon is instead accounted for

x(m,lcpr) ]} +Fe X BR(K® — ) through Monte Carlo event generation and detector simula-
tion, as in Sec. IV A.
X{1—exd —(2.07¢)(my/cpr)}, (22) Figure 12 shows the leading-order Feynman diagram for a

heavy-flavored quark produced in association with a prompt
where pr is the transverse momentum of the trackin  photon. The leading-order matrix element for this process is
GeV/c, F, is the fraction of tracks which are pions, calculated with theryTHIA [21] event generator program,
BR(m"—uv) is the branching ratio of pions to muons using the leading-order proton structure function CTEQS5L
(~1.0), c7, is the pion proper decay length in meté7s8  [22]. PYTHIA also generates, fragments, and hadronizes the
m), andm_. is the pion mas$0.140 GeV; F is the fraction  partons produced in a simulated interaction. The QQ pro-
of tracks which are kaons, BR(* — uv) is the branching gram, based on measurements of the CLEO experif@&t
ratio of kaons to muong0.639, cr¢ is the kaon proper is used to compute the decays of heavy-flavored hadrons.
decay length in meter63.7 m), and my is the kaon mass Previous measurements of photon-heavy-flavor events at the
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g b,c dard model, and the similar comparison of the distributions
of kinematic properties in those samples. New physics in
small samples of events would most likely manifest itself as
an excess of observed events over expected events. In the
absence of a specific alternative model, the significance of an
observed excess is computed from the likelihood of obtain-
ing the observed number of events, assuming that the null
hypothesid(i.e., the standard modek correct. This “obser-

b,c v vation likelihood,” denoted here bP(N=Ng|usy), is de-
fined as that fraction of the Poisson distribution of expected
events(with a meanug)y predicted by the standard moglel
which yields outcome$ greater than or equal to that ob-
served in CDF dataNy. A small observation likelihood in-
Tevatron[30] indicate agreement of CDF data with next-to- dicates that the SM prediction for this sample may be not
leading order QCD predictions. In order to obtain agreementvell-understood, or that the sample may be better explained
of the leading order simulation with next-to-leading orderby physics beyond the standard model.
cross section predictions, a next-to-leading onddactor is For each photon-lepton sample, the mean event total pre-
applied to the leading order cross section computed bylicted by the standard modelgy,, is the sum of each of the
PYTHIA. In the previous measurements ttisfactor was sources discussed in Sec. IV. The uncertainty.ify, is the
found to beKy o=1.9£0.2. Using thisK factor and the standard deviation of a large ensemble of calculations. For
leading-order cross section computed BYTHIA (o o  each calculation in the ensemble, each quantity used to com-
=7 nb), the mean contribution to photon-lepton candidatepute photon-lepton event sourgasgmulation systematics, in-
in CDF data for this process is given by EdO) in Sec. tegrated luminosity, photon and lepton misidentification
IV A. rates, etg.varies randomly as a Gaussian distribution, where
Table XIV shows, for the various signal regions of this the center of the distribution is the mean value of the quan-
analysis, the number of simulated events which are photortity and the width is the uncertainty of the quantity. This
lepton candidated\y,c, out of 117 million eventgequiva- ensemble of calculations accounts for correlated uncertain-
lent to 8.4 o) generated; and the mean contribution ex-ties between the various contributing sources, such as the
pected in 86.3 pb! of CDF data,N;,. The contributions uncertainty in the integrated luminosity used to normalize
expected are small compared to those discussed in Sedbe various simulated event totals. The observation likeli-
IV A—IV D. All simulated candidates are found to be two- hood P(N=Ng|usy) is again computed from a large en-
body photon-lepton events, as would be expected for a precsemble of calculations. For each calculation in the ensemble,
cess with a two-body final state. Contributions to multi-bodyeach quantity used to compute photon-lepton event sources
photon-lepton events are bounded from above by 0.01 at thegain varies randomly as a Gaussian distribution, and the
68% confidence level, and are henceforth assumed to be netgsulting mean event total is used to randomly generate a

FIG. 12. The leading-order Feynman diagram fot b,c pro-
duction.

