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J. Lee,49 J. Lee,27 Y.J. Lee,27 S.W. Lee,53 R. Lefèvre,3 N. Leonardo,32 S. Leone,46 S. Levy,13 J.D. Lewis,16

C. Lin,60 C.S. Lin,16 M. Lindgren,16 E. Lipeles,9 A. Lister,7 D.O. Litvintsev,16 T. Liu,16 N.S. Lockyer,45

A. Loginov,36 M. Loreti,43 P. Loverre,51 R.-S. Lu,1 D. Lucchesi,43 P. Lujan,28 P. Lukens,16 G. Lungu,17 L. Lyons,42

J. Lys,28 R. Lysak,1 E. Lytken,48 P. Mack,25 D. MacQueen,33 R. Madrak,16 K. Maeshima,16 K. Makhoul,32

T. Maki,22 P. Maksimovic,24 S. Malde,42 G. Manca,29 F. Margaroli,5 R. Marginean,16 C. Marino,25 C.P. Marino,23

A. Martin,60 M. Martin,20 V. Martin,20 M. Mart́ınez,3 T. Maruyama,55 P. Mastrandrea,51 T. Masubuchi,55

H. Matsunaga,55 M.E. Mattson,58 R. Mazini,33 P. Mazzanti,5 K.S. McFarland,49 P. McIntyre,53 R. McNulty,29

A. Mehta,29 P. Mehtala,22 S. Menzemer,11 A. Menzione,46 P. Merkel,48 C. Mesropian,50 A. Messina,35 T. Miao,16

N. Miladinovic,6 J. Miles,32 R. Miller,35 C. Mills,10 M. Milnik,25 A. Mitra,1 G. Mitselmakher,17 A. Miyamoto,26

S. Moed,19 N. Moggi,5 B. Mohr,8 R. Moore,16 M. Morello,46 P. Movilla Fernandez,28 J. Mülmenstädt,28
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We present the first observation of exclusive e+e− production in hadron-hadron collisions, using pp̄
collision data at

√
s = 1.96 TeV taken by the Run II Collider Detector at Fermilab, and correspond-

ing to an integrated luminosity of 532 pb−1. We require the absence of any particle signatures in the
detector except for an electron and a positron candidate, each with transverse energy ET > 5 GeV
and pseudorapidity |η| < 2. With these criteria, 16 events are observed compared to a background
expectation of 1.9 ± 0.3 events. These events are consistent in cross section and properties with
the QED process pp̄ → p + e+e− + p̄ through two-photon exchange. The measured cross section is
1.6+0.5

−0.3(stat) ± 0.3(syst) pb. This agrees with the theoretical prediction of 1.71 ± 0.01 pb.

PACS numbers:

In this Letter we report an observation of exclusive
dilepton production in hadron-hadron collisions. In an
exclusive dilepton process there are no particles produced
other than the lepton pair. The process γγ → �+�− in
hadron collisions was first discussed by Budnev et al. in
1972 [1], and is simulated in the lpair Monte Carlo gen-
erator [2]. In this Letter we consider pp̄ → p + e+e− + p̄

where the electron pair is produced via γγ → e+e− as
shown in Fig. 1.

These exclusive events have been proposed as a search
channel for new physics at the Large Hadron Collider
(LHC) [3]. The primary advantage for exclusive pro-
cesses in the search for new physics at the LHC is that
the measurement of the outgoing protons’ momenta can
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Figure 1: Exclusive e+e− production in pp̄ collisions.

provide an additional method to calculate the invariant
mass of the particles produced by the γγ system [4].
Also, since the interaction depends only on quantum elec-
trodynamics and the proton electromagnetic form factor
at small momentum transfer where the strong interac-
tion correction is negligible, the cross section is known
with an accuracy better than 1%. This makes exclusive
dilepton processes potentially interesting candidates for
improving the typical 5% uncertainty on the luminosity
measurement at hadron colliders. Studies examining lu-
minosity measurement using exclusive dilepton processes
at the LHC can be found in Ref. [5]. Exclusive dilepton
events can provide an excellent control sample for other
exclusive processes whose theoretical predictions are less
certain, such as exclusive diphoton production [6] and
exclusive Higgs production [3]. At the LHC, exclusive
dilepton events may also be used to calibrate forward
proton spectrometers [4].

