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We present a detailed description of a search for anomalous production of miss{i)E jets, leptons
(e,u,7), b quarks, or additional photons in events containing two isolated, centyfk(.0) photons with
E;>12 GeV. The results are consistent with standard model expectations, with the possible exception of one
event that has, in addition to the two photons, a central electron, a kigieEtromagnetic cluster, and large
Er. We set limits using two specific SUSY scenarios for production of diphoton events Wyith E
[S0556-282(99)02805-2

PACS numbe(s): 13.85.Rm, 12.60.Jv, 13.85.Qk, 14.80.Ly
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[. INTRODUCTION in [5]; recent detector upgrades are described9h The
magnetic spectrometer consists of tracking devices inside a
In many models involving physics beyond the standard3-m-diameter, 5-m-long superconducting solenoidal magnet
model(SM) [1], cascade decays of heavy new particles genwhich operates at 1.4 T. A four-layer silicon microstrip ver-
erate yy signatures involving missing transverse energytex detecto(SVX) [9] makes measurements between the ra-
(Eq), jets, leptons, gauge bosond/(z° y), and possiblyo  dii of 2.8 cm and 7.9 cm, and is used to identifyhadron
quarks. Some examples are supersymmetry with a light grawdecays. A set of vertex time projection chamb@f$X) sur-
itino [2], radiative decays to a Higgsino-lightest supersym-rounding the SVX provides measurements in the plane
metric particle(LSP) [3] and models with large symmetry up to a radius of 22 cm, and is used to find theosition of
groups[4]. In the data taken during 1993-1995 by the Col-the pp interaction €,ene). The 3.5-m-long central tracking
lider Detector at Fermilab(CDF) collaboration[5,6] an  chamberCTC), which provides up to 84 measurements be-
“eeyyE;"” candidate event7] was recorded. Supersymmet- tween the radii of 31.0 cm and 132.5 cm, is used to measure
ric models can explain theeyyEr signature, for example, the momentum of charged particles with momentum resolu-
via the pair production and decay of selectrons@&iaeN, tion o,/p<<0.001p (p in GeV/c). The calorimeter, con-
—eyN; (see Fig. 1org—eN,—eyG (see Fig. 2 structed of projective electromagnetic and hadronic towers,
This paper describes a systematic search for other anomis- divided into a central barrel which surrounds the solenoid
lous yy events by examining events with two isolated, cen-coil (| 7|<1.1), “end-plugs” (1.X|7|<2.4), and forward/
tral (| 7|<1.0) photons with E>12 GeV which contaiE  backward modules (2<4|5|<4.2). Wire chambers with
jets, leptons &,u,7), b quarks, or additional photori8].  cathode strip readout give 2-dimensional profiles of electro-
The search is based on 85 ptof data frompp collisions at ~ magnetic showers in the central and plug regi¢@ES and
Js=1.8TeV collected with the CDF detector. PES systems, respectivelyA system of drift chambers
The remainder of Sec. | is devoted to a description of thd CPR outside the solenoid and in front of the electromag-
detector. Section Il discusses the diphoton event selectioetic calorimeters uses the 1-radiation-length thick magnet
the efficiencies of the selection criteria, and the purity of thecoil as a “preradiator,” allowing photon/® discrimination
sample. Section Ill discusses a search for anomalous everf§ a statistical basis by measuring the conversion probability
in the sample. Section IV discusses theyyE; candidate [10]. Muons are identified with the central muon chambers,
event. Section V discusses the possible standard modéituated outside the calorimeters in the regjigh<1.1.
sources for theeyy¥; signature and estimates the number TO ensure that events are well measured, only events in
of events expected from each. Section VI discusses the po%hich both photon candidates fall within the fiducial volume
sible interpretations of this event and places limits on som@f the central electromagnetic calorimet€ZEM) are se-
of the models which have risen to explain it. Section VII lected. The CEM is made of shower counters arranged in a
contains the conclusions. projective tower geometry, with each tower composed of ab-
Overview of the CDF detectofhe CDF detector is an Sorber sheets interspersed with scintillator. The towers are
azimuthally and forward-backward symmetric magnetic de-constructed in 48 wedges, each consisting of 10 towers in
tector designed to studyp collisions at the Fermilab Teva- by one tower ing. The position and transverse profile of a
tron. A schematic drawing of the major detector component®hoton shower, within a tower, is measured using the CES
is shown in Fig. 3. A more detailed description can be foundvhich is embedded near shower maximum at approximately

q q
(‘I q
FIG. 1. The Feynman diagram férpair production and decay FIG. 2. The Feynman diagram ferpair production and decay

in the N,— yN; scenario of Kanet al. Both selectrons decay via in the light gravitino scenario. Both selectrons decay &aeN,
B—eN, whereN, is the next-to-lightest neutralino which in turn whereN, is the lightest neutralino which in turn decays \g
decays viaN,— yN; . —vG.
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region 0.05<|7|<1.0 and G< ¢<27 the fiducial coverage

is roughly 87% per photon. For lowsEphotons (EZ
<22GeV) the fiducial region is reduced tdX.l
<17.5 cm to be consistent with the trigger requirements. The
tight fiducial region coverage is approximately 73% for low-
E; photons.

The CDF detector is a relatively well-understood measur-
ing instrument and there exist standard identification selec-
D tion criteria for electrons, muons, tadsguarks, and jets that
fores _— BB cormumomeasEE were developed for, among other things, the discovery of the
CALGRNETER top quark and studies of its properties. Descriptions for these
B criteria can be found in Ref§11,12,13,14,15 Photon iden-

R / P— tification [10] is described in more detail in Sec. Il. THg E
PR calculation used in this search has been customized for this
];”“’“"””“““S . analysis and is described in Sec. III.

{OUT OF THE PAGE)

CENTRAL MUON
EXTENSION

CENTRAL MUON CHAMBERS

VERTEX TPC

PLUGELECTROMAGNETIC CALORIMETER

/ / Il. DATA SELECTION AND PHOTON IDENTIFICATION

BEAMLINE . ‘SILICON VERTEX DETECTOR|

Events are selected based on the identification of two pho-
ton candidates in the central region of the CDF detector,
FIG. 3. A schematic drawing of one-quarter of the CDF detec-| ,,<1.0. The final selection criteria are listed in Table | and

are described below. The central region contains calorimeters
and tracking chambers, and since the interaction of a high
6 radiation lengths. These chambers have wires inrtle  energy photon with the detector is similar to that of an elec-
view and cathode strips in theview. To be in the fiducial tron, many of the same techniques for identifying electrons
region, the shower position is required to lie within 21 cm ofare used to identify isolated photoht0,12. The calorim-
the tower center|K,e <21.0cm) in ther-¢ view so that eters are used to measure the 4-momentum of the photon as
the shower is fully contained in the active region. The regionwell as to distinguish between photons produced directly in
| 7| <0.05, where the two halves of the detector meet, is exthe pp collision and those which are produced in the decay
cluded. The region 0.7 7<<1.0, 75°< $<90° is uninstru-  of hadrons, such as’—yy. The tracking chambers are
mented because it is the penetration for the cryogenic conised to provide additional rejection against jets of hadrons as
nections to the solenoidal magnet. In addition, the regiorwell as electrons.
1.0<|n|<1.1is excluded because of the smaller depth of the The initial data sample for the search consists of events
electromagnetic calorimeter in the region. Within the angulamwith two photon candidates selected by the three-level trig-

tor.

TABLE |. The selection criteria used to identify diphoton candidate events.

Photon identification and isolation cuts
Central (#|<1.0)
<1 3D tracks pointing at the clustery;R1 GeV

X2£s<10.0

|oced <2.0

E2nd custels 0, 00945+ 0.144XEY (E}<17.88 GeV

g2nd clustelc 39+ 0.01X EY (E7>17.88 GeV

12 GeWE]?<22 GeV E?=22 GeV

Low-threshold trigger High-threshold trigger
Tight fiducial Loose fiducial

Eso,<4 GeV Had/EM<0.055+0.00045<E”

Is0°3<0.10
PI'®Sin a cone of 0.45 GeV

Global event cuts
|Zyeried <<60.0 cm
E; out-of-time=0 GeV

092002-4



SEARCHES FOR NEW PHYSICS IN DIPHOTON EVEMT. . . PHYSICAL REVIEW D 59 092002

ger[16]. At Level 1 (L1), events are required to have two not expected to be produced in association with other nearby
central electromagnetic calorimeté€EM) trigger towers particles. A number of different isolation variables help re-
[17] which measure more than 4 GeV. At Leve(l2), two duce hadronic jet backgroundsee Table )l

triggers, one optimized for good background rejection atlow The energy inagx3 trigger tower arrajj_?] around the

Er and the other for high efficiency at high-Fare “OR'd.”  primary tower (in both the hadronic and electromagnetic
The low-threshold diphoton trigger requires two electromagralorimeters, but not including the primary electromagnetic
netic cluster§11] with Er>10GeV and less than 4 GeV in a yoyep is summed and is referred to a8% A requirement
3-by-3 array of trigger towers around the clustelgsig; the  tEs0 —1Gevis imposed both at the trigger level and off-
high-threshold(16 Ge\) trigger has no isolation require- . "¥S " - ohoton if either photon candidate has

ment. Corresponding Level @.3) triggers require cluster E7<22GeV. For high energy photons, the leakage of the

energies calculated with the offline photon algoritfi] to . ; ; :
be above the 10 and 16 GeV thresholds respectively. Thehower into the hadronic compartments makes this require-

low-threshold trigger also requires the clusters to be in dnent inefficient, and it is removed if both photons have

restricted fiducial region of the calorimeter to ensure a goodst>22 GeV. . _ S .
cluster measurement in the strip chambers. The cluster isolation, 1$6", is similar to the trigger tower

isolation, but is more efficient for higher energy photons
A. Photon identification since it scales with the photon energy. The“®wariable is

Photon candidates are identified as electromagnetic cluglefined as
ters of energy deposited in the central electromagnetic calo- cone_ poluster
rimeter and are required to be consistent with being produced lsoCal=—" T 1)
from a single prompt photon showEt0]. To reject against EgUster
backgrounds from electrons and hadronic jets, each candi-
date is required to pass the identification selection criteria oivhere E°"®is the sum of the electromagnetic and hadronic
Table I. Electrons, which have shower characteristics similatransverse energies in all of the towenscluding those in
to those of photons, can be removed by identifying the asscthe photon clusterin a cone ofR= /(A )%+ (A $)?=0.4
ciated track. Hadronic jets, which can contain photons froncentered around the photon cluster, aﬁHSEfis the electro-
neutral meson decays, can be removed since they typicalinagnetic transverse energy in the photon cluster. For events
contain multiple particles that can be identified by the calo-with both photons with £>22 GeV, each photon is required
rimeter and/or tracking chamber. to have 1s63<0.1.

Electrons and charged hadrons can be rejected by the \while there may be no track pointing directly at the clus-
presence of their tracks pointing at a photon candidate. Eadlr, tracks near the cluster may indicate that the cluster is due
photon candidate is required to have no charged track pointy a jet. The track isolation is defined as the scalar sum of the
ing at it. However, to reduce the inefficiency due to unrelatedyansverse momenta of all tracks in a cone of radius0.4
particles, a single track is allowed to point at the cluster if thejn ;). space centered on the photon. For events with both

track has a measuredR1GeV. . photons with E>22 GeV, each photon is required to have
The ratio Had/EM of the energy in the hadronic towers ofiha sum be less than 5.0 GeV.

the photon clustefHad) to the energy in the electromagnetic 14 remove photons from=°— yy production, photon

towers in the photon clust¢EM) is used to reject hadronic candigates which have a second electromagnetic cluster, as
backgrounds[12]. Electromagnetic showers deposit mosteasyred by the strip chambers, are rejected. To maintain a
(typically >95%) of their energy in the electromagnetic .nstant efficiency for all photon energies separate require-

calorimeters, while hadron showers in general deposit energy,ants for low energy and high energy photon candidates are
in both the hadronic and electromagnetic compartments. F%ade[18]:

events with both photons with&22 GeV, each photon is

required to have Had/EMO0.055+0.00045<E?. E2nd clustels —0.00945+0. 144X EY 2
The shower shape measured in the CES is used to distin-

guish between single photons and the remaining hadronifor E¥<17.88 GeV and

backgrounds. Ay? test is used to separately compare the

energy deposited in theview and in ther-¢ view to that E2nd clustele 2 39+0.01XEY (3)

expected from test beam ddti0]. The average of the two

measurementsyags is required to be below 10. To reject for Ef>17.88 GeV.

cosmic rays, the measured shower shape for each candidate

in the CES is fitted to that expected from the measured CEM C. Additional event requirements

energy and vertex position. The result of the comparison,

oces, IS required to be within 2 standard deviations from

expectations.

In addition to the photon identification and isolation re-
quirements, there are cuts on the primary vertex and on the
time of the energy deposited in the calorimeter to ensure that
events are well measured and are not due to cosmic ray
sources.