ligible. Poisson distributed outconfé. The fraction of calculations
in the ensemble with outcomedN=N, gives P(N
V. ANALYSIS OF PHOTON-LEPTON CANDIDATES >No|MSM)-

o _ ) ) The total standard model predictions for the distributions
The objectives of this analysis are the comparison of thgf kinematic properties are the sums of the distributions of
observed event totals, in the various photon-lepton samplege corresponding properties of each of the sources discussed

described in Sec. Ill E, with the totals predicted by the stanin Sec. V. For the contribution from jets misidentified as
photons, the appropriately weighted distributions of jet prop-

TABLE XIV. The contribution to photon-lepton candidates, €rties in lepton-jet events are used in the predicted distribu-
N;, . of heavy-flavored hadrons decaying to leptons, for the variougions of photon properties. Similarly, for the contribution

categories analyzed. Included is the number of candidate evenfsom electrons misidentified as photons the distributions of

Nmc produced by the simulation for each category. electron properties in electron-electron events are used to
predict distributions of photon properties, and for the contri-
Nyc (8.4 fb™1) N, bution from hadrons misidentified as muons the distributions
Two-body Events of track properties in photon-track events are used to predict
erX 10 0.07- 0.02 distributions of muon properties.
wyX 3 0.03+0.01
Multi-body Events A. Two-body and inclusive multi-body photon-lepton events
eyX 0 <0.01 The predicted and observed totals for two-body photon-
nyX 0 <0.01 lepton events are compared in Table XV. The mean predicted
eyE X 0 <0.01 contributions from each of the sources discussed in Sec. IV
wyErX 0 <0.01 are also listed. Half of the predicted total originates from

Z%y production where one of the charged leptons has evaded
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TABLE XV. The mean numbep gy, of two-body photon-lepton 16 16 e
events predicted by the standard model, the nurhlgesbserved in > 14 5 14 E ) g;grgg\v/—;
CDF data, and the observation likeliho®{N=Ng|ugy). There G 12 8 12F 3
exist correlated uncertainties between the different photon-lepton b 10 b 10 ‘ -+ ‘
sources. 5 8 s % FITW E
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b/c Decayt y 0.07+0.02 0.030.01 0.10:0.03 g2 °F 4 2 6¢r + E
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identification; the other half originates from roughly equal  Fig. 14. The distributions foxa) M, in two-body photon-
contributions ofWy production, misidentified jets, misiden- |epton events,(b) M,, in inclusive multi-body photon-lepton

tified electrons, and misidentified charged hadrons. The obevents(c) A¢,, in two-body photon-lepton events, atd) Ag;, in

served photon-electron total is somewhat higher than prenclusive multi-body photon-lepton events. The points are CDF

dicted, with an observation likelihood of 4.3%; the observeddata, the hatched histogram is the total predicted mean background,

photon-muon total is in excellent agreement with the pre-and the cross-hatched histogram is the predicted mean diboson

dicted total, however, so that the observation likelihood ofbackground. In the cases where there is more than one lepton or

the two-body photon-lepton event total increases to 9.3%. photon, only one entry, that for the leading lepton and/or photon, is
The predicted and observed distributions of the kinematignade.

properties of two-body photon-lepton events are compared in

Figs. 13 and 14. Superimposed upon the distributions of the Figure 13 shows the distributions of phot&s, lepton

total contribution predicted by the standard model are theE;, and E; for the events. The observed distributions of

distributions of the contribution from standard model dibo-photon and leptorE exhibit the range of values expected

