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We present results of a search at CDF in 929 ± 56 pb−1 of pp̄ collisions at 1.96 TeV for the
anomalous production of events containing a high-transverse momentum charged lepton (`, either
e or µ) and photon (γ), accompanied by missing transverse energy (6E T ), and/or additional leptons
and photons, and jets (X). We use the same selection criteria as in a previous CDF Run I search,
but with an order-magnitude larger data set, a higher pp̄ collision energy, and the CDF II detector.
We find 163 `γ6E T + X events, compared to an expectation of 150.6 ± 13.0 events. We observe 74
``γ + X events, compared to an expectation of 65.1 ± 7.7 events. We find no events similar to the
Run I eeγγ6E T event.
PACS numbers: 13.85.Rm, 12.60.Jv, 13.85.Qk, 14.80.Ly

I.

INTRODUCTION

An important test of the standard model (SM) of particle physics [1] is to measure and understand the properties of the highest momentum-transfer particle collisions,
which correspond to measurements at the shortest distances. The chief predictions of the SM for these collisions are the numbers and types of the fundamental
fermions and gauge bosons that are produced, and their
associated kinematic distributions. The predicted high
energy behavior of the SM, however, becomes unphysical
at an interaction energy on the order of several TeV. New
physical phenomena are required to ameliorate this highenergy behavior. These unknown phenomena may involve new elementary particles, new fundamental forces,
and/or a modification of space-time geometry. These new
phenomena are likely to show up as an anomalous production rate of a combination of the known fundamental
particles, including those detector-based signatures such
as missing transverse energy (6E T ) or penetrating particle
tracks that within the confines of the SM are associated
with neutrinos and muons, respectively.
The unknown nature of possible new phenomena in the
energy range accessible at the Tevatron is the motivation
for a search strategy that does not focus on a single model
or class of models of new physics, but presents a wide net
for new phenomena. In this paper we present the results
of a comparison of standard model predictions with the
rates measured at the Tevatron with the CDF detector
for final states containing at least one high-pT lepton (e
or µ) and photon, plus other detected objects (leptons,
photons, jets, E
6 T ).
The initial motivation for such an inclusive search
(“signature-based search”) came from the observation
in 1995 by the CDF experiment [2] of an event consistent with the production of two energetic photons, two
energetic electrons, and large missing transverse energy
E
6 T [3]. This signature is predicted to be very rare in
the SM, with the dominant contribution being from the
production of four gauge bosons: two W bosons and two
photons. The event raised theoretical interest, however,
as it had, in addition to large missing transverse momen-

tum, very high total transverse energy, and a pattern of
widely-separated leptons and photons that was consistent
with the decay of a pair of new heavy particles.
There are many models of new physics that could produce such a signature [4]. Gauge-mediated models of
supersymmetry [5], in which the lightest super-partner
(LSP) is a light gravitino, provide a model in which each
partner of a pair of supersymmetric particles produced
in a pp̄ interaction decays in a chain that leads to a produced gravitino, visible as E
6 T . If the next-to-lightest
neutralino (NLSP) has a photino component, each chain
also can result in a photon. Models of supersymmetry
in which the symmetry breaking is due to gravity also
can produce decay chains with photons [6]. For example,
if the NLSP is largely photino-like, and the lightest is
largely higgsino, decays of the former to the latter will
involve the emission of a photon [7]. More generally,
pair-production of selectrons or gauginos can result in
final-states with large E
6 T , two photons and two leptons.
Models with additional space dimensions [8] predict excited states of the known standard model particles. The
production of a pair of excited electrons [9] would provide
a natural source for two photons and two electrons (although not E
6 T unless the pair were produced with some
other, undetected, particle.). As in the case of supersymmetry, there are many parameters in such models, with a
resulting broad range of possible signatures with multiple
gauge bosons [10].
Rather than search the huge parameter space of the
models current at that time, the CDF Run I analyses
that followed up on the eeγγ6E T event used a strategy
of “signature-based” inclusive searches to cast a wider
net for new phenomena: in this case one search for two
photons + X (γγ + X) [2], and a second for one lepton
+ one photon + X (`γ + X) [11–13], where X can be
e, µ, γ, or E
6 T , plus any number of jets. In particular
the latter signature, the subject of this present paper,
would be sensitive to decay chains in which only one chain
produces a photon, a broader set of models.
The Run I `γ +X search found good agreement with
SM predictions in 86 pb−1 of data at a center-of-mass
energy of 1.8 TeV, except in the `γ6E T channel, in which
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16 events were observed with an expectation of 7.6 ±
0.7, corresponding to a 2.7σ excess. The Run I paper
concluded: “However, an excess of events with 0.7% likelihood (equivalent to 2.7 standard deviations for a Gaussian distribution) in one subsample among the five studied is an interesting result, but it is not a compelling observation of new physics. We look forward to more data
in the upcoming run of the Fermilab Tevatron.” [12].
Here we present the results from Run II with more
than 10 times the statistics of the Run I measurement.
We have repeated the `γ+X search with the same kinematic selection criteria in a data set corresponding to
an exposure of 929 ± 56 pb−1 , a higher pp̄ collision energy, 1.96 TeV, and the CDF II detector [14]. The results
correspond to the full data set taken during the period
March, 2002 through February, 2006, and include data
from the first third of this sample which have already
been presented [15]. We give a detailed description of
the selection criteria, background calculations, and kinematic distributions for the `γ6E T and ``γ channels. We
also present results for the first time for the eµγ + X and
`γγ signatures.
This paper is organized as follows. Section II gives
a brief description of the CDF II detector, emphasizing
the changes from Run I. Section III presents the electron, muon, photon, and E
6 T identification criteria, and
the kinematic event selection criteria. The data flow as
additional selection criteria are added, resulting in the
measured number of events in each signature, is also described. The standard model W and Z samples, used
as control samples, are described in Section IV. Section V gives an introduction to the selection of the Inclusive `γ + X event sample. Section VI describes the
selection of the `γ6E T signal sample, and presents the
measured kinematic distributions. Similarly, the ``γ signal sample selection and kinematic distributions are presented in Section VII. A search for the `γγ signature is
briefly described in Section VIII. Section IX summarizes
the SM expectations from W γ, W γγ, Zγ, Zγγ production, and backgrounds from misidentified photons, E
6 T,
and/or leptons. Sections X and XI summarize the results and present the conclusions, respectively.