The present analysis uses a data set corresponding
to an integrated luminosity L = 532 ± 32 pb−1 col-
lected by the Run II Collider Detector at Fermilab (CDF
II) [7]. CDF II is a general purpose particle detector at
the Tevatron, a pp̄ collider with center of mass energy√

s = 1.96 TeV. The experimental signature of exclusive
e+e− production is an e+e− pair with no other particles
detected. The proton and antiproton lose a small fraction
of their momentum in these collisions and escape along
the beam direction without being detected.

We briefly describe the components of CDF II that
are used in this analysis [8]. Both the central calorime-
ter [9], covering |η| < 1.1, and the plug calorimeter [10],
covering 1.1 < |η| < 3.6, have separate electromagnetic
(lead-scintillator) and hadronic (steel-scintillator) com-
partments. The energy resolution for the central electro-
magnetic calorimeter is σ(E)/

√
E = 13.5% ⊕ 1.5%, and

for the plug electromagnetic calorimeter it is σ(E)/
√

E =
16%⊕1%. The central electromagnetic calorimeters con-
tain strip chambers that measure the transverse profile
of the electromagnetic shower at a depth of six radiation
lengths. The electromagnetic calorimeters are also ca-
pable of determining the arrival time of a shower in the

calorimeter with a resolution of 0.6 ns [11]. The mini-
plug calorimeter [12] is a lead-liquid scintillator sampling
calorimeter and covers the region 3.6 < |η| < 5.2. Cover-
ing 5.4 < |η| < 7.4 is a series of three scintillator paddles
on each side of the detector, collectively called the beam
shower counters (BSC). The BSC detectors are labeled
BSC1, BSC2, and BSC3, in order of increasing |η|. BSC1
is preceded by 2 radiation lengths of lead to convert pho-
tons.

Inside the calorimeter is a solenoid that produces a
magnetic field of 1.4 T. A cylindrical drift chamber, called
the central outer tracker (COT) [13], and a silicon track-
ing detector lie within the solenoid. The COT, silicon
detector, and magnetic field are used to measure the
momentum of charged particles. The tracking system
measures charged particle tracks with |η| < 1.0 with an
efficiency near unity, and charged particle tracks with
1.0 < |η| < 2.8 with reduced efficiency. Gas Čerenkov
counters measure the average number of pp̄ inelastic col-
lisions per bunch crossing to determine the luminosity.

The data were collected using a trigger requiring two
clusters [14] of energy in the central or plug electromag-
netic calorimeters and no activity in the BSC1 coun-
ters. Events containing two electron candidates with
ET > 5 GeV and |η| < 2.0 are selected. Here, and in
the remainder of this Letter, we use the term “electron”
to mean either electron or positron candidate. Clusters
are selected that have a hadronic-to-electromagnetic en-
ergy ratio and lateral shape of the electromagnetic shower
consistent with an electron. Each electron is also re-
quired to have a track with pT > 1 GeV/c that points
to the calorimeter cluster. The efficiency for triggering,
reconstructing, and identifying both electrons in a sig-
nal event is εee = (26 ± 3)%. A large contribution to εee

comes from the electron trigger efficiency, (77 ± 5)% per
electron, due to the trigger turn-on at the threshold.

Events caused by cosmic ray interactions occur at ran-
dom times, so we require both clusters to have a measure-
ment in the electromagnetic calorimeter timing system
with times that are consistent with the collision. The
overall efficiency for the cosmic rejection requirement is
εcosmic = (93 ± 3)%. The inefficiency arises from the
inefficiency of the requirement of a timing measurement.

To select exclusive events, we require that no addi-
tional particle signatures be detected in the calorimeters
and BSC. A calorimeter tower that is not part of an elec-
tron cluster and has energy above the noise threshold is
called an additional tower. The noise thresholds were de-
termined depending on the pseudorapidity for each of the
calorimeters. We define an additional cluster as any set
of adjacent additional towers in the miniplug (the mini-
plug is designed so that energy is deposited in several
towers when a single particle enters it) or a single addi-
tional tower in the plug and central calorimeters. The
exclusivity selection requires that candidate events have
zero additional clusters in the calorimeters and no hit in



the BSC. A hit in the BSC is defined as a signal above
the detector noise in any of the BSC counters.