Photons from the radiative decays of heavy new particles To maintain the projective geometry of the detector, only
are, in general, expected to be “isolated”; that is, they areevents in which the primary vertex occur near the center of

B. Photon isolation
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the detector are selected. The positionzirof the primary Photon Efficiencies from Data
event vertex,z,q.ex, 1S Measured by the vertex tracking ey pree —
chamber(VTX). The z positions of the interactions are dis- ~100 il 1 otk . 7
: inal i on | i T oE et 1 it
tributed around the nominal interaction in an approximately 5 80 ¢." 1 580 g 3
Gaussian distribution witho~30cm. A requirement of Z_ o E ¢ 1 z":'_ e F E
|Zyered <60 cm is used. = - ]
To reduce cosmic ray interaction backgrounds which 240 ¢ 1249 ]
r_mght occur during an event, requirements are_made onthe 7 20 2°/y —> e*e THE 20y gt
time of arrival of energy in the hadronic calorimeter. The B AT T 0 boioitioid
typical time-of-flight for relativistic particles to travel from 0 25 50 75 100 0 25 50 75 100
the interaction point at the center of the detector to the calo- GV .E'(?ev).L
rimeter is approximately 7 nsec. Since every tower in the 100 | 4 100 F g
central hadronic calorimeter has timing information associ- £ g E . 12t . * 3
ated with the energy deposit¢8], all energy deposited at © b .--++ -------- O e *ﬁ’o+ --------
: o . . Wy 60 F 4 w560 F
timet must occur within a 28 nsec window around the nomi > 4 s
nal collision time,ty, and corrected for the time of flight to 9%r 19%F E
be considered “in time” with the collision. The window is w0 E7 /s ete] @ 0 F 70> e'e
defined by 0 Fotitont Y TN
0 25 50 75 100 0 25 50 75 100

—20 nsee&lt—ty<35 nsec. 4 E; (GeV) E, (GeV)

The event is rejected if any tower has more than 1 GeV FIG. 4. The efficiency of the photon identification and isolation

deposited outside the timing window. selection criteria as a function of;Eas measured from a sample of

ete” events in the data. The left-hand plots show the results for

events with M+.->30GeV, the right-hand plots for 81 GeV

<Mg+.-<101 GeV. The upper plots show the results for the high
The final offline event selection criteria are listed in TableE? threshold selections, the lower plots for the lowértBreshold

I. The two different sets of selection criteria correspond toselections. The dashed line is the average efficiency.

the two trigger paths and allow the efficiencies to be well

measured. The low-threshold criteria require both photons tgs not well modeled in the detector simulation. The efficiency

have E>12 GeV(where the 10 GeV trigger become®8% is estimated from the data and taken to &g_=(99.5

efficieny while the high-threshold criteria are used if both +0.1)%. Theocgs requirement is not used in Mf)nte Carlo

photons have £-22GeV (where the 16 GeV trigger be- gimylations; so no correction is made.
comes>98% efficienj. The final data set consists of 2239 Tne total photon identificatioiD) and isolation(Iso) ef-

D. Final offline selection

events. ficiency iS €p and 1so = €rawX €5 2N is measured using the
E. Efficiency of the selection criteria Photon Efficiencies from MC

The efficiencies of the selection criteria listed in Table | aasataaiavaniiads IIUUURN suast st NS

are measured using electrons. Two samples of electrons from  5'% F..... w,o‘-!?+ ------- 5 Frogest ]
— P +~ E

Z%y*—e*e” events are used: one from the data and one 3 80 ¢ 13%F ¢ E
generated using theyTHIA Monte Carlo generatdrl9] and W 60 J g0 b 3
a detector simulation. Each sample is composed of events <« < 3 E

. . . . . . . o 40 | 1 .2 40
with one electron candidate in the fiducial region which T z
passes tight identification and isolation criteria, a second can- 5 2 [2%/y - e*e™] w ° | Z° > e’e”
didate in the fiducial region with{£~20 GeV and a matching T T N I N N
track with R>13 GeV. As shown in Ref.12], an additional

. S . S E, (GeV) Er (GeV)

requirement on the invariant pair massed-, within 10 e T o FTTTTTTTTTY
GeV of theZ® mass produces a fairly pure and unbiased ' 5 ot
sample of electrons which can be used to measure the effi- g g0 frridgtest g g 80 F + LS E
ciency of the selection criteria. As a check, the efficiency for 60 F 1 560 F 3
each requirement is also calculated using a second sample of z w0 b 1z,L E
events with M+.->30 GeV. Differences between data and §/ CJ°/
Monte Carlo are quantified as correctiof, to the data. ©w P E7/y > e'e] © O Z° > ee
' Thg eff|C|enC|es of t.he !dentn‘lcatlon and |solat|9n selec- 0 el 0 S e 00
t|<_)n criteria are shown in Flgs. 4,5 _ar_ld 6.as _afur?cnon PfE E, (GeV) E, (GeV)
Figure 6 shows that the ratio of efficiencies is fairly flat as a
function of E. FIG. 5. The efficiency of the photon identification and isolation

The distribution in the shower shape variable for rejectingselection criteria as a function of.as measured from the detector
cosmic raysegcgs, is different for electrons and photons and simulation. All the criteria are the same as in Fig. 4.
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Ratio of Photon Efficiencies (Date/MC) 100 i-”."” AAASRARARRAERARL AR AL
1.2 preerpeerrpreerpeee 1.2 premrrrr e 80 (- "% |2 Low—Threshold Diphoton Trigger
~11 F 4 ~11 F 3 & : T E
g 1 E * 12 455 ¢ 3 S e | Cut+ E
O 09 E-- #’nﬂ ------- 1 o9 Ei4® 111, E G '+—+' 3
uros + 4 o8 E f 3 & 40 r
€07 F 4 07 F E oo b .
Dos F 4 Dos £ 3 s +
<05 F E 0. E. 3 O bovndna bt 01, TOTOTOTO TS 9T 9799
woa4 EZ°/Y —> e*e ] \‘:oi E 7° > ete” ] 0 2 4 6 8 10 12 14 16 18 20
0‘3 aaa by esadeaseden B A2 By, | PN PEUTE PR F i
0 25 50 75 o0 O3 o7hdtEetYE 0 e Ils'ol'oltl'oln'('G'ey?' v .
\a E (GeV) 2 Er (GeV) 100 g ++ *§
vk FETTTVITTTTT Jryrryvryey . FTTYT T AT vy Ty oy s s —-
~11 E 3 ~11 E T 2>%F ﬂ\ ]
2 1k 42 18 4 E S 60 | Cut E
3 3 (7] N B
Gos b J4t J3os b |4t 3 S,k ;
Ly 08 E L K 4 508 +¢ """"""" 3 EG- E L2/L3 Low—Threshold Diphoton Triggers 3
207 F 3 207 F 3 20 Fe =96+1% -
006 F § oo06 [ 3 ; ]
\/0.5-0 -\".'10,5_ 3 Olesepapoa, . ., ., ..., . .1....]
©Wo4 EZ°%/y D e*e ] wos b 7° > gte” 2 o 5 10 15 20 25 30
0.3 Ewnntavnateiastia g3 Bivvideiaitoiiitin, I
025 80 75 00 0% ¢MHE e oo &
Ey (GeV) E; (Gev) FIG. 7. The top plot shows the efficiency of the L2 low-

. ) . threshold trigger as a function of thésg selection. The lower plot
FIG. 6. The same as Fig. 4 except that the points are the ratio afj, s the efficiency of the L2/L3 low-threshold trigger path as a
efficiencies of the photon identification and isolation selection Cri-¢ inction of E”, the softer of the two photons. The trigger is fully

teria as _megsured from the data fand the detector simulation. TheeﬁiCient for E>12 GeV and has an efficiency of (36)%.
dashed line is the average correction factor.

in Fig. 8. The efficiency is flat as a function of Bbove 22
average efficiency in th@°—e"e” sample. An additional Gev. Above 22 GeV the trigger efficiency is taken to be
systematic uncertainty is estimated as half the range of effié;ﬁgh Threshold_ 10094
ciencies as a function of!H5%) and is added in quadrature o>
with the statistical uncertainties. The efficiencies are E. Purity of the diphoton sample
measured to bee(d, e '%(68+3)% and €5 nies / i P
=(84+4)%. The correction to the efficiency for detecting
both photonsCp andise): 10 b€ used in Sec. VI, is deter-
mined using

Since the purity of the sample is of less importance than
the efficiency for searches for anomalous events, the selec-
tion criteria have been chosen to have high efficiency. Even
after requiring each photon to pass all of the selection crite-

Eﬁgtgn d1sd 2 ria, there are still a substantial number of background events
C(ID andlsg = | —™
G(ID and Isg

(5  in the sample. The backgrounds are primarily due to had-
ronic jets which contain pions, kaons or etas, each of which
can decay to multiple photons.

The measured values ap and 1so= 0.69+0.07 and 0.84 To estimate the photon backgrounds, each photon candi-
+0.08 for the low-threshold and high-threshold selection cri-date is compared to the single photon hypothesis and the
teria, respectively. background hypothesis in a manner similar to that in Ref.

Additional corrections are made for data and Monte Carld 10]. For candidates with £35GeV, the strip chamber
differences in the vertex and energy-out-of-time: (@t-of-  system can distinguish the difference between a siyglad
time) distributions. The efficiency of the vertex requirements7°— yy. For higher energies, &35 GeV, the two photons
is estimated to beed®® =(93.0+0.6)% and €)'$., Ccannot be resolv_ed in the CES. Instead, the ce_ntral preraqlia-
=(96.4+0.5)% which gives C, yerer= €patalémc=0.965  tor SystemCPR) is used to measure the conversion probabil-

+0.008. Since the Eout-of-time distribution is not simu- Ity in the magnet coil. In both cases, it is not possible to

lated in the Monte Carlo, the efficiency and correction areS€parate prompt photons and backgrounds on an event-by-

taken t0 bECe_ outof-time= €E. outof-time= (97.5+ 0.4) % event basis. However, standard techniques allow the extrac-
 out-of- out-of- 5+0.4)%.

The efficiencies of the diphoton triggers are measured ust-Ion of purity information on a statistical bas!s in large
L . ) e amples. Using these techniques on both candidates the av-
ing independent triggers. Figure 7a shows the efficiency of

the L2 low-threshold trigger as a function of the isolation erage purity of _the photon sample is estimated to be (15
: : +4)% prompt diphoton events.

energy in a 3-by-3 array of trigger towers around the cluster;

E'§‘§3. Figure 7b shows the trigger efficiency as a function of Il SEARCHES FOR DEVIATIONS FROM STANDARD

EY; the efficiency is flat as a function offEabove 12 GeV. ' MODEL PREDICTIONS

Above 12 GeV the trigger efficiency is taken to be

e-ow Threshold_ 96+ 1)04. Thetrigger efficiencies for the L2 Each of the 2239 events in the diphoton sample is

Trigger
trigger and the L2—L3 high-threshold trigger path are showrsearched for the presence bf, Bets, electrons, muons, taus,
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FIG. 8. The efficiency of the L2 high-threshold and the L2/L3
high-threshold triggers as a function of?Ethe softer of the two
photons. The trigger is fully efficient forJE-22 GeV and has an
efficiency of 100%.

FIG. 9. The resolution on one component of the @) as
determined from a sample @ —e*e” events.

o(E})=(2.6620.34 Ge\j+(0.043-0.007 x 3 EFOecte!

b quarks, or additional photons. Deviations from standard ©)

model predictions are searched for using two values of the Standard model diphoton events have no intririsictBus
photon E thresholds: E=12GeV and E=25GeV. The the expected Edistribution can be predicted from the reso-
Er=12GeV threshold has better acceptance for @ele-  |ution alone. This has the advantage that the estimate is de-
cays to photons, but has more background. TheZ5 GeV  termined from the data. The expectéd distribution is esti-
threshold accepts many fewer standard model events and §fated by smearing th¥ and'Y components of the trué-E

has better discrimination for higQ? decays. (assumed to be zeraby the resolution(estimated from
SESOTectedon an event-by-event bagisThe systematic un-
A. Missing Eg certainty in the distribution is found by varying the resolu-

The standard method for inferring the presence of par:['or_]n\]'v'tzm Its uncErtamtyi ith th . f h
ticles that do not interact in the calorimeter, such as neutri- e data are shown along with the expectations from the

nos, is measuring the missing transverse energy (Ethe resolution simulation in Figs. 10 and 11. With the exception

event[11]. The K is corrected for the measured detector ©f 0(?.3 event on ;heéa!gg:gec‘distribﬁtiog, the &y yE” I
response to jets and takes into account cracks between det&NC! ate evenl _] (Er=55t7GeV), the data agree we
tor components and nonlinear calorimeter respdise2(Q. with the expectations. For a photor Ewes_hold of 12 Ge\_/
In addition, the/g is corrected for the presence of muons, °"¢ event with/E>35 GeV is observed, with an expectation

which do not deposit their total energy in the calorimeter®f 0-5=0.1 events. For a photon thresholg &f 25 GeV,
[13]. two events are observed with;E25 GeV, with 0.5-0.1

While the corrections improve thérEesolution on aver- €VeNnts expected. TheeyyEr candidate event will be dis-

age, some events still have a substantially mismeasted Ecussed in more detail in Sec. IV. The other event has both

Many of these events can be removed by rejecting event@hmons abqve 25 GeV and-£34 GeV. How_ever, on close
which have a jet with E>10GeV pointing within 10° in inspection, it appears to be due to two mis-measurements.

azimuth of the/E. Since this requirement introduces an un- /'€ €vent contains an energetic jetr(&4 GeV) which
necessary inefficiency and a possible bias when searching f§INts directly at the region between the plug and forward
leptons, bosons, or jets, it is only imposed when searching/orimeters and near the i ¢ and is therefore likely to be
for the presence of £and in making all/E plots. The re- ignificantly mlsme§SU(ed. Moreover, one of the photons is
quirement removes only 48 of the 2239 events in the sampl t the edge of the fiducial region and may be undermeasured

The E; resolution is measured using a fairly pure sampl 22], causing thep position of the/g to be just far enough

of Z°—e*e~ events. Events are selected if they have two?Wa@ from the jet to pass th& g j>10° requirement.

electrons, each passing the standard requirements, addie 4-vectors of the event are given in Table II.
Mg+e- Within 10 GeV of the mass of thg° [21]. The reso-

lution is plotted in Fig. 9 as a function GES°™*/where B. Jets
SEFOTeCCLSER - EX—E?. In the region SEO"C To search for anomalous production of quarks and gluons,
<150 GeV the distribution is well-parametrized by the number of jets, N, is counted in a manner identical to
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FIG. 10. The/& spectrum for diphoton events withFE12 GeV

in the data. The boxes indicate the range of the values of/ the E
distribution predicted from detector resolution. The one event on

the tail is theeeyyE; candidate event, described in detail in Sec.
V.