son production. from the standard model. The number of two-body photon-

lepton events observed with;<25 GeV is in good agree-

12 . . 12 preeeerprrerrerTrOOOTTTY ment with the predicted total. There are 5 events observed
5 10 @ {15 10 f® Qyeriow with E;>25 GeV, whereas 2.3 events are expected, a result
& 18 st 3 which is potentially related to that observed in multi-body
© 1w E | yE+ events described below.
£ + ] € ° B ] The distribution of the totaE+ of all objects in the event,
2 + 19 4 3 H+, is also included in Fig. 13. It is defined as the sum of the
w M2 R ] magnitudes o and the transverse energies of all electrons,
¢ 0 a muons, photons, and jets in the event:
40 60 80 30 40 50 60 70
Lepton E; (GeV) Photon E; (GeV) _
8 ey 30 Hi=E;+ >, ES+, cpé+ > EI+ > El(cor). (29
- ¥ (c) 1 s 25 (d) e Iz Y i
S 18 4
& 18 5 b+ The jets included in this sum are required to h&kéraw)
@ i e “+ >8 GeV and| 7;|<2.4, just as in Eq(4). LargeH+ is cor-
§ E § 10 related with the production of massive particles, virtual or
w 3 W5 E R real. The observed data exhibit the rangeHaf values ex-
E 0 EafES pected.
150 0 100 200 300 400

The predicted and observed totals for inclusive multi-
body photon-lepton events are compared in Table XVI. The

FIG. 13. The distributions fofa) leptonE+, (b) photonEy, (cp ~ Magnitude of the predicted total is similar to that of two-
E;, and(d) Hy in two-body photon-lepton events. The points are Pody photon-lepton events. About half of the predicted total
CDF data, the hatched histogram is the total predicted mean backriginates fromZOy production, a quarter frordVy produc-
ground, and the cross-hatched histogram is the predicted mean dion, and the remaining quarter from particles misidentified
boson background. as photons or leptons. In this sample the observed photon-

H, (GeV)
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muon total is higher than predicted, with an observation like-isible muon, 1.0 are predicted to induce more than 25 GeV
lihood of 3.7%; all of the difference can be attributed to of E; as above, and 1.4 are predicted to induce less than 25
events with largeEr, as discussed below. The observedGeV of E;. As shown in Table XVIII, 1 event is observed
photon-electron total is in excellent agreement with the prewith a second visible muon, in agreement witfry predic-
dicted total, and the observation likelihood of the inclusivetions. The predicted total for multi-body yE+ events con-
multi-body photon-lepton total increases to 10%. sists of 47%0W+y production, 24% events with jets misiden-
The predicted and observed distributions of the kinematigified as photons, 23%°y production, and the remaining
properties of inclusive multi-body photon-lepton events are7% from other particles misidentified as muons.
compared in Figs. 14 and 15. The difference between the The observequyE+ total is much higher than predicted
observed and predicted totals can be entirely attributed tp11 observed vs 4 expectedvith an observation likelihood
events withE;>25 GeV; the observed events with lower of only 0.54%; the observation likelihood of thE total is
Er agree with predictions. There is also a larger proportioronly slightly higher at 0.72%.
of observed events than expected with smaller photon-lepton The predicted and observed distributions of the kinematic
azimuthal separationA¢,,, for which the contributions properties of multi-body yE; events are compared in Figs.
from misidentified photons or leptons are largely absent.  16-18. The photok+, leptonE+, Et, andH observed are
within the range expected from the standard model. The ob-
B. Multi-body | yEZ; events served photoikE; spectrum has more events near the 25 GeV
The predicted and observed totals for multi-bddy& ;hrteShOId than ?ngdzdd HQV\t{ever, nearly 6:)" ph(?[thon %arlgll'—
events are compared in Table XVII. For photon-electronC2 > a][ehongt;‘ ?ZnEl\jl‘r eviation ?r .m](])‘{e_l"i‘hove res Of n
events, requiringtt>25 GeV suppresses the contribution terms of the 3% CEM energy reso utiphd]. The masses o
from Z%y production and from electrons misidentified as;:or_nb:jnagons ﬁffbjeldstm observég?ET e\/tt;:]nts alrgochczéa\\/c/-
photons, which have no intrinsié;, while preserving the Ienze P y photon-iepton mass ESS agé\/ h '
contribution fromW+y production. As a result, 57% of the eptonéy transverse mass greater than 50 photon-

: : . E; transverse mass between 80 and 100 @&V4nd| yE
predictedeyE total arises from\Wy production, 31% from T ' T
jets misidentified as photons, only 3% frazfly production, transverse mass between 90 and 120 @&VThe observed

and the remaining 9% from other particles misidentified asangular distributions favor smaller azimuthal photon-lepton

. . separation and larger leptdt- and photorE; azimuthal
photons. The observeslyE total agrees with the predicted . .
total, with a 25% probability that the predicted mean total Ofseparatlons than expected from the standard model. The dif-

3.4 events yields 5 observed events. Included in the 5 even[grence in observed and predicted totals is therefore difficult
o'bserved is theeyyE event[3] ' 0 attribute to misidentified photons or leptons, which as
T .