II.

THE CDF II DETECTOR

The CDF II detector is a cylindrically symmetric spectrometer designed to study pp̄ collisions at the Fermilab
Tevatron based on the same solenoidal magnet and central calorimeters as the CDF I detector [16]. Because the
analysis described here is intended to repeat the Run I
search as closely as possible, we note especially the differences from the CDF I detector relevant to the detection
of leptons, photons, and E
6 T . The tracking systems used
to measure the momenta of charged particles have been
replaced with a central outer tracker (COT) with smaller
drift cells [17], and an enhanced system of silicon strip
detectors [18]. The calorimeters in the regions [19] with

pseudorapidity |η| > 1 have been replaced with a more
compact scintillator-based design, retaining the projective geometry [20]. The coverage in ϕ of the central upgrade muon detector (CMP) and central extension muon
detector (CMX) systems [21] has been extended; the central muon detector (CMU) system is unchanged.

III.

SELECTION OF `γ+X EVENTS

In order to make the present search statistically a priori, the identification of leptons and photons is essentially
the same as in the Run I search [11], with only minor
technical changes due to the differences in detector details between the upgraded CDF II detector and CDF
I.
The scope and strategy of the Run I analysis were designed to reflect the motivating principles. Categories of
photon-lepton events were defined a priori in a way that
characterized the different possibilities for new physics.
For each category, the inclusive event total and basic kinematic distributions can be compared with standard model expectations. The decay products of massive particles are typically isolated from other particles,
and possess large transverse momentum and low rapidity. The search is therefore limited to those events with
at least one isolated, central (|η| < 1.0) photon with
ET > 25 GeV, and at least one isolated, central electron or muon with ET > 25 GeV. These photon-lepton
candidates are further partitioned by angular separation. Events where exactly one photon and one lepton
are detected nearly opposite in azimuth (∆ϕ`γ > 150◦ )
are characteristic of a two-particle final-state (two-body
photon-lepton events), and the remaining photon-lepton
events are characteristic of three or more particles in
the final-state (multi-body photon-lepton events). The
multi-body photon-lepton events are then further studied
for the presence of additional particles: photons, leptons,
or the missing transverse energy associated with weakly
interacting neutral particles.
In the subsections below we describe the real-time
(“online”) event selection criteria by the trigger system,
and the subsequent event selection “offline”, including
the selection of electrons, muons, and photons, the rejection of jet background for leptons and photons by track
and calorimeter “isolation” requirements, and the construction of the missing transverse energy E
6 T and total
transverse energy HT .
A.

The Online Selection by the Trigger System

A 3-level trigger system [14] selects events with a high
transverse momentum (pT ) [3] lepton (pT > 18 GeV) or
photon (ET > 25 GeV) in the central region, |η| . 1.0.
The trigger system selects photon and electron candidates from clusters of energy in the central electromagnetic calorimeter. Electrons are distinguished from pho-
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tons by the presence of a COT track pointing at the cluster. The muon trigger requires a COT track that extrapolates to a track segment (“stub”) in the muon chambers [22]. At each trigger level all transverse momenta
are calculated using the nominal center of the interaction
region along the beam-line, z = 0 [19].