PHYSICAL REVIEW D 59 092002

TABLE Il. The 4-vectors of theyy+ E; candidate event. This
event may be due to mismeasurement as\thdoetween the jet and
the E is 34°, the jet points at the region between the plug and
forward calorimeters, and the second photep, is at the edge of
the fiducial region of the central calorimeter and may be undermea-
sured[22].

Run 67397, Event 47088

P, Py P, E Er
(GeVic) (GeVic) (GeVic) (GeV) (GeV)
Y1 —85.8 1.6 63.4 106.7 85.8
Yo 30.8 -15.9 6.4 35.3 34.7
j1 40.1 18.8 237 242 44.4
Er 33.6 =55 - - 34.1

oretical prediction for higher jet multiplicities. However, it
has been known for some time that the ratio betweget
and (h— 1)-jet cross sections fa andZ° production can be
approximated by a constaf24],

R — ag(V+n jety
" o(V+(n—1)jets

Y

where V is either aW or a Z°. This has been confirmed
within resolution in the CDF datf25] and is expected to

that used in the top-quark discovery in the dilepton channehold for most processes since additional jets are typically due

[13,20. Each jet is required to have uncorrectecbB0 GeV
and | 7|<2.0. The distributions in the number of jets are
shown in Figs. 12 and 13 for photon; Ehresholds of 12
GeV and 25 GeV respectively.

While there are cross section predictions foy, yy+1
jet andyy+2 jet production23], there is currently no the-

102 prr e e T T

Diphoton Candidates
E7> 25 GeV, "1<1.0
@ 7y Data (85 pb™*)
Apyupy > 10° :
[ Expected From f; Resolution

.
[=]

dN/dZ, (Events/5 GeV)

30. L .50. et .60. i .70

#: (GeV)

FIG. 11. The/g& spectrum for diphoton events withrE25 GeV

to initial-state and final-state radiation.

To look for anomalous §; production in theyy data, an
exponential fit for small values of i is used to extrapolate
to the large Ny region. For diphoton events with
EY>12GeV and Ng=3 the parametrization predicts 1.6
+0.4 events with 4 or more jets; 2 events are observed. For
diphoton events with E>25 GeV and N<2, the parametri-
zation predicts 1.7 1.5 events with 3 or more jets; 0 events
are observed.

103 3 Diphoton Candidates E
7> 12 GeV, 1<1.0 3
@ 7y Dota (85 pb™") ]
— Fitto N, =0, 1 and 2 jets 4
2 -- Extrapolated from Fit
10°F -
" 3
2
C
)
>
L

10

Nt

in the data. The boxes indicate the range of the values of/ the E

distribution predicted from detector resolution. The one event on
the tail is theeeyyE; candidate event, described in detail in Sec.

V.

FIG. 12. The number of jets, i} produced in association with
diphoton pairs with E>12 GeV. The line is an exponential fit to
the data with N.=3, and is extrapolated to \=4.
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C. Electrons and muons

Electrons and muons produced in association with photoﬁverlt it
— M8 M YY (M/L+/L7777

pairs are required to be isolated, have>R25 GeV, and be in

PHYSICAL REVIEW D 59 092002

TABLE lll. The 4-vectors of theyy+ uu candidate event. This

is consistent with a double-radiatiZ? decay, pp— Z°

=92+1 GeV/c?).

the central part of the detectof7{<1.0). They are identi-
fied with the same identification and isolation selection re-

Run 69571, Event 769815

quirements used in the top-quark discovEtg]. A total of 3 (G:\X//c) (G:\y//c) (GeP\Z//c) (GE\/) (GEeTV)
events with a central electron or muon are found in the data

The first event has two muons and two photons. This eveny, 12.4 5.3 -1.4 135 13.4
(see Table Il is consistent with a double-radiatiz® decay, 7y, —16.0 -5.3 -3.2 17.1 16.8
pp—Z°—utu” yy, since the 4-body invariant mass is u* 28.2 9.5 —33.4 44.7 29.7
M+ - yy=92+1 GeV/c?. The second everisee Table IV w —-26.5 —-49 —14.9 30.8 27.0
has a single electron. This event is also likely to be due to the, 7.1 -0.3 - - 7.1

decay of az® boson because M,,=91+2 GeV/c? and
there is some indication in the SVX that there is a charged

particle traveling in the direction of,. The third event is +0.3)% per electron. The total number efy events ex-

?Qes‘;ec:eT\}/Eg’n?;?r?ied?et‘;ye)\//EeTr]’t 222 dvi\(lji!\tk()aeec\i/ig?]ltjsp)saesiéirttuzr pected from this source is estimated fraey data to be
Co 0.2+0.1.

photon threshold of E>25 GeV.

. . Summing the above sources gives an expectation of 0.3
The dominant standard model sources of extra leptons IQLO 11yy+X events in the E>12 GeV data. Similarly, for
yy events are inclusiv&V and Z° production and decay. — = 77 ' Y,

Diagrams includeW—Ivyy, Wy—lvyy, Wyy—lvyy the photon threshold ofJ&-25 GeV these methods predict a
7911 yy, 99—l yy andZ%yy—Il yy. These processes, total of 0.1=0.1 events, dominated by events in which elec-

wherel is an electron, muon or tau, are simulated using thdrons fake photons. The mechanism for producihgy
PYTHIA [19] Monte Carlo program and a detector simulation€vents is dominated by inclusiv& production and decay.
and checked using theADGRAPH [26,27] Monte Carlo pro- The PYTHIA Monte Carlo predicts a total of 0.640.04
gram. The Monte Carlo simulation estimates G:@04 events to be observed in the data.
[yy+ X events in the data.

A source ofeyy events which is not correctly simulated
with the Monte Carlo program i2°y—e* e~ y where one of
the electrons is identified as a photon. This can occur if the

electron emits a photon via bremsstrahlutige photon car- Hadronic decays of a lepton produced in association

fies away most of the energy and the electron is lost in thé(vith diphotons are identified using standard identification
detectoy or the track of the electron is not found by the Cfiteria[14] and are required to haverE25GeV and| 7|

central tracking chamber. The rate at which electrons aré-1-2. Oneryy candidate(see Table V is observed in the
misidentified as a photon is determined from a sample offata with E>12GeV, none with £>25GeV. The domi-

Z%—e*e” events from the data and is estimated to be (1.gant source of SMyy candidate events is from hadronic jets
produced in association with diphoton pairs which fake the

hadronicr decay signature. This rate is estimated using the
methods of Ref[14]. Figure 14 shows the{Espectrum forr

D. Taus

102}

Diphoton Condidates
E}> 25 GeV, In1<1.0
@® 7y Dota (85 pb™") ]
— Fitto Ny = 0, 1 ond 2 jets
--- Extropolated from Fit

leptons measured in the data as well as for backgrounds from
fake 7's. A total of 0.2+ 0.1 events where a jet fakesrare
expected in the data forl®12 GeV, and 0.03 0.03 events

for E¥>25 GeV; both are consistent with observation.

TABLE IV. The 4-vectors of theyy+e candidate event. The
invariant mass of the two photons and the electron indicates that
this may be az® (Mg+,,, =91+ 2 GeVic?) where one of the elec-
trons was identified as a photon or the electron emitted all its energy
in a photon via bremsstrahlung.

Run 63541, Event 304680

P, P, P, E Er
. \ , (GeVic) (GeVic) (GeVic) (GeV) (GeV)
2 3 4
Ny Y1 -13.7 -19.9 —28.8 37.6 24.2
v -9.8 -13.1 -10.1 19.2 16.3
FIG. 13. The number of jets, §, produced in association with e 19.7 35.0 5.0 40.4 40.1
diphoton pairs with E>25 GeV. The line is an exponential fit to E; -4.3 0.4 - - 4.4

the data with N.=2, and is extrapolated to j)=3.
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TABLE V. The 4-vectors of theyy+ r candidate event. ThéE yy+b—Tag Fakes Estimate

in the event is small14.5 GeV\j and the first jetj,, is only 5.5° in S UL B
¢ away from the/E. > 25 F :5;‘?;3:“?:‘:'0“0" — Background
(&) 2 _ £g>12 GeV3 ®Dato 3
Run 66392, Event 23895 S s E N =2 3
Px Py P, E Er } ‘ _E
(GeVilc) (GeVlc) (GeVic) (GeV) (Ge € 'E E
> 05 F E
- 3.6 23.3 3.9 23.9 23.6 CE S e S

s -115 15.4 5.6 20.0 19.2 0 20 . 60 80 100

g
' 146  -207 26.3 36.6 254 006 ey er BTGV
i1 -135 -9.2 11.3 20.2 16.6 2 005 | B0V ;
in 19.1 6.4 335 39.4 20.3 3 0'04 E N2 0 3
Er —-12.7 -7.0 - - 14.5 o™ E
~ 003 | E
~N F E
2 002 | 3
E. b quarks :>j 0.01 _ 3
Jets fromb quarks are identified using thetagging jet 7 T B ST R
algorithm (secvTx) developed for the top-quark discovery 103 (GeV)

[13,15. Two byy candidate events are observed in the data

with EY>12 GeV, none with E>25 GeV. Quark and gluon FIG. 15. The E spectrum ob tags produced in association with
jets produced in association with diphoton pairs are real andiphoton pairs. The upper plot is for diphoton events in which both
fake sources ol jets. The number afyy events from these photons have E>12 GeV. The lower plot is for diphoton events in
sources is estimated using the same methods as develop&fich both photons have {&25GeV. The point represents the
for the top-quark discoverj13,15,28. Figure 15 shows the data; the histogram is the expectation from real and fake sources of
E; spectrum of theb-tagged jets and the expectations from b tags. No events havetags in the E>25 GeV sample.

the background prediction. A total of &=3.7 byy events

are expected to be in the sample due to real and fake sources F. Additional photons

of yy+b for Ef>12 GeV; 0.1-0.1 events are expected for
EY>25GeV. The 4-vectors of the objects in the thgy
events are given in Tables VI and VII.

To search for events with additional photons with
E;>25GeV, events are required to have three photons
which pass the selection criteria in Table I. One photon must
have E>25 GeV and pass the high-threshold requirements;

) yy+7 Fakes Estimate any two other photon candidates in the event must both pass
N [ Tousin associdkion _; ) ' N the same selection criter{éow-threshold or high-threshold
8 15 | B onata M 3 so as to trigger the event. No events are observed with more
o [ wa?ﬂ ] than two photons. The expected rate is dominated by jets
S Obs = b . . . . .
< 'F I e ] which fake the photon signature and is estimated using a
% os b ] method similar to that used in R¢fl4]. The average rate at
¢ ] which jets fake the photon signature is approximately 1
w r 1 3 . . .
P TN = == OO U PN P X 10 ~/jet and is essentially flat as a function of Eor
0 10 20 30 40 50 60 70 80 .
E7 (GeV Er>25GeV. A total of 0.1 0.1 events are estimated to be
0015 _....,......_......’.g..e..).,....,..‘.,,..,_ in the sample due toyy+fake y for EZ>12GeV; 0.01
% | K>250ev - 1 +0.01 for E>25GeV. The E spectrum for photon back-
Back — - 1 . . . o .
g 001 [ New =0 1 ] ground sources in which jets fake additional photons is
R ] shown in Fig. 16.
N [ ]
20.005 [ N
@ [ ] TABLE VI. The 4-vectors of the firstyy+b candidate event.
& A — ]
)] s b aala e Los oo to o0l voooldesy Las o
0 10 20 30 40 50 60 70 80 Run 63033, Event 337739

Er (GeV) Py Py P, E Er
(GeVic) (GeVic) (GeVic) (GeV) (GeV)

FIG. 14. The E spectrum ofr candidates produced in associa-

tion with diphoton pairs. Only the hadronic decays of thare 71 —21.6 —-8.2 —-16.7 28.5 23.1
included. The upper plot is for diphoton events in which both pho-72 —14.3 —22.1 —12.8 29.3 26.4
tons have E>12 GeV. There are no events withrecandidate in b jet 44.8 40.8 37.6 71.8 61.0
the data for E>25GeV, as shown in the lower plot. The point j, 4.9 13.0 12.4 18.6 13.9
represents the one event in the data; the histogram is the expectatign -4.0 —-4.5 - - 6.1

from fake 7's.
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TABLE VII. The 4-vectors of the secondy+b candidate TABLE VIII. The number of observed and expectgg events
event. While the/Ein the event is 12.9 GeV, the second jgt, is with additional objects in 85 pb. Note that theeeyy#; candidate
only 7.4° in ¢ away from the/E. event appears in multiple categories.