For photon-muon events, requiriig>25 GeV does not shown in Fig. 18 tend to have the larger photon-lepton azi-
completely eliminate the contribution fro@’y, for if the

second muon halsy|>1.2 andp;>25 GeVk it evades all 10 . . T3 14 ¢
forms of muon detection and induces the necessary amount o, g k@ MooVl > 2§ Querfiow
of E+. The rate at which this occurs is estimated wel2%y 3 7 1 8
event simulation, however, since it is solely a function of the g 1w 8¢f
CDF detector acceptance for such a second muon. Of the 4.6 £ , 1 £ s
multi-body photon-muon events predicted to originate from 2 3 gl 12 4R
7%y production, 2.2 events are predicted to contain a second ¥ 2 B8 1@, BT
TABLE XVI. The mean numbeiusy, of inclusive multi-body 40 60 80 30 40 50 60 70
photon lepton events predicted by the standard model, the number 18 Lepton ET (GeV) Photon E; (GeV)
N, observed in CDF data, and the observation likelihdogN 6 b ]
=No|usw). There exist correlated uncertainties between the differ- 3 14 1%
ent photon-lepton sources. G 12 i 9
& 10 + 18
3 8 18
Process eyX LyX lyX ;c.; . ; ::E;
W+ y 2.4+0.3 2.5:0.3 5.0:0.6 o 1
Z+y 5.0+0.5 4.6:05 9.6:0.9 ﬁ R S
| +jet, jet—y 1.7£0.3 1.5:0.3 3.2:0.6 0 50 100 150
Z—eee—vy 1.7+0.5 — 1.7:0.5 E; (GeV) H; (GeV)
Hadront-y - 0.5+0.3 0.5-0.3 FIG. 15. The distributions fofa) leptonE+, (b) photonE+, (c)
7/K Decayty — 0.3+0.3 0.3:0.3 E;, and(d) Hy in inclusive multi-body photon-lepton events. The
b/c Decayt y <0.01 <0.01 <0.01 points are CDF data, the hatched histogram is the total predicted
Predictedusy 10.9+1.0 9.3-1.0 20.2£1.7 mean background, and the cross-hatched histogram is the predicted
Observed\, 11 16 27 mean diboson background. In the cases where there is more than
P(N=Ng|usw) 0.52 0.037 0.10 one lepton or photon, only one entry, that for the leading lepton

and/or photon, is made.
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TABLE XVII. The mean numberugy of multi-body | yE; 10 3 10 ¢ 3
events predicted by the standard model, the nuiesbserved in : : g :
CDF data, and the observation likeliho®{N=Ng|ugy). There E 7 E E 7 3
exist correlated uncertainties between the different photon-lepton o 6 {10 6 3
sources. @ 5 i@ 5 E

c 4 i1t 4 3
2 3 1 2 3 3

Process eyE X wyErX [yErX G 2 [ id 2k E

W+ y 1.9+0.3 2.0:0.3 3.9:0.5 0 BT BT ——

Zty 0.3+0.1  1.0:02  1.3:0.2 Lepton E; (GeV) Photon E; (GeV)