B.

Overview of Event Selection

Inclusive `γ events (Fig. 1) are selected by requiring a
central γ candidate with EγT > 25 GeV and a central e or
µ with E`T > 25 GeV originating less than 60 cm along
the beam-line from the detector center and passing the
“tight” criteria listed below. All transverse momenta, including that of the photon, are calculated using the vertex within ±5 cm of the lepton origin that has the largest
scalar sum of transverse momentum from tracks associated to that vertex. Both signal and control samples are
drawn from this `γ sample (Fig. 1).
Considering the control samples first, from the `γ sample we select back-to-back events with exactly one photon
and one lepton (i.e. E
6 T < 25 GeV); this is the dominant
contribution to the `γ sample, and has a large Drell-Yan
component. A subset of this sample is the ‘Z-like’ sample, which provides the calibration for the probability
that an electron radiates and is detected as a photon, as
discussed in Section IX B 1. The remaining back-to-back
events are called the Two-Body Events and were not used
in this analysis.
All events which either have more than one lepton or
photon, or in which the lepton and photon are not backto-back (and hence the event cannot be a Two-Body
event), are classified as ‘Inclusive Multi-Body `γ + X’.
These are further subdivided into three categories: `γ6E T
(Section V) (‘Multi-Body `γ6E T Events’), for which the
E
6 T (Section III B 5) is greater than 25 GeV , ``γ (Section VII) and `γγ (Section VIII) (‘Multi-Photon and
Multi-Lepton Events’), and events with exactly one lepton and exactly one photon, which are not back-to-back.
The events with exactly one lepton and exactly one photon, which are not back-to-back were not used in the
analysis.

1.

Electron Selection

An electron candidate passing the “tight” selection
must have: a) a high-quality track in the COT with
pT > 0.5 ET , unless ET > 100 GeV, in which case the pT
threshold is set to 25 GeV; b) a good transverse shower
profile at shower maximum [23] that matches the extrapolated track position; c) a lateral sharing of energy in the
two calorimeter towers containing the electron shower
consistent with that expected; and d) minimal leakage
into the hadron calorimeter [24].
Additional central electrons are required to have ET >
20 GeV and to satisfy the tight central electron criteria

but with a track requirement of only pT > 10 GeV (rather
than 0.5×ET ), and no requirement on a shower maximum measurement or lateral energy sharing between
calorimeter towers. Electrons in the end-plug calorimeters (1.2 < |η| < 2.0) are required to have ET > 15 GeV,
minimal leakage into the hadron calorimeter, a “track”
containing at least 3 hits in the silicon tracking system,
and a shower transverse shape consistent with that expected, with a centroid close to the extrapolated position
of the track [25].

2.

Muon Selection

A muon candidate passing the “tight” cuts must have:
a) a well-measured track in the COT with pT > 25 GeV;
b) energy deposited in the calorimeter consistent with expectations [26]; c) a muon “stub” [22] in both the CMU
and CMP, or in the CMX, consistent with the extrapolated COT track [27]; and d) COT timing consistent with
a track from a pp̄ collision [28].
Additional muons are required to have pT > 20 GeV
and to satisfy the same criteria as for “tight” muons but
with fewer hits required on the track, or, alternatively, for
muons outside the muon system fiducial volume, a more
stringent cut on track quality but no requirement that
there be a matching “stub” in the muon systems [29].

`γ +X Sample
EγT > 25 GeV, E`T > 25 GeV
1678(199 and 1479)

?

?

Exactly 1 `, 1 γ
∆φlγ > 150◦ , E
6 T < 25 GeV
1214(84 and 1130)

Inclusive
Multi-Body `γ +X
464(115 and 349)

?

?

Z-Like `γ
81 GeV < Meγ < 101 GeV
648(28 and 620)

Exactly 1 `, 1 γ,
∆φlγ < 150◦ ,
E
6 T < 25 GeV
227(27 and 200)

?
Two-Body Events
566(56 and 510)

?
`γ6E T ,
E
6 T > 25 GeV
163(67 and 96)

?
``γ Events
74(21 and 53)
`γγ Events
none observed

FIG. 1: `γ+X Sample: the subsets of inclusive lepton-photon
events analyzed. The number of events in each subcategory
is given as a sum of muons and electrons. The first term in
parethesis refers to µγ+X while the latter refers to the eγ+X.
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3.

Photon Selection

Photon candidates are required to have: no associated
track with pT > 1 GeV; at most one track with pT < 1
GeV, pointing at the calorimeter cluster; good profiles
in both transverse dimensions at shower maximum; and
minimal leakage into the hadron calorimeter [24].
4.