Run 64811, Event 62109 EY>12 GeV threshold
Py P, P, E Er Object Obs. Expected Ref.

(GeVilc) (GeVic) (GeVic) (GeV) (GeV)

Er>35GeV, [A¢g el >10° 1 0.5:0.1 -
71 —7.1 202 -111 24.1 214 N4, B*>10GeV,[7®1<20 2 1.6£0.4 -
Y2 —23.6 9.5 —10.8 27.6 25.4 Centrale or u, E2°"#>25 GeV 3 0.3:0.1 [13]
b jet 37.6 48.6 -4.1 62.2 62.0 Central 7, E}>25 GeV 1 0.2+0.1  [14]
iz 4.1 —67.5 17.5 70.4 68.1  btag, £>25GeV 2 1.3+0.7  [13]
is -8.8 -5.6 —-16.6 19.6 10.4 Centraly, E¥>25 GeV 0 0.1+0.1 -
Er -0.9 -12.8 - - 12.9
EY>25 GeV threshold
Object Obs. Expected Ref.
G. Summary of the searches E,>25 GeV, |A¢Efjet|>1o° 05+0.1 -
Table VIII summarizes the observed and expected numN,.=3, E*>10 GeV, | 7°¢<2.0 1.7 *15 -

bers of events witlV £ N,ee additional leptonsp tags or  Centrale or u, EE%#>25 GeV
photons. With the one possible exception of theyyE; Central 7, E>25 GeV
candidate, the data appear to be well predicted by the backrtag, 2> 25 Gev

ground expectation§29]. The eeyyE; candidate event is Centraly, E*>25 GeV
discussed in the next section.

0.1+0.1 [13]
0.03-0.03 [14]
0.1+0.1 [13]
0.01+0.01 -

OO OoOFroN

IV. THE eeyyE; CANDIDATE EVENT _ - _
pathologied30]. In addition to a detailed study of the event,

The “eeyyE;” candidate even{7], shown in Fig. 17, its properties are compared to a control sample of 1009 well-
consists of two high-Ephotons, a central electron, an elec- measured?®—ete~ events.
tromagnetic cluster in the plug calorimeter with=£63 GeV
which passes the electron selection criteria usedfaden- ] )
tification [12], and the largest £ (Er=55+7 GeV) in the A. The interaction vertex
diphoton sample. While the event is unexpected from the The primary vertex, determined using the track from the
standard model, it could also be due to one or more detectiogentral electron, is situated a& 20.4 cm. The scalar sum of

the transverse momentum of the 14 tracks associated with

yy+7y Fakes Estimate the vertex is 40.6 GeV and includes 31.8 GeV due to the
00 ey T electron in the central calorimeter. Since there is no track
> oos e et oo - Background associated with a photon and the calorimeter has no pointing
ST ey @ Doto ] capabilities, thez position of the vertex for the photons can-
io.oz L 3
9 i ] :
2 ok ; eeyijTCondldo’re Event
g | ﬁ
0 2 P womrws TS B
0 80 100
E7 (GeV) €, e Candidate
0.004 T ]
> [ Photons in association b
© L with ¥y Events B
©0.003 ﬁ>25_ cev01 ]
goooz [ New =0 3
<0
2
So.001 ]
>
(i} ]
0 L . . . FRUUPIRIT S EPEPRS P R
0 20 40 60 80 100

E7 (GeV)

FIG. 16. The E spectrum of additional photons produced in
association with diphoton pairs. There are no events in the data with

an additional photon. The upper and lower plots show the expecta- ET =565 GeV
tion from fake y's for thresholds of E>12 GeV and E>25 GeV
respectively. FIG. 17. An event display for theeyyE; candidate event.
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TABLE IX. The vertices in theeeyyE; candidate evenkPy is 180 pr—r—rr T T T T T
the scalar sum of the transverse momentum of tracks associated o 160 F —— 7 —> &*e” Events E
. . O 140 F . E
with the vertex. The primary vertex at 20.4 cm %8;=40.6 GeV Ao T N Cosmic Ray Events 3
which includes the Pof the central electron. The other vertices are 1 100 E Centrol Electron 3
. — - . ~ 3 (eeyyH, candidate Event) E
typical of soft pp collisions [32]. The last two vertices are not g 80 F y E
completely independent as they share tracks with a total of 2.03 S ig : (e'e‘rri, condidate Event) :
GeV of 3Py. o 3 3
S S -, Photons from Cosmic Rays .3

SP; of tracks %2 o 20 40 60 80 100

Zyertex associated with the vertex 500 Time after Collision (nsec)

LA SR BN B AL AL B LA AL B
450 F Central Elect E
20.4 cm 40.6 GeV 840 [ ey Hecton ;
—8.9 cm 1.3 GeV ; ggg - ;
—38.9 cm 5.0 GeVv Q250 F E
—33.7 cm 5.4 GeV 0200 E E
c 150 [ 3
Q100 F :
W 50 E, Photons from Cosmic Rays E
. L. . A 0 o i r et B st g o o o SRR e e S o Sl 2 I £ sk 2] B 2o

not be determined. Similarly, since there is no CTC track for -fo0 0 100 200 300 400 500 600

the cluster in the plug calorimet§81], its vertex cannot be Time ofter Collision (nsec)

determined. R
There are three other vertices in the event which are tvpi- FIG. 18. The arrival times of electrons and photons at the cen-
YPl5 a1 hadronic calorimeter fro®—e*e~ events and from a sample

cal O_f softpp collisions [_32] f'md are desc_ribed i'_" Table IX. of photons from cosmic rays. In theeyyE; candidate event only
The instantaneous luminosity,, during this particular part he central electron and one of the photonys in Table XIV) have

of the run was measured to b&=1.43x<10*/cn?sec; at  associated timing information and are indicated by the arrows.
this luminosity there should be, on average, 2.5 primary verThere is no indication that any of the energy deposited in the event
tices. There is no indication that the electron candidates, phas due to a cosmic ray interaction in the detector.

ton candidates or the missing transverse energy are due to

anything other than the singp collision which occurred at D. The central photons

z=20.4cm. _ . .
Both photon candidates in the event pass all the selection

requirements in Table I. The values of the variables used in
the selection, as well as the selection criteria, are shown in
As described in Sec. Il C, every tower in the central had-Table XI. While it is true that the purity of the sample is low
ronic calorimeter has timing information associated with an (15+4)%], it is not possible to determine if these photons
energy deposited. Any tower with energy deposited out olye directly produced or are fromz— yy decay except on
time with the collision might indicate the presence of a cos- gtatistical basis. The fact that the showers pass the selection

gﬁ dr'gétg]t:rzﬁttlohnaénr::)ereet\;]znr:. 1Ng;s/w§fr éﬂ;rlm)geETos'tec iteria (in particular thexéES and ocgs requirementsim-
. ven g S ) gy deposi rg{ies that the showers are consistent with coming from the
outside the timing window. Timing information for clusters | . .

nteraction region.

in the central electromagnetic calorimeter can be found if theé
shower also deposits energy in the hadronic calorimeters.

The electron arrival time distribution of Fig. 18 has a reso- TABLE X. The measured values of the variables used to iden-
lution of ~4 nsec. In contrast, cosmic ray83] have an tify the central electron in theeyyE; candidate event. The selec-
arrival rate which is flat in time and extends to large timestion criteria are those used to identify electrons in the top-quark
(see Fig. 18p In theeeyyE; candidate event only the cen- analyses. For a full description of these variables see REZs13.

tral electron and one of the photong,(in Table XIV) have

B. Timing information

associated timing informatiof84]. The arrival times of the Requirement Value
clusters are measured to be 15 nsec and 18 nsec after t|e_iTe>25 GeV E=36.4 GeV
nominal collision time respectively, well within expecta- g/p-1 g E/P=1.15
tions, and consistent with each other. There is no indication,, y/em<0.05 Had/EM=0.026

that any of the energy deposited in the event is due to )

. . L9 shr<0.2 Lshre=—0.007
cosmic ray interaction in the detector.

thrip< 10.0 thrip: 2.13
| AXrack-showdr<<1.5 cm Ax=0.02cm
C. The central electron |AZyacshondr< 3.0 €M Az=—050cm
The electron in the central calorimeter passes all the stanAz g ey.rack<5.0cm Az=1.31lcm
dard electron identification and isolation requirements uset, .| <60.0 cm Zyertes=20.4 cm
in top-quark studie$13]. The measured values of the iden- Fiducial Yes
tification variables as well as the selection criteria are giverE'TSO/ET< 0.1 ESYE;=0.02

in Table X.
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TABLE XI. The measured values of the variables used to iden-

tify the central photons in theeyyE; candidate event.

Photon 1
Requirements Value
E;>22 GeV E=36 GeV
<1 3D tracks, R<1 GeV No. 3D tracks 0
Xes<10 Xes=1.9
|oced <2.0 oces= —0.29
E2nd clustegzlg% 0.01x Ejl{ E2nd cluster_ 1.4 GeV
=2.92 GeV
Fiducial Yes
Had/EM<0.055+0.00045<E” Had/EM=0.012
=0.079

E*%Er=0.050
SP(AR=0.4)=0.39 GeV

EFYE;<0.10
SPr(AR=0.4)<5.0 GeV

Photon 2
Requirements Value
E;>22 GeV E=32GeV
<1 3D tracks, <1 GeV No. 3D tracks 0
Xees<10 Xees=3.9
|oced <2.0 oces=—1.6
E2nd cluste52.39+ 0.01x E% E2nd cluster_ 1.2 GeV
=2.76 GeV
Fiducial Yes
Had/EM<0.055+0.00045<E” Had/EM=0.012
=0.072

EFYE;<0.10
SPr(AR=0.4)<5.0 GeV

E*%Er=0.015
SPH(AR=0.4)=1.7 GeV

E. The missing transverse energy

The missing transverse energy in theyyE; candidate

PHYSICAL REVIEW D 59 092002

TABLE XIl. The measured values of the variables used to com-
pare the cluster in the plug calorimeter in teeyyE; candidate
event to electrons. The requirements are those used to identify elec-
trons fromZ%—e*e™ events in the plug calorimeter and are de-
scribed in Ref[12]. The additional selection criteria are those used
to identify electrons in the top-quark analy$is3].

Requirement Value
E;>25GeV E=63 GeV
X§><3<3-0 )(g><3:1-3
Had/EM<0.05 Had/EM=0.03

ESYE;=0.05
VTX occupancy 1.0
Yes

ESYE;<0.1
VTX occupancy-50%
Fiducial

Additional selection criteria used in the top-quark analysis

Xbepti<15.0
3D track through
3 CTC axial superlayers

X%eplh: 0.43
No. tracks0

ery[13,36. Table XII and Fig. 19 show a comparison of the
values of the measured variables for the cluster to those of
electrons from th&®—e*e™ control sample. The fact that
the shower passes the selection critdiiia particular the
X3x3=1.3 andy5e,y=0.43 requiremenjsimplies that the
shower is consistent with being from a single, isolated elec-
tron emanating from the interaction point. However, a closer
inspection reveals a possible discrepancy with the electron
hypothesis.

G. A problem with the electron interpretation

The tracking information along the trajectory between the
primary vertex az=20.4 cm and the cluster in the calorim-

event is measured to be 55 GeV. The scalar sum of the

transverse energy deposited in the calorimeters is measured
to beX E;=268 GeV. The majority of the transverse energy
(>60%) is deposited in the four clusters in the electromag-

netic calorimeters where the energy resolution is gi&];

the rest of the energy in the calorimeter is unclustered. To

use the/E resolution method of Sec. Il A, thBE; is cor-

rected by subtracting off all the electromagnetic clusters E

giving SESO"*L 100 GeV. Using Eq.(6) yields o(E7)
=7 GeV for a final result of E=55+7 GeV. As a check, the
total R of the 4-cluster systertwhich is well measuredis

T Ty AR R RN RAESE R

400 F {1 400 F
2300 E idate] £
S t| eeyyly Condidated €300 |
0200 E E 9200 E 3

bk

:..-.|.
0 0.05

48+ 2 GeV, opposite to théEand in good agreement with
the measured magnitude. This is a further indication that the
imbalance is not caused by spurious energy elsewhere in the
detector. There is no indication that tiie & the result of a
measurement pathology or due to a cosmic ray interaction.