[ +jet, jet—y 1.1+0.2 1.0:0.2 2.1+0.4 14 e 14

Z—eege—y 0.10+0.04 — 0.16:0.04 > 12 F(© {15 12 f@

Hadront+ y — 0.2+0.1  0.2¢0.1 LRI 18

7/K Decayt y — 0.1+0.1 0.1+0.1 9 s f 18 s

b/c Decayt+ y <0.01 <0.01 <0.01 3 6 [ 18 s

Predictedusy 3.4+0.3 4.2+0.5 7.650.7 § a b + 3 § 4

Observed\g 5 11 16 w o, TR +

P(N=Ng| usm) 0.26 0.0054 0.0072 0 0—--? 50 £ 1ooT 3 o PnEERE—

E; (GeV) H; (GeV)
muthal separation that is characteristic of a two-body final FIG. 16. The distributions fofa) leptonE+, (b) photonE+, (c)
state. E+, and(d) Hy in multi-body | yE; events. The points are CDF
data, the hatched histogram is the total predicted mean background,
C. Events with additional leptons or photons and the cross-hatched histogram is the predicted mean diboson

background. In the cases where there is more than one lepton or

The predicted and observed totals for multi-body multi-photon, only one entry, that for the leading lepton and/or photon, is
lepton events are compared in Table XVIII. The dominantmade.

contribution to the predicted total is expected to be fidhy
production. Approximately 6 events are expected; 5 events
are observed. The 5 events are all dilepton events; however
they include theeeyyE+ event, which is the only event with
two photons. With the exception of this event, both the elec-

tron and muon channels are in good agreement with the stan- 10 12 .
dard model predictions. Neuy events were expected, and > 2 > 10 3
none were observed. e ] ]

The predicted and observed totals for multi-photon events 15 6 19 8 E
in this subsample are compared in Table XIX. Only a small & 3 % @ E
(0.01 event contribution is expected fronZy production; € s £ a4 E
the single diphoton event observed is theyyE; event. o 2 NN o o, s 3
Judged solely as an event with one lepton wih ! R ihidm e
>25 GeV and two photons witE;>25 GeV(i.e. on thea 0 50 100 150 0 50 100 150
priori basis of this searghthe observation likelihood of this Mass(l;y) (GeV) M(LE;) (GeV)
event is 1.5%. Judged as an event with an additional lepton "9 E T 12 e SARMRAL AR
and largeir, the observation likelihood is much smaller, as 3 s © > 1 - (@ E
described in detalil in a previous analyf&. g ; <°5 8 | 3

3 S :

TABLE XVIII. The mean numberugy of multi-body events ‘q:'; g ‘g 4 | =
with additional leptons or photons predicted by the standard model, & 2 N .) . & > F alE
the number\, observed in CDF data, and the observation likeli- 1 “""o‘::ﬁ:%;\;%}_."_’ . o
hood P(N=No|usy). There exist correlated uncertainties between 0 00 50 % 0 50 100 150
the different photon-lepton sources. M(1,E;) (GeV) M{(Lv.E;) (GeV)
Process eeyX e yX I1yX enyX FIG. 17. The distributions for(@ photon-lepton mass(b)

lepton#+ transverse mass¢) photonE transverse mass, arid)
Zty 3.3+04 2203 5506 0.050.01 | yE+ transverse mass in multi-bodyE events. The points are
I+jet, jet>y  0.19+0.04 0.13-0.03 0.32:0.07 — CDF data, the hatched histogram is the total predicted mean back-
Predictedusy  3.5£0.4 2.3:0.3 5.8:0.6 0.050.01 ground, and the cross-hatched histogram is the predicted mean di-
Observed\, 4 1 5 0 boson background. In the cases where there is more than one lepton
P(N=Ng|usw) 0.45 0.90 0.68 0.95 or photon, only one entry, that for the leading lepton and/or photon,
is made.
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10 prrrrr TABLE XIX. The mean numbeps)y of multi-body events with
g (a) additional photons predicted by the standard model, the nuhiper
© 5 © observed in CDF data, and the observation likelihoBdN
§ 6 f— =No|usy) - Expected contributions from jets misidentified as pho-
a2 5 2 tons are negligible.
5 ¢ 5
> 3 >
w , w Process eyy myy lyy
1
0 4 2 5 Z+vy 0.012£0.012 0.0040.004 0.016:0.016
+jet, | — — —
AN(LEr) AO(Ey) | +Jet, Jet—y
1 —_— Predictedugy 0.012£0.012 0.0040.004 0.016:0.016
Observed\, 1 0 1
P(N=Ng|usm) 0.013 1.0 0.015

more than 9%. A multi-body photon-lepton sample, meant to
encompass physical processes with three or more energetic
particles in the final state, was also observed to have an
inclusive total (27 event$ consistent with standard model
AR(LY) predictions(20 events The observed total was again higher
than the predicted mean total, but the likelihood of a total