‘Isolated’ Leptons and Photons

To reduce background from photons or leptons from
the decays of hadrons produced in jets, both the photon
and the lepton in each event are required to be “isolated” [30]. The ET deposited in the calorimeter towers
in a cone in η − ϕ space [19] of radius R = 0.4 around the
photon or lepton position is summed, and the ET due to
the photon or lepton is subtracted. The remaining ET is
required to be less than 2.0 GeV + 0.02 × (ET − 20 GeV)
for a photon, or less than 10% of the ET for electrons or
pT for muons. In addition, for photons the scalar sum
of the pT of all tracks in the cone must be less than
2.0 GeV + 0.005 × ET .
5.

Missing Transverse Energy and HT

Missing transverse energy E
6 T is calculated from the
calorimeter tower energies in the region |η| < 3.6. Corrections are then made to the E
6 T for non-uniform calorimeter response [31] for jets with uncorrected ET > 15 GeV
and η < 2.0, and for muons with pT > 20 GeV.
The variable HT is defined for each event as the sum
of the transverse energies of the leptons, photons, jets,
and E
6 T that pass the above selection criteria.

V.

A total of 1678 events, 1479 inclusive eγ and 199 inclusive µγ candidates, pass the `γ selection criteria. Of the
1479 inclusive eγ events, 1130 have the electron and pho6 T < 25 GeV, and
ton within 30◦ of back-to-back in ϕ, E
no additional leptons or photons. These are dominated
by Z → e+ e− decays in which one of the electrons radiates a high-ET photon while traversing material before
entering the COT active volume, leading to the observation of an electron and a photon approximately backto-back in ϕ, with an eγ invariant mass close to the Z
mass.

VI.

CONTROL SAMPLES

Because we are looking for processes with small cross
sections, and hence small numbers of measured events, we
use larger control samples to validate our understanding
of the detector performance and to measure efficiencies
and backgrounds.
We use W ± and Z events reconstructed from the same
inclusive lepton datasets as control samples to ensure
that the efficiencies for high-pT electrons and muons are
well understood. In addition, the W ± samples provide
the control samples for the understanding of E
6 T . The
selection criteria for the W samples require a tight lepton and E
6 T > 25 GeV. We find 571194 W → eν events
and 381727 W → µν events. For the Z samples we require two leptons, at least one of which satisfies the tight
criteria. We find 30808 Z → e+ e− events and 30086
Z → µ+ µ− events. The photon control sample is constructed from Z → e+ e− events in which one of the electrons radiates a high-ET γ such that the eγ invariant
mass is within 10 GeV of the Z mass.

THE INCLUSIVE `γ6E T EVENT SAMPLE

The first search we perform is in the `γ6E T + X subsample, defined by requiring that an event contain E
6 T >
25 GeV in addition to the γ and “tight” lepton. Of the
1678 `γ events, 96 eγ6E T events and 67 µγ6E T events pass
the E
6 T requirement.
A.

Kinematic Distributions in the Electron and
Muon Samples

The muon and electron signatures have different backgrounds and detector resolutions, among other differences. While these are corrected for, it is useful to plot
the observed distributions separately before combining
them. We show both the individual sample distributions
as well as the final combined plot [32].

1.
IV.

THE INCLUSIVE `γ+X EVENT SAMPLE

Distributions in Photon ET , Lepton ET , E
6 T , and
3-Body Transverse Mass

Figure 2 shows the observed distributions in a) the ET
of the photon; b) the ET of the lepton; c) E
6 T ; and d)
the transverse mass of the `γ6E T system, where MT =
~` + E
~γ +E
[(E`T + EγT + E
6 T )2 - ( E
6 ~ T )2 ]1/2 . The left-hand
T
T
set of four plots shows the distributions for electrons; the
right-hand set shows the distributions for muons.

2.

Distributions in HT , ∆φ`γ ,∆φ`6E T , Me γ

Figure 3 shows the distributions for the eγ6E T sample
(left) and µγ6E T sample (right) in a) HT , the sum of the
transverse energies of the lepton, photon, jets, and E
6 T ; b)
the distance in η-φ space between the photon and lepton;
c) the angular separation in φ between the lepton and the
missing transverse energy, E
6 T ; and d) the invariant mass
of the `γ system. The histograms show the expected
SM contributions, including estimated backgrounds from
misidentified photons and leptons.
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FIG. 2: The distributions for events in the eγ6E T sample (points in the left-hand four plots) and the µγ6E T sample (points in
the right-hand four plots) for a) the ET of the photon; b) the ET of the lepton; c) the missing transverse energy, E
6 T ; and d) the
transverse mass of the `γ6E T system. The histograms show the expected SM contributions, including estimated backgrounds
from misidentified photons and leptons.
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FIG. 3: The distributions for events in the eγ6E T sample (points in the left-hand four plots) and the µγ6E T sample (points in
the right-hand four plots) in a) HT , the sum of the transverse energies of the lepton, photon, jets and E
6 T ; b) the distance in
η-φ space between the photon and lepton; c) the angular separation in φ between the lepton and the missing transverse energy,
E
6 T ; and d) the invariant mass of the `γ system. The histograms show the expected SM contributions, including estimated
backgrounds from misidentified photons and leptons.