Isolation

F. The electron candidate in the plug calorimeter

The cluster in the plug electromagnetic calorimeter passes
all the standard electron identification and isolation selection FIG. 19. The values of the identification variables for electrons
criteria used foz®—e* e~ identification[12]. In addition it in the plug calorimeter from a sample @& —e*e~ events. The
passes all the requirements used to identify electrons in th&rows represent the measurement for the cluster inetheyE;
region of the plug calorimeter used in the top-quark discov-candidate event.
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eeyyl; Candidate Event S — S
190 o q 12 B Plug EM Cluster eeyyf; Condidate Event _
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i c
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i oY
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FIG. 20. The expected trajectory for the cluster in the plug calo- FIG. 21. The VTX occupancy as measured in éey yEr can-
rimeter as it passes through the SVX, VTX and CTC trackingdidate event. The trajectory is assumed to come from the vertex at
chambers in theeyyE; candidate event. z=20.4cm.

eter indicates that the cluster is not due to an electron. Figure 2. SVX tracking

20 shows the expected path of the particle as it passes The standard electron identification selection criteria do
through the SVX, VTX and CTC tracking chambers. Thenot use the SVX because the detector covers only the region
standard electron identification selection criteria only use th¢z| <30 cm. However, for interactions which occur within
information from the CTC and VTX detectors. However, in |z|<30 cm, the SVX can often be used to provide precision
this particular event there is no expectation of finding a trackracking for electron$37]. For more details on the SVX as

in the central tracking chamber because the trajectory onlyell as the “stub”-finding algorithms see the Appendix.

passes through the innermost layg34]. Figure 22 shows tha ¢ between the measurefiposition
in the strip chamber§CES and PES respectivelgnd from
1. VTX tracking SVX stubs found for electrons from th&’—e*e™ control
The VTX is a system of eight octagonal time projection
modules surrounding the beam pipe and mounted end-to-end 120 =T T T e T 6]
along the beam direction. For every evert tracking, with 100 [ Central Electrons actiil 3
some ¢ resolution, provides a measurement of the vertex w80 E 3
position as well as additional tracking information for indi- gso 3 3
vidual charged particles. The standard electron identification '-'>-'4o 3 :
requirements use a VTX occupancy measurement which is ] E
defined to be the ratio of the number of layers in the VTX in 20 v E
which the electron deposits charge divided by the number of 0 oos oo a0 o060 006
layers in the VTX expected to be traversed by the electron, Ag (Radians)
given the electron’s trajectory. The VTX does not provide 100 T .@“7“1. T TEeE T A
a precision measurement of the trajectory and cannot [ Plug Electrons ]
distinguish between single and multiple particles. For more wao ] E
information on the VTX and electron identification see Refs. c60 | cj:g{gi'te 7
5, 12, S | ;
The expected particle trajectory, from the vertexzat -
=20.4cm to the cluster position at~0.3rad, n~—1.7, 0 r E

passes through the fiducial part of the VTX. A total of 7 hits 0 e o a5 s
are recorded with 7 hits expected for an occupancy of 100%.
Figure 21 shows the VTX occupancy as a functionydir
¢=0.3rad and as a function @ for »=—1.72. There ap- FIG. 22. TheA¢ between the measured electron position from
pears to be at least one charged particle trajectory atthe the strip chamberéCES and PEBand theg from the SVX tracker
and ¢ of the cluster. The VTX information is completely for electrons in theZ®—e* e~ control sample. The two peaks cor-
consistent with the interpretation of the cluster as an elecrespond to the bending of positively and negatively charged elec-
tron. trons in the magnetic field.

A¢@reu-svx (Radians)
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FIG. 24. The measured impact parameter from the SVX tracker
FIG. 23. The positions of the SVX clusters with for electrons fromz°—e*e™ events. The central electron in the
0.23radk $<0.33rad. The dashed line is the expected trajectorye€yyEr candidate event has an impact parameter of (46

from the primary vertex to the cluster in the plug calorimeter using®45) um. The nearest SVX stub to thgof the cluster in the plug
the measured cluster position ang. E electromagnetic calorimeter has an impact parameter of (90
+45) um. Both are consistent with zero within resolution.

sample. The two peaks correspond to the bending of posiwo bad regions, the probability of losing the third cluster is
tively and negatively charged electrons in the magnetic fieldonly less than about 1940].

In the eeyyE; candidate event, only the central electron ~Prompt electrons should have an impact parameter, in the
and the electromagnetic cluster in the plug have stubs. FofY direction, with respect to the position of the collision

the electron in the central calorimeter, the measurement consistent with zero. The distribution in the impact param-

is consistent with the negative charge determination from th&" Of Stubs associated with central and plug electrons from
—e" e events is shown in Fig. 24 along with the results

track in the central traqklng chamber as ShOYV”. n F|g. 22for the electron candidates in theeyyE; candidate event.
The stub for the cluster in the plug calorimeter is inconsisteniy/hile the stub associated with the central electron has a

with the interpretation of the cluster as an electron. The. ®Xgmall impact parameter (4645)um, the stub at ¢
pectedA¢ between the SVX stub and the measured position-0.265 rad has a large value, (8@5) um, which is on the

in the PES, due to bending in the magnetic field, is expectegiil of the distribution but not inconsistent with the prompt
to be —2.6 mrad for a 63 GeV positron. The position,¢n  hypothesis. However, the impact parameter measurement is
of the electromagnetic cluster as measured by the strip chandependent on the position and energy information from the
bers in the plug calorimeteiPES is ¢pes=0.294rad, but calorimeter. If the stub is unrelated to the cluster, removing
there are no SVX clusters in the region 0.29«atk0.30rad  the constraints of the calorimeter information from the track-
in either SVX barrel as seen in Fig. 23. However, the algo{NY algorithm changes the impact parameter measurement to
rithm does pick up a three-cluster stub near the expected pama Do=(233180) um.

R . The tracking information is confusing and would be
which is in the barrel witre<0 (as would be expected for highly unusual for an electro(no others like it are found in

the trajectory. The stub appears to be We_|| meaSl_Jred, but hag,o sample of 1009 well-measured plug electjor&ince
$syx=0.265rad Q¢=—29 mrad); again see Fig. 22. there is no associated track in the central tracking chamber, it
. The non-observation of an SVX stub with the corret s not obvious that the stub has anything to do with the
is unusual for an electrof88]. There is no indication of @  cluster in the calorimeter. Since there are no other large en-
mismeasurement in the calorimef80]. In the SVX there is ergy clusters in they-¢ region suggested by the stub, either
a bad strip in the innermost layglayer 0 at ¢=(0.296  this is an SVX or PES failure, or the stub is due to a low P
+0.002) rad which may be along the trajectory. While thischarged particle which is not distinguishable in the calorim-
could cause the loss of a cluster, an electron typically deposeter. Based on thie¢| distribution of thez®—e*e™ events,

its energy in multiple strips. The trajectory passes near a gathe probability that this observation is due to an electron is
in layer 1 between silicon crystals z&9.6 cm. These could estimated to be less than 0.3% at the 95% C.L.

possibly account for two of the three missing clusters. The _ _

SVX cluster-finding efficiency is=95% due almost entirely H. Interpreting the electromagnetic cluster

to dead strips and gaps between crystals. With that effi- To summarize, the relevant experimental facts about the
ciency, the average probability to miss all three clusters iflectromagnetic cluster in the plug calorimeter in the
1.4x 10 % however if the true trajectory passes through theeeyyE; candidate event are the following:
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TABLE XIII. The number of expected versus observed hits in from the other vertices does not indicate a better choice.
the VTX and SVX detectors assuming the cluster in the plug comeShere is no indication that the stub or cluster is from a dif-
from a different vertex in the event. Because of the cluster positiorferent vertex.
in the plug calorimeter, only vertices with 13 cn<z,,,,<38 cm

could give three or more clusters in the SVR, is the impact 2. Anomalous electron detection

parameter.

For example, an electron could emit an energetic photon,
Vertex SVX clusters D, VTX Occ. via bremsstrahlung, while traversing the detector, or the elec-
(cm) (Expected/Obs. (um) (Expected/Obs. tron could have had an elastic scattering with a nucleus. If
the photon emission or collision occurs after the electron
20.4 3/3 9a-45 4 leaves the SVX, then there should be at least two final state
—8.9 3/0 . 913 particles and the SVX stub should, by conservation of mo-
—38.9 0F - 1077 mentum, point to the energy-weighted mean of the energy

—33.7 OF - 10/4 deposition in the calorimetdwithin the expected resolution

and bending due to the magnetic fieltNo evidence for a
second cluster is seen in the calorimeter. If the photon emis-
(1) The cluster easily passes all the standard electron idemsion occurs before the electron reaches the SVX, then the
tification selection criteria. initial direction of the electron must have been directly to-
(2) There are no SVX clusters in the region ward the center of the electromagnetic clugtayain by con-
0.29rad ¢<<0.30rad, with 3 expected. There is a badservation of momentumIn this case the SVX stub is due to
SVX strip in layer 0 and a gap in the coverage in layer 1the electron going off with low momentum, and the electro-
which may lie along the trajectory and cause clusters tanagnetic cluster is due to the photon. However, the impact
be lost. There is an SVX stub which is near the expectegharameter would be roughly 5 times that observed. A final
trajectory, but is not necessarily correlated with the plugscenario is that the photon emission or collision occurs in the
cluster. The stub is well measured and appears to be dugVX. If this were the case, there should be a kink in the
to a charged particle traveling at arconsistent with the  trajectory defined by the SVX hits and the primary vertex.
cluster. However, the probability for an electron to haveNO such deviation is seen.
|A ¢|>0.03 rad between the stub and the cluster is esti-
mated to be less than 0.3% at the 95% C.L. 3. Photonic interpretation

(3) Assuming the energy and position of the plug cluster are  The cluster could be a photon with a nearby, but unre-
due to the particle which made this stub, the best-fit im-jated, charged particle. Figure 21 shows that while the occu-
pact parameter of the SVX stub is (8@5) um. While  pancy in the VTX has a local maximum &t=0.3rad, it is
this is not inconsistent with the prompt electron hypoth-above 0.5 for all values af. Thus, even if the SVX stub is
esis(a 2o deviation, the result is highly dependent on due to an unrelated, low-momentum charged particle that
the calorimeter information. If the calorimeter informa- causes the local maximum in the VTX, the cluster would, by
tion is removed from the SVX track finding algorithm, a sideband estimate, still not pass any reasonable photon
the best-fit impact parameter becomes (2380) um. VTX occupancy requirement. To estimate the probability

(4) The VTX occupancy indicates that there is at least ondhat the SVX tracker might find a stub unrelated to the clus-
charged particle traveling in the direction of the PEM ter in the plug, the SVX stub-finding algorithm is used. In-

cluster(this could be the track associated with the SvX stead of using the) position of the cluster, theé is varied
stub. between 0 and 2 in increments of 0.01 rad. A total of 8.4%
of ¢ space has a good stub of which 1.8% is due to the stub
Q_glalitative and ?Uﬁntit?tive discussjons 'for :]he different pos?attgd S(t)l.JZngrri?éhlt\/l'T')EhSSCSS;I!]rg;) ri;)bta:)slee\t/c;rl:ltr.ld an unre
sible sources of the cluster are given in the next sections. s, qiper way to estimate the probability for a photon to
While 't.WOUId be de_5|_r_a_ble t_o_have probz_ib|l|t|e_s for each thave an SVX stub and high VTX occupancy is to use the
these different possibilities, it is not possible without an Un-contral photon sample from Sec. Il but with the additional

derstanding of the source of the event. Thus, no attempt i?equirement of E>20GeV. There are 268 events in the

made to discuss the relative probabilities of the possmlesample for a total of 536 photons. Figure 25 shows the VTX
sources of the cluster.