Events/ (n/6)
O=NWHEOAON®WO

WY
]
AN S

Events/ 0.4
Q = N W & O O ~N O©

FIG. 18. The dist.ribution.s fofa) Ag(lEr), (b) A‘P(VET)’ (©) greater than or equal to that observed was 10%.
Agy,, and(d) ARy, in multi-body | yE; events. The points are

. : ) Several subsets of the multi-body photon-lepton sample

CDF data, the hatched hlstogram Is the to_tal prEd'Cte.d mean bacgt\'/ere studied for the presence of additional particles. A subset
ground, and the cross-hatched histogram is the predicted mean di- . : -

multi-body photon-lepton events with additional leptons

boson background. In the cases where there is more than one Iept§ i d @ i b dt
or photon, only one entry, that for the leading lepton and/or photon'® €Y OF 4ty EVENLS and &uy even $ was observed to

is made. have good agreement with standard model predicti@s
events and 0 events, respectiyelf subset of multi-body
photon-lepton events with additional photons was studied,
VI. CONCLUSION yielding only the unexplaineg¢eyyE; event, whereas the
predicted mean total of inclusivieyy events(requiring the
We have performed an inclusive study of events containpresence of neithe nor a second leptoris 0.01, an ob-
ing at least one photon and one lept@dr w) in proton-  servation likelihood of 1%. This event and estimations of its
antiproton collisions, motivated by the possibility of uncov- jikelihood have been analyzed elsewhfsé
ering heretofore unobserved physical processes at the highest rinally, a subset of the multi-body photon-lepton sample,
collision energies. In particular, the unexplaineeéyyEr  consisting of those events with;>25 GeV, was observed
event, uncovered early on in the CDF analysis of the 1994+ have a total16 events that is substantially greater than
samples of previously unexamined particle combinations intikelihood of a total greater than or equal to that observed
volving leptons and photons could contain potentially re-yas 0.7%. Moreover, the excess events in the observed in-
lated, and therefore possibly novel,.processes. The Qe_finitioausive multi-body photon-lepton sample can be completely
of the photon-lepton samples studied was choseuriori,  accounted for by the excess in the multi-bddyE sample;
including the kinematic range of particles analyzed and thgpserved multi-body photon-lepton  events  witk

particle identification techniques employed. Wherever pos— 25 Gev agree well with the standard model.
sible, the methods of previously published studies of leptons

or photons at large transverse momentum were adopted. The TABLE XX. The results for all photon-lepton categories ana-

questions of interest were also definadpriori, namely lyzed, including the mean number of evepts,, predicted by the

whether the_eve_nt totals of Fhe photon-lepton subsc_"m_]ple andard model, the numbét, observed in CDF data, and the
enumerated in Fig. 3 agree with standard model predictiong,qeryation likelihood® (N=No| s

As a supplemental result, the distributions of the kinematic

properties of the various photon-lepton subsamples are pre- category Y Ny  P(N=No|usy)%
sented in Sec. V.

The answers to those questions are summarized in Table Al 1yX — 7 —
XX. A two-body photon-lepton sample, meant to encompass Z-like ey — 17 —
physical processes with two energetic particles in the final Two-bodylyX 24.9+2.4 33 9.3
state, was observed to have a tofa8B eventy consistent Multi-body | yX 20217 27 10.0
with that of standard model predictio25 events Specifi- Multi-body Il yX 5.8+0.6 5 68.0
cally, the observed total was greater than the predicted mean Multi-body | yyX 0.02+0.02 1 15
total, but the observation likelihood within the standard Multi-body | yEX 76207 16 0.7