The electron and muon kinematic distributions are
combined in Fig. 4 and Fig. 5. There is very good agreement with the expected standard model shapes.
VII.

“tight” lepton and the γ.

THE INCLUSIVE ``γ EVENT SAMPLE

A second search, for the ``γ + X signature, is constructed by requiring another e or µ in addition to the

The ``γ search criteria select 74 events (53 eeγ and 21
µµγ) of the 1678 `γ events. No eµγ events are observed.
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Figure 8 shows the distributions for the eeγ sample
(left-hand plots) and µµγ sample (right-hand plots) for:
a) HT , the sum of the transverse energies of the electron,
photon, jets and E
6 T ; b) and the distance in η-φ space
between the photon and each of the two leptons. The histograms show the expected SM contributions, including
estimated backgrounds from misidentified photons and
leptons. The distributions for electrons and muons are
combined in Fig. 9.

5.

The Distributions in E
6 T

We do not expect SM events with large E
6 T in the ``γ
sample; the Run I eeγγ6E T event was of special interest in
the context of supersymmetry [33] due to the large value
of E
6 T (55 ± 7 GeV). Figure 10 shows the distributions
in E
6 T for the µµγ and eeγ subsamples of the ``γ sample.
We observe 3 ``γ events with E
6 T > 25 GeV, compared
to an expectation of 0.6 ± 0.1 events.

20

20

15

15

10

10
5
0

(b)
40
35
30
25
20
15
10
5
0
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

Events/15 GeV

35

Events/N Rad

500

4.

MT (l, ET, γ) (GeV)

Events/0.4

(a)
CDF Run II
-1
l γ E T Data(e+µ), 929 pb
Wγ
Zγ
e fake γ
Wj, τγ , QCD, Z γ γ , W γ γ

50

Figure 6 shows the observed distributions in the signature eeγ (left-hand plots) and µµγ channels (right-hand
plots) for: a) the ET of the photon; b) the ET of the electrons; c) the 2-body mass of the dilepton system; and d)
the 3-body mass Meeγ or Mµµγ . For the Zγ process occurring via initial state radiation, the dilepton invariant
mass M`` distribution is peaked around the Z 0 -pole. For
the final state radiation, the three body invariant mass
M``γ distribution is peaked about the Z 0 -pole.
The combined distributions for electrons and muons
are shown in Fig. 7.
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FIG. 4: The distributions for events in the `γ6E T sample
(points) in a) the ET of the photon; b) the ET of the lepton (e or µ); c) the missing transverse energy, E
6 T ; and d) the
transverse mass of the `γ6E T system. The histograms show the
expected SM contributions, including estimated backgrounds
from misidentified photons and leptons.
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VIII.

SEARCH FOR THE `γγ SIGNATURE
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FIG. 5: The distributions for events in the `γ6E T sample
(points) in a) HT , the sum of the transverse energies of the
lepton, photon, jets and E
6 T ; b) the distance in η-φ space between the photon and lepton; c) the angular separation in
φ between the lepton and E
6 T ; and d) the invariant mass of
the `γ system. The histograms show the expected SM contributions, including estimated backgrounds from misidentified
photons and leptons.

In some models of new phenomena the decay chain of
each of a pair of new heavy particles ends in a photon plus
other particles [33]. One such signature that contains two
photons and is a subset of the `γ+X selection is `γγ.
The selection for the `γγ search starts with a tight
lepton and a photon, each with ET > 25 GeV, from the
same `γ +X sample as the `γ6E T and ``γ searches. An
additional photon with ET > 25 GeV, passing the same
selection criteria as the first, is then required. We observe
no `γγ events, compared to the expectation of 0.62±0.15.
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FIG. 6: The distributions for events in the eeγ sample (points in the left-hand four plots) and the µµγ sample (points in the
right-hand four plots) in a) the ET of the photon; b) the ET (pT ) of the electrons (muons) (two entries per event); c) the
2-body mass of the dilepton system; and d) the 3-body mass M``γ . The histograms show the expected SM contributions.

IX.

STANDARD MODEL EXPECTATIONS
A.