occupancy and thd¢ distributions for the photons in the
1. Two inferactions sample. A total of 277 photons pass through the fiducial
: region of the SVX; 16 have an SVX stub and 6 hawep|
One possibility is that the cluster or the SVX stub comes>0.03 rad(~2%). A total of 58 of the 536 photons have a
from a differentpp interaction. As a check, the VTX and VTX occupancy greater than 0(5-10%). The bottom part
SVX results are investigated using the other vertices in the@f Fig. 25 shows that most of the photons with a stub have
event; the results are summarized in Table XllI. The trajeclow VTX occupancy. No event withA ¢|>0.03rad has a
tory from a vertex to the plug passes through the SVX fidu-VTX occupancy greater than 0.5, indicating that there is no
cial region for only one other vertex; there are no stubs aseorrelation(at low statistics between large VTX occupancy
sociated with it. The VTX occupancy along the trajectoriesand large|A¢| [41]. While the cluster could be due to a
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FIG. 25. The top plot shows the VTX occupan@yumber of FIG. 26. A Monte Carlo simulation of one-prong hadronic de-

hits/number of hits expectgdor a sample of central photons. A cays of ar interacting with the plug calorimeter. The electromag-

total of 58 of the 536 photons have a VTX occupancy of greatemetic fraction(EMF) of the energy deposited in the electromagnetic

than 50%. The middle plot shows thep between the measured and hadronic calorimeters is shown in the top plot. The measured

photon position and the stub found by the SVX tracker for photonscluster energy as a fraction of the true energy of ttie shown in

with a stub. The lower plot shows the VTX occupancy for photonsthe middle plot. The rate at which events pass the Had/EM and

which have an associated stub found by the SVX tracker. isolation selection criteriécorrected for the 50% one-prong branch-
ing fraction as a function of the ratio of reconstructed cluster en-

photon with a soft track nearby, it is an unusual example a§'9y to the originalr energy is shown in the bottom plot.

estimated by the diphoton sample, and the hypothesis cannot

be proved or excluded. 7 energy. For most of phase space the fake_ rate is flat, typi-
cally around 3%; however, at the end points it rises to almost
10%.
4. Hadronic = decay While the cluster in the PEM could be due to the hadronic

The cluster could be due to the hadrofieprong decay decay of ar, and there is no evidence to the contrary, this
of a r lepton. For example, the decay- = #%v_ produces Would be an unusual example as estimated by the Monte
a =" which could generate the SVX stub and VTX occu- Carlo simulation. Furthermore, it would in general increase
pancy, and ar® which decays viar®— yy and could gen- the B singe only 20%-100% of't.rueenergy is de_posited i_n
erate a calorimeter cluster that is largely electromagnetic erfh€ calorimeter. Ignoring additional tracking information
ergy and that passes the remaining electron identificatiofom the SVX and VTX, as well as potential rejection power
selection criteria. However, most hadronidecays will not ~ from the calorimeter, the probability of ato pass the elec-
shower predominantly in the electromagnetic calorimetertron selection criteria is conservatively estimated to be less
The cluster in the event deposits roughly 180 GeV in thethan a few percent.
electromagnetic calorimeter and only 5 GeV in the hadronic
calorimeter. The probability that amight fake the electron 5. Jet interpretation
signature, but not be from the—evv decay chain, is esti-
mated using a Monte Carlo to simulate a sample’sfwith
a one-prong decafexcluding the electron and muon decpys
interacting with the plug calorimeté#2]. Unfortunately, the
detector simulation does not correctly model the VTX occu-
pancy or they? variables_ in the qalorimeter or stri_p chambersjet is consistent with being a constant for jets with
in the plug, each of W_hlch provide rejection against the h_ngT>25 GeV with a probability of approximately 2
ronic decays. To avoid an underestimate of the probability,, 10~ 3/jet. Thus, although the cluster could be due to a jet

the simulated cluster is n_ot required to pass these requIrgihich fluctuated to pass the electron selection criteria it
ments. The top part of Fig. 26 shows the electromagnetlgvould be an unusual example

fraction of the energy of clusters produced by th&he rate

at which 7 events pass the Had/EM and calorimeter isolation
selection criterigcorrected for the 50% one-prong branching
fraction[43]) is plotted in the bottom of Fig. 26 as a function  Although the cluster passes all of the standard electron
of the ratio of the reconstructed cluster energy to the originaselection criteria, the tracking information provides evidence

A jet associated with the event, either as part of the par-
tonic process or from initial or final state radiation, could
fluctuate to pass all the electron selection criteria. The rate at
which a jet passes the electron selection criteria is estimated
using a method similar to that in Re¢fL4]. The fake-rate per

6. Conclusion
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TABLE XIV. The 4-vectors of the electron and photon candidates and the missing transverse energy in
the eeyyE; candidate event using the primary vertexzat20.4 cm. The parentheses represent the uncer-
tainty in the last digit and are as determined in Sec. Il A 486]. There are no additional jets with

ESorected. 10 GeV.
Run 68739, Event 257646
P, Py, P, E Er

(GeVic) (GeVic) (GeVic) (GeV) (GeV)
Y1 32.19) -16.85) —-35(1) 50(1) 36(1)
Yo —12.94) —29.69) —-22.57) 39(2) 32.39)
e —34(1) 11.53) 21.76) 42(1) 36(1)
Plug EM Cluster 6@) 19.05) —1725) 1835) 63(2)
E; —54(7) 13(7) — — 55(7)

that the cluster is not due to an electron. The cluster could bgyr M ~Mo, where/i*—;“inz 26.6 GeV, it would mean that a
interpreted as a photon, the hadronic decay of a tau lepton, @jarticle (or particles with 51 GeV (=2 GeV) of electro-
simply as a jet. While all three scenarios are reasonable magnetic energy was mismeasured as having 183 GeV of
priori, and are consistent with the facts, each is unlikely inenergy.

that this would be an unusual example of any single one of Taple XV lists the masses and transverse momentum for
them[44]. There simply is not enough information to estab-various combinations of the clusters in the event. One of the

lish the origin of the cluster. most interesting combinations is thgey,y1 Combination
which has an invariant mass of 91.7 Ge¥/and a R of 4.1
I. Study of the kinematics of the event GeV. While this could be Z° where one electron faked the

photon signaturdthere is no track or SVX stub pointing at
the photon this would be unusual, as estimated in Sec. Il C.
Jable XVI lists the calculated transverse masses for various
combinations of the clusters and the. BVhile the e enyafr

A study of the kinematics of theeyyE; candidate event
is potentially useful in helping understanding its origin. The
energies and momenta are given in Table XIV. There are n

™ H 4 orrectel H
additional jets with E 10 GeV. Figure 27 shows the combination is inconsistent with the decay o\ via W

E; of the system if the energy of the cluster in the plugH . 2 L

. . o ? —~ev (it has My=4.3 GeVk?) the e enaly2Er combination
calorimeter were r_msmeasured. F_or simplicity, the cluster ISould be the radiative decay of AV via W—evy
denoted as, and in the plot, M, is plotted versus/ £ for (M;=70.4 GeVE?)
different correction factors, C, such that E.+~C T ' '
X Emeasured The Er cannot be reduced below 25 GeV for any

value ofC. While the value of the/ Eis at a local minimum TABLE XV. The kinematics of various combinations of the

clusters in theeeyyE; candidate event. The combination of clus-
ters is referred to as a system. Column 4)(is the transverse
imbalance of that particular sub-system and takes into account the

100 S I B I AL B SR B UL B A

go [ eeyyZ:Candidate Event 3 underlying event. The His the transverse mass of the system along
t  Correcting the Plug Energy only ] with its imbalance. The cluster in the plug is simply referred to as
80 ‘ Eives = CXEtrmrs ‘ €pug for simplicity. The lowest/E attainable by simply removing
c=02  C=05 c=t 3 one electron or photon candidate from the event is 20.0 GeV, which

70 . .
q occurs by removingy, . By removing both the central photon and

60 _ the cluster in the plug thé{Ebecomes 4.1 GeV.

>
é.)': 50 _' v System E_?)/stem E; ¢ £ Hy
LG 3 Objects (GeVvic?) (GeV) (GeV) (deg (GeVic?)
10 - _ €piugSeentralY1Y2 232.4 48.1 52.8 167.2 221.2
: ] €piug¥17Y2 121.8 84.4 89.0 164.9 221.1
20 F . €central¥1Y2 121.4 38.2 32.0 73.8 137.0
10 _ _ €piugSeentral’1 195.6 59.7 66.9 195.6 202.8
s ] €piugSeentralY2 200.4 13.1 20.0 194.9 152.0
0 c;““z's'”'5'0'“'7'5"'566"iéé“islxéni;é”étl)é“é-zs Eplug€central 163.3 40.0 475 2273 1471
M.. (GeV/c?) Y1Y2 47.3 50.4 49.3 121.2 118.1
€plugY1 56.5 92.6 99.1 18338 198.7
FIG. 27. The invariant mass of the cluster in the plug calorim-€pgY2 97.0 48.7 541 173.3 149.8
eter, here denoted as anand the electron in the central calorimeter e.qnya1 91.7 5.8 41 166.6 76.8
(M¢g plotted verses théEas the energy of the cluster in the plug e .y 64.1 50.7 43.4 18.6 112.1
is varied.
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J. Conclusions pPp—W "W yy—(etv)(e v)yy (8)

The eeyyE; candidate event appears to originate from a
single pp collision and consists of a high quality isolated with eachv leaving the detector and causing. Ho estimate
electron, two isolated photons in the central calorimeter, sigthe rate, thenADGRAPH Monte Carlo prograni46] is used to
nificant &, and an electromagnetic cluster in the plug calo-simulate the process in lowest order. The cross section,
rimeter. While the cluster passes all of the standard electrog,, , is estimated to bery,, = (0.15+0.05) fb for two
selection criteria, further investigation reveals its interpretaphotons with E>10GeV, andrn|<4 0. Taking into ac-
tion is not obvious. The tracking chambers indicate that thergount the uncertainty in the cross section, the luminosity
is a charged particléor particles traveling in the direction of [(85+6.8) pb 1], and differences between detection effi-
the cluster but not directly at it, indicating that the clusterciencies in the data and in the detector simulation, a total of
might not be due to an electron. The cluster could be inter{8+4)x 10 " events is taken as the best estimate for
preted as a photon, the hadronic decay of a tau lepton, avWyy producing two electrons, two photons angl i the
simply as a jet. While all three scenarios are reasonable observed topology.
priori, and are consistent with the facts, each is unlikely in  Another source, in which both electrons are real, is stan-

that this would be an unusual example of any single one of5rq modeltt production and decay. ThevTHIA Monte

them. Carlo program is used to simulate production, decay, frag-
mentation and the underlying event. Bathuarks are forced
V. ESTIMATING THE NUMBER OF eeyyE; EVENTS to decay viat—Wb, both Ws decay viaW—ev, and the
FROM STANDARD MODEL SOURCES photons are produced from radiation from internal fermion

The a posterioriestimation of the probability of a single lines or are from jets which fake the photon signature. Tak-
event has measure zero. One instead has to define an evéid into account the uncertainty in the cross section, the
topology and estimate the number of events which pass thdgminosity, differences between detection efficiencies in the
set of selection requirements from standard model sourcedata and in the detector simulation, the extra photon rates
In an attempt to make the requirements similar to the stanand statistical uncertainties in the sample, the rate is esti-
dard a priori criteria used in CDPW and Z° analyses, the Mated to be (3:3)X 10”7 events.
eeyyE; event topology is defined by the following list of

requirements: B. Estimating the number of expected fake events
(i) ~ Oneisolated electron candidate in the central calorim- - Other processes which contribute to the standard model
eter with £>25GeV. production rate ofeyyEr events include events with jets

(i) A second isolated electromagnetic cluster, in the centhat fake either photons or electrons, two standard model
tral or plug calorimeters, which passes the electroroverlapping events, or additional objects from cosmic rays

identification requirements with{&25 GeV. interacting or radiating in the detector. To estimate the num-
(i) Two isolated central photon candidates>25 GeV. ber of events from these sources, the rate at whiphraof
(iv) Er>25GeV. the event occurs is multiplied by the probability that the rest
(v)  An *“electron-electron” invariant mass above the of the constituent parts of the event occur in a random event.
mass of thez®: we use 110 GeV For example, to estimate the rate at whistWijj production

fakes the event signature, the rate at whiv* W~
—e*ve v events occur(including W— rv—evvy) and
where the electron and photon candidates are required {gass theeef; requirements is multiplied by the probability
pass the high-threshold requirements in R¢i3,49 and  that two jets are produced in association with W&V and
Table I. A subtlety in the topology requirement is that thepoth fake the photon requirements.
cluster in the plug calorimeter is possibly not an electron. To  The number of observed events in various channels that
take this into account, the possible standard model sourcesnstitute a part of theeyyE; signature are listed in Table
are divided into two classes—those in which the cluster inxvIl. The rates at which jets fake the photon and electron
the plug is caused by an electron and those in which it is nofselection criteria are essentially flat as a function effér
In either case, contributions from real and fake sources of;>25 GeV and are given in Table XVII. The datasets used
each of the different objects, such as taus and jets, are ino measure or estimate these numbers are selected using the
cluded. The primary sources are standard mtd&/yy and  standard electron, photon ari¢ Elentification requirements
tt production, events in which jets fake electrons and/or phodescribed in Sec. Il and Ill. The second part of the estimate
tons, cosmic ray interactions, and overlapping events. requires a determination of the probability of finding an extra
object or objects, such as real or fake photons, in the event.
_ The results for fake/E real and fake photons, and fake
A. Standard model WWyy and tt production electrons are summarized in Table XVIII.