model of a total greater than or equal to that observed was
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That the standard model prediction yields the observedignificant excess would confirm the present result as a sta-
total of a particular sample of events with 0.7% likelihood tistical fluctuation.
(equivalent to 2.7 standard deviations for a Gaussian distri-
bution) is an interesting result, but it is not a compelling ACKNOWLEDGMENTS

observation of new physics. Multi-purpose particle physics \ye thank the Fermilab staff and the technical staffs of the
experiments analyze dozens of independent samples fticipating institutions for their vital contributions. We
events, making a variety of comparisons with the standaréhank U. Baur and S. Mrenna for their prompt response to
model for each sample. In the context of this analysis alonegyr need for programs to calculate the standard mudel

five mostly independent subsamples of photon-lepton evenignd Zy backgrounds used in this analysis. This work was
were analyzed. This large number of independent comparisupported by the U.S. Department of Energy and National
sons with the standard model for the same collection of dat&cience Foundation; the Italian Istituto Nazionale di Fisica
increases the chance that outcomes with% likelihood  Nucleare; the Ministry of Education, Culture, Sports, Sci-
occur. However, once a particular comparison has been idemence, and Technology of Japan; the Natural Sciences and
tified as anomalous, the same comparison performed witEngineering Research Council of Canada; the National Sci-
subsequent experiments is no longer subject to the dilution aénce Council of the Republic of China; the Swiss National
its significance by the number of other independent compariScience Foundation; the A. P. Sloan Foundation; the
sons performed concurrently. Hence an observation of inBundesministerium fuer Bildung und Forschung, Germany;
creased significance in the forthcoming run of the Fermilalthe Korea Science and Engineering FoundatboSEP); the
Tevatron would confirm decisively the failure of the standardKorea Research Foundation; and the Comision Interministe-
model to describd yE; production; an observation of no rial de Ciencia y Tecnologia, Spain.

[1] S.L. Glashow, Nucl. Phy2, 579(1961); S. Weinberg, Phys. more modules, each with a shorter drift length, but is otherwise
Rev. Lett.19, 1264(1967); A. Salam, inElementary Particle similar.
Theory: Relativistic Groups and AnalyticitfNobel Sympo-  [9] F. Abeet al, Phys. Rev. 69, 052002(1999.
sium No. 8, edited by N. SvartholniAlmqvist and Wiksell, ~ [10] G.W. Fosteret al, Nucl. Instrum. Methods Phys. Res.2&9,

Stockholm, 1968 p. 367. 93 (1988. .
[2] F. Abeet al, Nucl. Instrum. Methods Phys. Res.2Y1, 387 [11] T. Affolder et al, Phys. Rev. D63, 032003(2001); F. Abe

. ) et al, ibid. 50, 2966(1994.
(1988. The CDF coordinate system definese, andzas 451 1 agtolder et al, Phys. Rev. D64, 052001(200; F. Abe
cylindrical coordinates, with the axis along the direction of et al, ibid. 52, 4784(1995.
the proton beam. The angteis the polar angle relative to the [13] Trigger towers subtend 0.2 in by 15° in ¢.

z-axis, the pseudorapidity is defined gs- —In(tan(6/2)), and  [14] 3. Berryhill, Ph.D. thesis, University of Chicago, 2000.
the transverse energy is definedes= E sin 6. Missing trans- [15] M. Kruse, Ph.D. thesis, Purdue University, 1996.
verse energy i) is the vector opposite to the vector sum of [16] J. Wahl, Ph. D. thesis, University of Chicago, 1999; F. Abe
the transverse energies of all objects in an evdhi= et al, Phys. Rev. D52, 2624(1995.
—-3E+. [17] F. Abeet al, Phys. Rev. D45, 1448(1992.