W γ, Zγ, W γγ, Zγγ

The dominant SM source of `γ events is electroweak W
and Z/γ ∗ production along with a γ radiated from one of
the charged particles involved in the process [34]. The
number of such events is estimated using leading-order
(LO) event generators [35–37]. Initial-state radiation is
simulated by the pythia Monte Carlo (MC) program [38]
tuned to reproduce the underlying event. The generated
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particles are then passed through a full detector simulation, and these events are then reconstructed with the
same code used for the data.
The expected contributions from W γ and Z/γ ∗+γ production to the `γ6E T and ``γ searches are given in Tables I and II, respectively. The expected contributions to
the eµγ search are given in Table IV. A correction for
higher-order processes (K-factor) that depends on both
the dilepton mass and photon ET has been applied [39].
In the `γ6E T signature we expect 71.50 ± 10.01 events
from W γ and 17.75 ± 3.65 from Z/γ ∗ +γ. In the ``γ signature, we expect 63.40 ± 7.48 events from Z/γ ∗ +γ; the
contribution from W γ is negligible. The uncertainties on
the SM contributions include those from parton distribution functions (5%), factorization scale (2%), K-factor
(3%), a comparison of different MC generators (∼ 5%),
and the luminosity (6%).
We have used both madgraph [35] and comphep[37]
to simulate the triboson channels W γγ and Zγγ. The expected contributions are small, 0.97±0.12 and 1.14±0.13
events in the `γ6E T and ``γ signatures, respectively. The
expected contributions from W γγ and Z/γ ∗ +γγ production to the `γγ search are given in Tables I and III.

B.

Backgrounds from Misidentifications
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FIG. 7: The distributions for events in the ``γ sample (points)
in a) the ET of the photon; b) the ET of the leptons (two entries per event); c) the 2-body mass of the dilepton system;
and d) the 3-body mass M``γ . The histograms show the expected SM contributions.

1.

“Fake” Photons

High pT photons are copiously created from hadron
decays in jets initiated by a scattered quark or gluon.
In particular, mesons such as the π 0 or η decay to photons which may satisfy the photon selection criteria. The
numbers of lepton-plus-misidentified-jet events expected
in the `γ6E T and ``γ samples are determined by measur-
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FIG. 8: The distributions for events in the eeγ sample (points in the left-hand two plots) and the µµγ sample (points in the
right-hand two plots) in a) HT , the sum of the transverse energies of the lepton, photon, jets and E
6 T ; b) the distance in
η-φ space between the photon and each of the two leptons (two entries per event). The histograms show the expected SM
contributions, including estimated backgrounds from misidentified photons and leptons.
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ing energy in the calorimeter nearby the photon candidate.
For each of the four samples, eγ6E T , µγ6E T , eeγ, and
µµγ, Figure 11 shows the distribution in the total (electromagnetic plus hadronic) calorimeter energy, ETIso , in
a cone of radius R = 0.4 in η-φ space around the photon
candidate. This distribution is then fitted to the shape
measured for electrons from Z → e+ e− decays plus a
linear background.
To verify the linear behavior of the background we select a sample of “fake photons” by requiring the photon
candidate fail the cluster profile criteria. In addition we
do not apply the calorimeter and track isolation requirements. The distribution in the total calorimeter energy,
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FIG. 11: The method and data used to estimate the number
of background events from jets misidentified as photons. For
each of the four samples, eγ6E T (left top), eeγ (right top),
µγ6E T (left bottom), and µµγ (right bottom), the number
of events is plotted versus the total (electromagnetic plus
hadronic) calorimeter energy, ETIso , in a cone in η-φ space
around the photon. This distribution is then fitted to the
shape measured for electrons from Z → e+ e− decays plus a
linear background.

ETIso , in a cone of radius R = 0.4 in η-φ space around the
fake photon candidate is shown in Fig. 12.
The predicted number of events with jets misidentified
+1.6
as photons is 27.7±6.0 for the `γ6E T signature and 0.0−0.0
for ``γ.
For the `γγ and eµγ samples, due to the low statistics, the above method cannot be used to find the numbers of background events with a jet mis-identified as
a photon. We instead measure the jet ET spectrum in
`γ+jet, `+at least two jets, and eµ+jet samples[40], respectively, and then multiply by the probability of a jet
being misidentified as a photon, Pγjet (ET ), which is measured in data samples triggered on jets. The uncertainty
on the number of such events is calculated by using the
measured jet spectrum and the upper and lower bounds
on the ET -dependent misidentification rate.
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FIG. 13: The method and data used to estimate the number
of background muons from low-momentum hadrons decaying
in flight. The number of transitions in muons in the Z →
µ+ µ− sample is shown as points. The number of transitions
in muons in the sample enriched in hadron decays is shown in
the histogram, the so called decay-in-flight (“DIF”) sample.
The selection criteria for the DIF sample require a tight muon
with large impact parameter d0 >0.2 cm, at least one jet and
E
6 T > 25 GeV.