The standard model process that is most likely to produce
the signature directlyassuming the cluster in the plug calo-
rimeter is due to an electrpiis the production and decay of The number of expected events where part of the event is
WWyy where “real” and part of the event is “faked” is summarized in

1. Events with a fake object or objects
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TABLE XVI. The transverse mass for the measuréd ahd

PHYSICAL REVIEW D 59 092002

TABLE XVII. The number of observed events for the various

various combinations of the electron and photon candidates withiparts of theeeyyE; signature, used to calculate fake and overlap

theeeyyE; candidate event. The cluster in the plug calorimeter, forrates.

simplicity, is labeleds,,q. The transverse mass of thg 7 and
the ey, Fr candidate pairs are 4.3 Ged#/ and 111.6 GeW? re-
spectively and are thus unlikely to be from the de@éy ev. How-

ever, thee.enray2Er combination could be due to the radiative de- Type of event

cay of aW via W—evy (M7=70.4 GeVLt?).

The Z°—e*e™ events require 81GeWf<Mgiq
<101 GeVE?. The one event in the M>110 GeVE?+ y category
is theeeyyE; event.

Observed number of events
W-type events

M+ ecentraET 58000
Objects (GeV/cZ) €centralET+ ¥ 4
€centraET HCENtrAl jet 1383 events, 1513 jets
EpugCeentral?1 Y2Er 221.1 cennalET+ PIUG jet 597 events, 620 jets
€piug¥172Er 182.0 epugEr 40000
€centralY1Y2ET 141.2 eplugET+ v 4
eplug(:"centraf)’lET 187.0
EplugCeenaly2ET 180.4 Photon-type events
eplugecentraET 144.2 €centraly 49
'yl'}/zET 1119 e| ¥ 22
u
pugY1Er 146.2 o 1
centraly Y
pugY2Er 148.5 . 0
plugY Y
€centralY1 Er 113.2 vy 218
€centralY 2 704 yy+Er events 3
€pugEr 111.6 Cosmic-type events
ecemraET 43
y1Er 86.9 y+Er 3181
¥2lr 528 Z%/ y* -type eventdCC/CP
I . ee 1660/1771
Table XIX. Contributions from events with fake central elec- g 12/7
trons have not been included as the expected rate is neg@—ey 02
gibleﬁ 7compared to the othe_-r sources. A total of+H(3) 79, ete- 1470/1613
X10" " events are expected in the data due to fake sources,o_, o+~
¥ r . —e'e +Er 9/3
The “real process” rategcolumn 1 in Table XIX are 0 4.
. Z°—e"e +y 0/1
derived from Table XVII as follows: M_>110 GeVE? 40/40
e
(i) eeyEr: the 4 events from the data with M>110 GeVE?+Er 1/3
M.o>110 GeV and/E>25 GeV, multiplied by a fac- Mge>110 GeVE?+y 0/1
tor of 6x 10 # for a real additional central photon. Other numbers
(i) eeyy: the 80 events in the data with 110 GeV,
multiplied by two factors of & 10 * for real addi- Bunch crossings 101
tional central photons. Central electron fake rate <7x10 %jet
(i)  ecenaly YEr: the decennaEr+ ¥ €vents, multiplied by (95% C.L. upper limix
a factor of 6x 104 for a real additional central pho- Central photon fake rate 210 ¥jet
ton. Plug electron fake rate 2107 %/jet
(iv) eekr: the 4 events from the data with Jy-110 GeV
and E>25GeV.
(V) centralVEr: the 4€cenyayEr €VENTS.
(vi) eey: the 80eeevents in the data with pM>110 GeV, ]
multiplied by a factor of 6 10~ for a real additional mated to be_equal to the rate at' yvhlch one part of the. event
central photon. occurs, mu_ltlpl_led by the probablllty_ of the rest of the signa-
(Vil)  €conpayy: the 49e.nay €vents, multiplied by a fac- ture occurring in a second overlapping event. The probability

tor of 6x 10 # for a real additional central photon.
(Vi) ecenraly: the 49€cenialy €VENts.

2. Overlapping events, including cosmic rays

of getting a particular type of overlapping event is estimated
to be equal to the number of events with that signature, di-
vided by the total number of events studied by the detector
during the course of the run ¢810'%). The total rate sums

over all processes and includes contributions from cosmic

Events in which two collisions occur at the same time,rays which leave a photon in the detector as well as real

each producing part of the event, can fake ¢eyE; sig-

physics contributions which might occur in an overlapping

nature. The rate of expected events from each source is esévent.
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TABLE XVIII. The estimated rates for finding fake objects (vi) egEr: the 40000e,,4Er events in the data. These
(electrons, photons oV in an event from various processes. events come from bot/ and cosmic ray production.
These numbers are estimated using the numbers in Table XVII. The
rate for finding an additional central photon is probably an overes-

timate by a factor of 2 because both methods include contributions C. Total standard model rates

from real photons as well as fakes. The possible standard model sources are divided into two
— = : classes—those in which the second electromagnetic cluster
Rate for finding additional objects Rate/event  passing the electron selection criteria is caused by an elec-
Fake 4% 10-3 tron and those in which it is not. The standard model esti-
70 e Events mate for the number of events with tleeyyE; signature
Re.~ m where the plug cluster is allowed to be due to an electron is
9+3 dominated by reaMWWsyvy production with a total of 8
T1470+ 1613 X 10" " eeyyEr events expected. Standard motteproduc-
~4%x10°3 tion contributes an additional»X310™ 7 events. The total fake
An additional central photon ®10°4 rate, split roughly equally betweereeyy+fake k£,
R. ~ RFake, gRadiation eeykE;+fake photon anceyyEr+fake plug electron, con-
T 7 eey Events tributes a total of %10 7 events. Overlapping events, in-
. pCentral Fake . . . .
~Peara 3Py * oo Events Events cluding cosmic rays, are estimated to contribute a total of 8
13 0+2 x 10" % events. Including the uncertainties, the total rate is
=—— X (1X10 3+ ———— :
538000 1660+ 1771 estimated to be
=3%x10"°+6x10"* i
ex 104 N Eritarg Pluge Requrements. (1 +1)x10°¢ events.  (9)
Agazdditigﬂa' plug ;'IZCUO“ candidate x2A0°° With the addition of the SVX data and a thorough scrutiny of
Rpiug e~ PExira et Ppiuge the plug cluster, there are good indications that the cluster
620 . may not be due to an electron. The total rate where the plug
_5sooo><(2><10 ) cluster is not due to an electron is reduced from that above
~2x10°° because the dominant backgroundé\W/yy andtt), each of
An additional central electrof85% C.L) <2x10°° which produce two electrons, are removed. The total, domi-
Rfake ~pcena »pFake (95% C.L) nated byeyyE.+fake plug electron, is 810 . Overlaps
513 are again negligible. Including the uncertainties, the total rate
—5 . .
—58000><(7>< 107°) is estimated to be
~2%x10°® NEWD Saite" Mot 2®= (6:6)x 10 ® events.  (10)

VI. SETTING LIMITS WITH THE  yy+X ANALYSIS

The low probability of a satisfactory standard model ex-
The results for the dominant sources of overlap events arplanation for the ‘eeyyE;” candidate event leaves open the
summarized in Table XX. To take into account the fact thatpossibility of new physics interpretations. A number of theo-
there are 4 interactions in theeyyE; candidate event, the ries put forward to explain the event predict that other events
estimate is multiplied by 6 to reflect the 6 possible permutafrom related decay modes should appear in the+X
tions of any two of the four interactions causing the signa-Searches. Since there is no evidence of these events in the

ture. Summing all the sources, the total rate due to overlageentral diphoton sample, quantitative limits can be set on

ping events is estimated to be £8)x 10 ° events. such scenarios.
The process 1 ratggolumn J) in Table XX are derived
as follows: A. Anomalous WWyy production

It is improbablea priori that thee ey yE; candidate event
is from standard mod&N Wy~ production, as shown in Sec.
V. However, the event could be an example of anomalous
WWyy production[47]. This hypothesis can be tested quan-
titatively by assuming that the one event was produced at its

(i) €pugY?- the 22e,,4y events in the data, multiplied
by the fakerreal additional photon rate of>610™ 4.

(i)  eey: the 80eeevents in the data with p>110 GeV,
multiplied by the fake-real additional photon rate of

—4

6x10 “. . o mean cross section and using the standard muvdélyy

(i) eyy: the 49ey events in the data, multlalled by the Monte Carlo simulation to estimate the mean number of
fake+real additional photon rate of>610™". events in theWW— jjj decay channel using the following:

(iv)  WWy: the AWWevents in the data, multiplied by the
fake+real additional photon rate of>610 %,

(v)  Wryy: the 4eyE; events in the data, multiplied by the
fake+real additional photon rate of>610 “.

NExpected\, NObserved RatQWW’y’y—> yy+ J” )
vyl B Rate WWyy— yy+ 1l Er)
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TABLE XIX. An estimate of the number of events passing ¢#f& yE; selection criteria from events with
fake electrons, photons dr-EIndividual rates are estimated as being equal to the number of observed events
(real processmultiplied by the rate at which additional objects from fakfeke processare observed in the
event. The real process rate is taken or estimated from Table XVII and the fake process rates are taken from

Table XVIII.

Real Fake Fake Fake Events
process process 1 process 2 process 3 in 85 pb !
eeyET yFake _ _

2x1073 3x10°5 — — 8x 1078
eeyy E?ake _ .

3x10°° 4x10°8 — — 1x 1077
ecentraﬂ"yET egﬁkge - -

2x10°° 2x107° — — 5x 1078
eeET ,yFake ,yFake _

4 3x10°° 3x10°° — 5% 107°
EcentralY Er ,yFake eglize -

4 3x10°° 2x10°° — 3% 107°
eey ,yFake E_l;ake o

5x10°2 3x10°% 4x10°° — 6x 10°°
€centraly Y egﬁl;e E‘T'ake -

3x1072 2x107° 4x1073 — 3x 107°
€centralY ,}/Fake e;ﬁze E'FI'ake

49 3x10°5 2x10°% 4x10°8 1x1071°
centralET yrake yFake e;ﬁjkge

58000 3x10°° 3x10°° 2x107° 2% 107°
ee ,yFake ,yFake E?ake

80 3x10°° 3x10°° 4x1073 4x10°10
Sum ~3x 1077

where theyy+jjj channel is defined as two photons which the supersymmetric versiod8] is that in addition to the
pass the high-E diphoton selection criteria ¢&25GeV) two photons produced, two or more of the lightest supersym-
plus 3 or more jets as defined in Sec. Il and the+ |l E;  metric particleSLSP9 are produced in every event, either by
channel is defined as 2 or more leptons in any combinatiogirect production or by cascade, and leave the detector, caus-
as defined in Sec. Ill and{E-25GeV. Only 3 jets are re- ing an energy imbalance.
quired because the acceptance is almost cut in half by requir- In light gravitino scenario$2] the gravitino can have a
ing a fourth jet. All leptonic decayge, u or 7) of the Ww  mass on the order of 1 eV and for most of the parameter
pair are used as a normalization rather than jusethehan-  space the lightest neutralindl;, has a branching ratio of
nel to be conservative. ~100% intoyG. The lifetime of theN; depends on Ig; the

The Monte Carlo calculation estimates th#\Wyy pro-  decay occurs inside the detector for a gravitino mass less

duction should produceyy events with 3 or more jets 30 than approximately 1 keV. Thé is very weakly interacting
times more often than events with two photons, two chargedng escapes the detector, leaving an energy imbalance. These

leptons and/E With one yyIl E; candidate event and no mogels can produce theeyyE; signature, for example, via
events with 3 or more jets in the datsee Table VIII and

Fig. 13 anomalousWWyy production is excluded as the  c,C,— (18)(18)— v(eNy) v(eN;) —ev(yG)ev(yG)
source of this event at the 95% C.L.
—eeyyk;. 12
B. Supersymmetric models For concreteness, limits on light gravitino scenarios are
Several theories have been proposed to explain theet using a gauge-mediated model in the minimal supersym-
eeyyE; candidate evert2,3,4. The trademark of many of metric standard modéMSSM), hereafter referred to as the
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TABLE XX. The number of events with theeyyE; signature due to two overlapping events. These
include double interactions, two separate events occurring in the same bunch crossing, as well as an event
with additional objects from a cosmic ray which interacted or radiated in the detector. The number of expect-
ed events is estimated to be equal to the rate of the “real” part of the épesttess 1times the probability
of observing a particular type of overlapping evémtocess 2 The probability is defined to be equal to the
number of events with the signature divided by the number of bunch crossings in the dté't3 To take
into account the fact that 4 interactions are observed in this event the estimate is multiplied by 6.