[3] F. Abeet al, Phys. Rev. 069, 092002(1999. The PEM elec-  [18] The E resolution is measured usind-Ze*e™ events using
tron candidate, while satisfying all standard selection criteria, the kinematic similarity between these and diphoton events.
is found to have tracking data inconsistent with those of con- The distributions inE; versus the total summed transverse

trol samples, as described in these references. energy are shown in Reff3] for the samples of Z-e*e™ and

[4] S. Ambrosanio, G.L. Kane, G.D. Kribs, S.P. Martin, and S. diphoton events, after subtracting thge of the electrons or
Mrenna, Phys. Rev. Let6, 3498(1996; G.L. Kane and S. photons. The two distributions are consistent with each other.
Mrenna, ibid. 77, 3502 (1996; S. Ambrosanio, G.L. Kane, As the Z—e'e™ events sample the distribution in luminosity
G.D. Kribs, S.P. Martin, and S. Mrenna, Phys. Re\6%) 1372 identically to the diphoton events, effects of multiple interac-
(1997. tions on theE resolution are directly accounted for.

[5] P. Achardet al, Phys. Lett. B527, 29 (2002; T. Affolder [19] U. Baur and S. Mrenna, private communication. The source
et al, Phys. Rev. D64, 092002 (200); G. Abbiendi et al, code is available publicly at http://moose.ucdavis.edu/mrenna/
Eur. Phys. J. C18, 253 (2000; P. Abreuet al, ibid. 17, 53 code/.

(2000; R. Barateet al, ibid. 16, 71 (2000; B. Abbott et al,, [20] U. Baur and E.L. Berger, Phys. Rev. 4¥, 4889(1993; 41,

Phys. Rev. Lett82, 2244(1999; 81, 524(1998; F. Abeet al, 1476(1990.

ibid. 81, 1791(1999; B. Abbottet al, ibid. 80, 442(1999; S. [21] T. Sjostrand, Comput. Phys. Commu82, 74 (1994); S.

Abachiet al, ibid. 78, 2070(1997. Mrenna,ibid. 101, 232(1997. An archive of program versions
[6] B. Abbott et al,, Phys. Rev. Lett82, 29 (1999. and documentation is available publicly at
[7] F. Abeet al, Phys. Rev. Lett83, 3124(1999. http://www.thep.lu.se/tf2/staff/torbjorn/Pythia.html.

[8] F. Snideret al,, Nucl. Instrum. Methods Phys. Res.288, 75 [22] H.L. Lai et al,, Eur. Phys. J. @2, 375(2000. The source code
(1988. This is the reference for the previous generation of the is available publicly at http://www.phys.psu.eeieteq/
device. The replacement for the 1994—-1995 data sample has CTEQ5Table/.

012004-26



SEARCH FOR NEW PHYSICS IN PHOTON-LEPTON . . . PHYSICAL REVIEW @3, 012004 (2002

[23] TAUOLA version 2.5(June 199% S. Jadachet al, Comput. (2000. Computer-readable data files may be found at
Phys. Commun76, 361 (1993. http://pdg.lbl.gov/xsect/contents.html.

[24] A.D. Martin, R.G. Roberts, W.J. Stirling, and R.S. Thorne, Eur.[28] D. Buskulicet al., Z. Phys. C66, 355(1995; P. Abreuet al,,
Phys. J. C4, 463(1998. A 5% uncertainty is recommended Nucl. PhysB444, 3(1995; R. Akerset al, Z. Phys. 063, 181
for W and Z° boson production at the Tevatron. The parton (1994 H. Aiharaet al, Phys. Rev. Lett61, 1263(1988; D.
species and momenta contributingWoy andZ%y production Antreasyanet al, ibid. 38, 115 (1977); J.W. Croninet al,
are very similar. Phys. Rev. D11, 3105(1975.

[25] U. Baur, T. Han, and J. Ohnemus, Phys. RevSD 2823  29] QQ version 8.08June 199, P. Avery, K. Read, and G. Tra-
gggg; ibid. 48, 5140 (1993; J. Ohnemus,bid. 47, 940 hern, Cornell Inernal Report No. CSN-212985.

[30] S. Kuhlmann, Report No. FERMILAB-CONF-99-165-E
(1998; F. Abeet al, Phys. Rev. D60, 092003(1999; Phys.
Rev. Lett.77, 5005(1996.

[26] D. Cronin-Hennesswgt al., Nucl. Instrum. Methods Phys. Res.
A 4431, 37 (2000.
[27] Particle Data Groups, D.E. Grooet al, Eur. Phys. J. A5, 1

012004-27