The misidentification rate is Pγjet = (6.5 ± 3.3) ×
25 GeV, and (4.0 ± 4.0) × 10−4 for
[34]. The predicted number of events
with jets misidentified as photons is 0.10 ± 0.09 for the
`γγ signature and 0.05 ± 0.01 for eµγ.

10−4 for ETγ =
ETγ = 50 GeV

The probability that an electron undergoes hard
bremsstrahlung and is misidentified as a photon, Pγe , is
measured from the photon control sample. The number
of misidentified eγ events divided by twice the number
of ee events gives Pγe =(1.67 ± 0.07)%. Applying this
misidentification rate to electrons in the inclusive lepton samples, we predict that 9.59 ± 0.76 and 0.38 ± 0.11
events pass the selection criteria for the `γ6E T and ``γ
searches, respectively. For the `γγ search the estimated
background is 0.41 ± 0.12 events.

QCD Backgrounds to the `γ6E T and ``γ Signatures

We have estimated the background due to events with
jets misidentified as `γ6E T or ``γ signatures by studying
the total pT of tracks in a cone in η − ϕ space of radius
R = 0.4 around the lepton track. We estimate there
+0.2
are 15.0 ± 4.1 and 0.0−0.0
events in the `γ6E T and ``γ
signatures, respectively [41].
There is a muon background that we expect escapes
the above method. A low-momentum hadron, not in an
energetic jet, can decay to a muon forming a “kink” between the hadron and muon trajectories. In this case a
high-momentum track may be reconstructed from the initial track segment due to the hadron and the secondary
track segment from the muon [42]. The contribution from
this background is estimated by identifying tracks consistent with a “kink” in the COT. We count the number
of times that, proceeding radially along a COT track, a
“hit” in the n+1 layer of sense-wires is on the other side of
the fitted track from the hit in the nth layer. Real tracks
will have hits distributed on both sides of the fit, and
will therefore have many “transitions”. A mis-measured
track from a 5-GeV K + (for example), on the other hand,
will consist of two intersecting low-momentum arcs fit by
a high momentum track, and will have a small number
of transitions [43].
Figure 13 shows the number of transitions in muons in
the Z → µ+ µ− control sample, and in a sample enriched
in hadron decays by selecting events with a large E
6 T >
25 GeV, at least one jet and muon that have large impact
parameter d0 > 0.2 cm. We estimate that there are 2.3 ±
+0.2
0.7 and 0.0−0.0
events from decay-in-flight in the µγ6E T
and µµγ samples, respectively.

X.

RESULTS

The predicted and observed totals for the `γ6E T and ``γ
searches are shown in Tables I and II, respectively. We
observe 163 `γ6E T events, compared to the expectation
of 150.6 ± 13.0 events. In the ``γ channel, we observe 74
events, compared to an expectation of 65.1 ± 7.7 events.
There is no significant excess in either signature.
The predicted and observed kinematic distributions for
the eγ6E T and µγ6E T signatures are compared in Figs. 2
and 3. The corresponding distributions for the `γ6E T
signature (the sum of electrons and muons) are compared
in Figs. 4 and 5.
The predicted and observed kinematic distributions
for the eeγ and µµγ signatures are compared in Figs. 6
and 8. The distributions for the ``γ signature are compared in Figs. 7, 9 and 10. We do find 3 ``γ events with
E
6 T > 25 GeV, compared to an expectation of 0.6 ± 0.1
events, corresponding to a likelihood of 2.4%. We do not
consider this significant, and there is nothing in these 3
events to indicate they are due to anything other than
a fluctuation. We observe no ``γ events with multiple
photons and so find no events like the eeγγ6E T event of
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TABLE I: A comparison of the numbers of events predicted by the SM and the observations for the `γ6E T signature. The
SM predictions are dominated by W γ and Zγ production [35–37]. Other contributions come from W γγ and Zγγ, leptonic τ
decays, and misidentified leptons, photons, or E
6 T.
Lepton+Photon+6ET Events, L = 929 pb−1
SM Source
eγ6E T
µγ6E T
(e + µ)γ6E T
W ±γ
41.65 ± 4.84 29.85 ± 5.62 71.50 ± 10.01
Z/γ ∗ + γ
3.65 ± 1.31 14.10 ± 2.36 17.75 ± 3.65
0.32 ± 0.04 0.18 ± 0.03 0.50 ± 0.06
W ± γγ
Z/γ ∗ + γγ
0.09 ± 0.01 0.38 ± 0.05 0.47 ± 0.06
tt̄γ
0.88 ± 0.12 0.54 ± 0.08 1.42 ± 0.19
`e6E T , e → γ
9.59 ± 0.76 1.43 ± 0.23 11.02 ± 0.81
W ± +Jet faking γ
21.5 ± 4.8
6.2 ± 3.6
27.7 ± 6.0
W ± γ, Z/γ ∗ +γ → τ γ
2.15 ± 0.56 0.76 ± 0.24 2.91 ± 0.65
+0.1
0.0−0.0
15.0 ± 4.1
QCD (Jets faking ` + E
6 T ) 15.0 ± 4.1
DIF (Decays-In-Flight)
–
2.3 ± 0.7
2.3 ± 0.7
Total SM
Prediction
94.8 ± 8.1 55.7 ± 7.1 150.6 ± 13.0
Observed
in Data
96
67
163