Process 1 Process 2 Calculation Expected Events
WWhigh mass YY 4x 218 3x10710
3x10%
it Wy 4 5x10712
RAENT:
Wyy— €plug??Y W— €centrafer , 58000 3x10710
1X10 X 15
3x 10"
eey vEr ., 3181 5x10 M
5X10 ?X ==
Wyy— €centraly ¥ epIugET ) 40000 4x10710
3%X10™ ><
3x 107
WWy Cosmic—y ,_ 3181 3x10 %2
X X ———
3x10° 3% 1072
Sum ~1x 10°°
Sumx 6 ~8% 107°

minimal gauge-mediated model. The parameter space ifyy,y,~2 fb) is used to set cross section limits. The distri-

these models is spanned M, tang and the sign ofe. To  p idr i E of the photons and-E(after simulation and the
simulate these models we have used a cus_tom inteffgie full diphoton andA ¢, requirements of Sec. Il Aare
to the sPYTHIA Monte Carlo progranj50] which calculates shown in Fig. 29 T

the inputs tasPYTHIA using the full one-loop renormalization
group effects calculated if2(e)]. Full simulations are done Babu et al.. PRL 77. 3070 (1996)

for a total of 50 points in parameter spadd;,= 75, 100, oo EM2=150Cev, Tang = 10, Sgru>0 3
125, 150 and 200 GeV, tg=1.1, 2, 5, 10 and 25 and 24 E E

sgn)==*1. For most of parameter space cM-My, S40 F
=2My, and the production cross section is dominated by ‘7520 3
CiN, andC,C; production which in turn decay to produce =0

two photons and Ein every event. Figure 28 shows distri-
butions in E of the photons and-Eafter simulation and the ~ «125 ¢
full diphoton andA ¢g e requirements of Sec. Il Afor goo 3
M,=150 GeV, tarB=10 and sgn¢)=1.

The N,— yN; model of Kaneet al.[3] predicts theN, to
be pure photinolN; to be pure Higgsino and the Higgsinoto % 5 E. 1. .. 1., (! NN
be lighter than the photino. In this case, tKg is the LSP, 0 20 40 60 8O0 700 120 140
the gravitino is too massive to play a role in the phenomenol- ” (GeV)
ogy and the dominant decay of tiN, is through the one- 2 LI L L L L L
loop radiative decay with BN,— yN;)~100%. The
eeyyE; signature can be produced, for example, via

e e —(eNy)(eNy)—e(yNy)e(yN,)—eeyyEr. (13 O 07720 a0 80 80 100 120 140

- . N Y
For concreteness, limits are set on a particular point in fr (GeV)

parameter  space [51] W't_h MN1:3§'6 GeV, M"_z FIG. 28. The distributions in E£of the photons and Ein the
=64.6 GeV and a total sparticle production cross section ofinimal gauge-mediated model wiM,= 150 GeV, tan=10 and
11.5 pb. To provide a normalization point for future model-sgn)=1. The sample is normalized to 5000 events generated,
builders to estimate the detector efficienblN, production  which correspond to an integrated luminosity of 7163 bb
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R ) FIG. 30. The acceptancdspper ploj and the number of ex-
FIG. 29. The distributions in fof the photons and#or NoN;  pected eventglower plot for various points in parameter space

production in theN,—yN; model with My,=64.6 GeV and M, plotted versus th&l; mass in the minimal gauge-mediated model.
=36.6 GeV. The sample is normalized to 5000 events generated,

which correspond to a luminosity of 22727th

the correction for the trigger efficiency. The corrections

(taken from Sec. )lare summarized in Table XXI.
C. Acceptances

The acceptance for a given model is determined using the

following equation: D. Results for yy+ &y
i i i A single set of requirements, J&812GeV and
=3 Ay X C X X - L . 0 , ’ .
Acc=XAyc Clip and 150X Coyepe X Cer outeot-timeX CTE|i4) E;>35GeV, is chosen as it is estimated to exclude the maxi-

mal amount of parameter space for the light gravitino model.
The acceptances are typically between 1% and 10%. Figure

where the indexi, is for the two different regions (12 Gev 30 shows the acceptance and number of expected events ver-
<EJ?<22GeV and E2>22GeV) to take into account the sus theN, mass. .

T . . i Only one event in the diphoton data sample passes the
different trigger requirements and photon selectighge is

X requirementgthe eeyyE; candidate eventFigure 31 shows
the acceptance from the Monte Carlo using the full detectof o ontour plot of the excluded region in the awersus

simulation for the different region& (5 anq 1so) IS the correc-  n1_ plane. The shaded regions in Figs. 32 and 33 show the
tion for differences between photon identification and isola{imits as a function of thé\,; andC, masses, respectively, as
tion variables in the data and in the detector simulationghe parameters are varied. The lines show the experimental
C,enex 1S the correction for differences between the distribu-jmit and the theoretically predicted cross section for the
tions of the interaction pointz,eqex, IN the data and that lowest value of theN; or C; mass which is excluded. The
simulated in Monte Carlo calculatioG, out.of-ime S the ef- Ny is excluded for M, <65 GeV at the 95% C.L(this oc-

ficiency of the energy-out-of-time requirement aﬁéﬁg is curs at taB=5, u>0). The C; is excluded for N,

TABLE XXI. The corrections used to take into account differences between the true detector response
and the detector simulation. The identification and isolation requirement corrections are labeled as ID and Iso.

Requirement Requirement
Correction 12 Ge\<E*<22 GeV E>>22 GeV
ID and Iso 0.69+0.07 0.84+0.08
|Zyerted <60 CcM 0.965-0.008 0.965-0.008
E; out-of-time=0 0.975-0.004 0.975:0.004
Trigger 0.96 +0.01 1.0
Total correction 0.62+0.06 0.79+0.08
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COF yy+{; data (85 pb™')
Gouge Mediated MSSM, N,— G
1.01< tanf<25, M,< 200 CeV/c?
u#>0 or u<0 b

N
]
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7Y p
95% CL Exclusion Region
N, =LSP,N, =G
>12GeV, ¢
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tonf =5,u<0
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FIG. 33. The 95% C.L. cross section upper limit from the data
versus theC,; mass in the minimal gauge-mediated model. The
shaded region shows the range of cross section limits as the param-
eters are varied within the rangesi1an 8<25,M,<200 GeV, and
<120 GeV at the 95% C.L(this occurs at tap=>5, u<0). u>0 or u<0. The lines show the experimental lin{golid line)

The same selection criteria are used for the— yN; and the theoretically predicted cross sectidashed ling for the
model. The model is not excluded by the data as only 2.4owest value of M that is excluded (M <120 GeV at the 95%
events from all sparticle production and decay are expecte@.L., for tang=5, 1 <0).
to pass the selection criteria. The acceptanceNigd, pro-
duction is 5.4% with a 95% C.L. cross section upper limit of CERNe"e™ collider LEP[52,53 and the DCCollaboration
1.1 pb. These results, along with the light gravitino resultd54]-
and the results of Sec. Ill, are comparable to those of the

FIG. 31. The contour plot of the excluded region of the minimal
gauge-mediated model in the t@rversusM, plane.

E. Conclusions

UL The diphoton data set is a good place to search for new
COF yy+f, data (85 pb™) 7 physics. The fact that there are ng+ =3 jet events in the
Gauge Mediated MSSM, N~ 1G data excludes a model of anomalod8/Nyy production as
1.01< tanf<25, M,< 200 GeV/c . ..

10 u>0 or u<0 . the source of theeyyE; candidate at the 95% C.L. Simi-
> ] larly, the diphoton-E; data show no evidence for new phys-
£ Range of 95% C.L. Limits ] ics with the possible exception of theeyyE; candidate

< 1 event. Although we have some sensitivity to supersymmetric
= 1 models with photonic final states, there is a large amount of
o 95% C.L. Limit for ] parameter space which remains unexplored. More data are
0 tonf =5, >0 required.
()]
)]
o 1
5 VII. CONCLUSION
We have searched a sample of 85 plof pp collisions

| Theoreticol Gross—Section for ™~ | for events with two central photons and anomalous produc-

| tons=5u>0 tion of missing transverse energy, jets, charged leptens,

: 4'0 e 6'0 e 8'0 — '"1"60' and 7), b quarks and photons. We find good agreement with

standard model expectations, with the possible exception of
one event that sits on the tail of the Histribution as well as

FIG. 32. The 95% C.L. cross section upper limit from the datah@ving a high-k central electron and a highrtelectromag-
versus theN, mass in the minimal gauge-mediated model. Thenetic cluster.
shaded region shows the range of cross section limits as the param- The eeyyE; candidate event has sparked interest in the
eters are varied within the rangeglanﬁ<25, M2<200 GeV, and phySiCS Community. The most probable explanation is that
u>0 or u<0. The lines show the experimental linfitolid line)  this a singlepp collision which produced a high{Eisolated
and the theoretically predicted cross sectidashed ling for the  electron, two high-E isolated photons, a hightEHsolated
lowest value of M, that is excluded (), <65GeV at the 95% electromagnetic cluster which could be an electron, photon,
C.L,, for tang=5, u>0). tau or jet, and a significant amount of missing transverse
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energy. A conservative estimate predicts that there should be TABLE XXIl. The SVX stub-finding requirements for elec-
a total of (1£1)X 10 © events in the data with theeyyE;  trons. Any stub found by the SVX tracker must pass through the
signature. If sources which produce a second electron arffiducial part of the SVX, be well measured and be consistent with
excluded, the rate drops to {66)x 10 8 events. being from an electron in the central or plug calorimeter.

The eeyyk; candidate event is tantalizing. Perhaps it is a

hint of physics beyond the standard model. Then again iUt description Requirement
may just be one of the rare standard model events that coulgy/x figucial Trajectory must pass
show up in 1% interactions. Only more data will tell. through=3 layers of the SVX
1 em<|z53etion <26 cm
ACKNOWLEDGMENTS =3 layers with clusters
. . 2
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critical help with spYTHIA and with the Wy, Zy, and
WWyy calculations. C. Kolda provided invaluable assis-
tance in the SUSY modeling. We are also grateful to Gwhich is based only on the calorimeter and the vertex posi-
Farrar, J. Rosner, and F. Wilczek for helpful conversationstion information as an input to the SVX stub finding algo-
This work was supported by the U.S. Department of Energyithms. The SVX stub-finding algorithm searches for SVX
and National Science Foundation, the lItalian Istituto Nazioclusters in the region of+100 mrad around the of the
nale di Fisica Nucleare, the Ministry of Science, Culture, ancelectron candidate and uses thedhd ¢ information in the
Education of Japan, the Natural Sciences and Engineerinit. Any stub found is required to pass the requirements in
Research Council of Canada, the National Science Councitgble XXII to ensure that it is well-measured.
of the Republic of China, and the A.P. Sloan Foundation. Using dE/dX techniques, they for the stub can be in-
ferred. The amount of chargevhich is proportional to the
APPENDIX: DETAILS OF THE SVX STUB FINDING energy deposited in the silicboollected by the SVX strips,
ROUTINES Q, helps determine the path length of the particle through the

. - . strip. For a given stub, the cluster with the smallest amount
This append|x d|scu§sgs the silicon vertex dete.@mX) of charge deposited, normalized by the trajectory angle
and the algorithm for finding stubs for electrons in the plug Uncorrs,

calorimeter. The SVX is a single-sided silicon microstrip de—th“’“n h Smée):?."’”ln’ '\7va QOOd. mzasggﬁ,gig‘god'regtfgoo‘(
tector made from 30Q@am-thick silicon wafers. Three wafers e charged particle. We require 8@y, an

Pl
are bonded together to form a 25.5-cm-long “ladder” with <Quin’ < 200.

the strips running lengthwise to provideg coordinate mea- In the eeyEy candidate event, the hypothetical trajectory
surements. Four layers of laddénsimbered 0—Bare placed between the vertex at 20.4 cm and the location of the cluster,

at radii of 2.86 cm. 4.26 cm. 5.69 cm. and 7.87 cm and®S Mmeasured in the calorimeter, passes through the inner
arranged in a projective wedge that subtends 30°in three layers of the SVX, and passes between the two SVX

Twelve wedges form a “barrel;” two barrels are placed end-barrels at the radius of_ the_ fourth layer, as shown in Fig. 20.
to-end along the beam direction to cover the region 1 cm'Ne 3—c2Iuster stub which is found appears to be well mea-
<|z]<28cm. The SVX tracking results are described usingSUréd:xsyx=0.54 andQyi,=145. TheA¢ is measured to be
three different terms: hit, cluster and stub. When a charged ¢=—29mrad to be compared with the2.6 mrad ex-
particle traverses the SVX it typically deposits energy in 2 orPected for a 63 GeV positron. As a check, the charge depo-
3 strips per layer. If enough energy is deposited in a strip it iition in the SVX clusters can be studied to infer a best guess
referred to as a “hit.” A “cluster” finding algorithm joins for 7. Using the vertex at 20.4 cnQpis*"=422 and that
the adjacent hits on the layer and determines a mean positidyipically 100<Qyi<*"sin #<200 we find the prediction that
with a typical resolution ing of 5—-15 mrad. Joining 3 or 1.42<|7|<2.11. Independently, assuming the vertex at 20.4
more clusters on different layers produces a “stub” with acm, the cluster patteri.e., only the inner three layers were
typical resolution of 1.5 mrad. hit in a single barrglimplies the range- 1.9< »<—1.61 or

Typically, the SVX is used to find stubs associated with0.7< »<<0.8. Both estimates are consistent with the cluster at
CTC tracks. We use a method similar to that in R&7] n=—1.72.
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