TABLE II: A comparison of the numbers of events predicted by the SM and the observations for the ``γ signature. The SM
predictions are dominated by Zγ production [35–37]. Other contributions come from Zγγ, and misidentified leptons, photons,
or E
6 T.
Multi-Lepton + Photon Events, L = 929 pb−1
SM Source
eeγ
µµγ
(ee + µµ)γ
Z/γ ∗
37.85 ± 4.65 25.55 ± 2.88 63.40 ± 7.48
Z/γ ∗ + γγ
0.72 ± 0.09 0.40 ± 0.05 1.12 ± 0.13
+0.001
0.016 ± 0.004 0.0−0.0
0.016 ± 0.004
W ± γγ
+1.2
+1.1
+1.6
∗
Z/γ +Jet faking γ
0.0−0.0
0.0−0.0
0.0−0.0
``e, e → γ
0.38 ± 0.11 0.16 ± 0.07 0.54 ± 0.13
+0.2
+0.1
+0.2
QCD (Jets faking ` + E
6 T)
0.0−0.0
0.0−0.0
0.0−0.0
+0.2
+0.2
DIF (Decays-In-Flight)
–
0.0−0.0
0.0−0.0
Total SM
Prediction
39.0 ± 4.8 26.1 ± 3.1 65.1 ± 7.7
Observed
in Data
53
21
74

Run I.
The predicted and observed totals for the `γγ and eµγ
searches are shown in Tables III and IV, respectively. We
observe no `γγ or eµγ events, compared to the expecta-

TABLE III: A comparison of the numbers of events predicted
by the SM and the observations for the `γγ signature.
Multi-Photon + Lepton Events, L = 929 pb−1
SM Source
eγγ
µγγ
(e + µ)γγ
W ± γγ
0.021 ± 0.004 0.015 ± 0.003 0.036 ± 0.006
Zγγ
0.045 ± 0.005 0.038 ± 0.005 0.083 ± 0.007
+0.03
`ee, `γe, e → γ 0.41 ± 0.12
0−0.0
0.41 ± 0.12
`jj, `γj, j → γ 0.05 ± 0.05 0.05 ± 0.05 0.10 ± 0.09
Total SM
Prediction
0.53 ± 0.13 0.10 ± 0.06 0.62 ± 0.15
Observed
in Data
0
0
0

tion of 0.62 ± 0.15 and 1.0 ± 0.3 events, respectively.
XI.

CONCLUSIONS

In Run I, in a sample of 86 pb−1 of pp̄ collisions at
an energy of 1.8 TeV, the CDF experiment observed a
single clean event consistent with having a pair of highET electrons, two high-ET photons, and large E
6 T [2]. A
subsequent search for “cousins” of the eeγγ6E T signature
in the inclusive signature `γ + X found 16 events with
a SM expectation of 7.6 ± 0.7 events, corresponding in
likelihood to a 2.7 σ effect [11, 12].
To test whether something new was really there in either the ``γγ6E T or `γ6E T signatures, we have repeated
the `γ +X search for inclusive lepton + photon production with the same kinematic requirements as the Run I
search, but with an exposure more than 10 times larger,
929 ± 56 pb−1 , a higher pp̄ collision energy, 1.96 TeV,
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TABLE IV: A comparison of the numbers of events predicted by the SM and the observations for the eµγ signature.
The SM predictions are dominated by Zγ production [35–37].
Other contributions come from W γ, Zγγ, W γγ, and misidentified leptons, photons, or E
6 T.
eµ + Photon Events, L = 929 pb−1
SM Source
eµγ + X
Z/γ ∗ + γ
0.66 ± 0.09
+0.18
W ±γ
0.10−0.10
Zγγ
0.06 ± 0.01
W γγ
0.011 ± 0.003
eµj, j → γ
0.05 ± 0.01
eeµ, e → γ
0.06 ± 0.05
+0.18
W ± γ, Z/γ ∗ +γ → τ γ
0.09−0.09
Total SM
Prediction
1.0 ± 0.3
Observed
in Data
0

selected a posteriori as interesting, but whether it was
from SM W W γγ production, a rare background, or a
new physics process, we cannot determine.
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