When an inelastic interaction occurs in the same bunch
crossing as an exclusive event, it will deposit energy in
the calorimeters and BSC, preventing the identification
of the exclusive event. This efficiency εexc is the frac-
tion of zero-bias events (triggered solely on the bunch
crossing time) that pass the exclusivity selection divided
by the total number of zero-bias events. This is directly
related to the instantaneous bunch luminosity [15]. Us-
ing the same run range for the zero-bias data sample as
the exclusive e+e− triggered events, the overall exclusive
efficiency is εexc = 8.6%, with negligible statistical un-
certainty. The systematic uncertainty on this fraction is
negligible compared to the uncertainty of the luminosity.

As a consequence of the exclusivity selection require-
ments, electrons that emit sufficient bremsstrahlung (fi-
nal state radiation, FSR) to deposit energy outside the
electron’s cluster will be excluded from the candidate
sample. The corresponding efficiency is calculated by
generating events with the lpair simulation plus the
geant-based [16] detector simulation [17], then requir-
ing the events to pass the exclusivity selection require-
ments. This efficiency is εFSR = (79 ± 5)%. The domi-
nant source of uncertainty in εFSR is the material count
in the detector.

The overall efficiency to identify exclusive e+e− events
with the luminosity distribution of this data sample is
(1.6 ± 0.2)%. This is dominated by εexc, which is low
because of the large fraction of bunch crossings with more
than one inelastic pp̄ interaction.

A total of 16 candidate events pass electron identifica-
tion, cosmic ray rejection, and exclusivity requirements.
All of these events contain oppositely-charged electron
pairs. The invariant mass and Δφ (the opening angle
between the e+ and e− in r-φ plane) distributions of the
candidate sample are compared to events generated with
lpair plus detector simulation in Fig. 2. The invariant
mass measurement has a resolution of about 8%. Other
variables, such as the pT of the e+e− pair and η of the
electrons are also in agreement with lpair.

There are four backgrounds to consider: jets that pass
electron requirements (jet fakes), cosmic rays that inter-
act in the detector, non-exclusive events, and γγ → e+e−

events with proton dissociation.
The jet fake background consists of exclusive events

with a hadronic final state, such as π+π−, that fake a
signal event when both hadrons are reconstructed in the
detector as electrons. In a jet-triggered sample we ob-
serve no events that pass the exclusivity cuts but fail the
electron requirements. This results in an upper limit on
the rate of this process. Multiplying this upper limit with
the measured probability of a generic calorimeter cluster
to pass the electron cuts, an upper limit on the jet fake
background is determined to be 0.1 events. Thus the jet
fake background is taken to be 0.0+0.1

−0.0 events.
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Figure 2: The 16 candidate events (points) compared to the
lpair simulation (solid). a) invariant mass of e+e− pair, b)
Δφ between e+e− pair. The simulation is normalized to the
number of data events.

By examining the rate of out-of-time cosmic ray events,
we can predict the number of cosmic events expected in
time with the collision. The probability that a candi-
date event originates from a cosmic ray is found to be
negligible.

The third background is due to non-exclusive events in
which one or more particles passed undetected through
cracks in the calorimeter, or were below the noise thresh-
olds, causing the event to appear exclusive. The multi-
plicity of additional clusters is shown in Figure 3a). A
clear peak of events with zero additional clusters is ob-
served. The signal region for exclusive e+e− events is
zero additional clusters. The value of εfsr accounts for
the signal lost when the number of additional clusters
is greater than zero due to final state radiation. To es-
timate the amount of background with zero additional
clusters, the events with 5 to 50 additional clusters were
fit to the function y = e(ax+b), where the result of the fit
yields a = 0.05 ± 0.01 and b = −1.3 ± 0.4. The fit result
predicts a non-exclusive background of 0.3 ± 0.1 events
with zero additional clusters.

To verify that a peak at zero additional clusters is not
expected with inclusive events we plot the number of as-
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Figure 3: a) The number of additional clusters in lpair sim-
ulation and signal sample events with all selection criteria
applied except the exclusivity requirement. lpair simulation
events are normalized to the number of data events with less
than 5 clusters. The line shows the fit used for the background
estimate. b) The number of additional clusters for Z → e+e−

data and Drell-Yan simulation, the simulation is normalized
to the number of data events.

sociated clusters for a sample of Z → e+e− events (the
Z boson cannot be produced exclusively at a hadron
collider due to Yang’s Theorem [18]) as well as a sam-
ple of inclusive Drell-Yan events, simulated with the
pythia [19] Monte Carlo generator, in Fig. 3b). The
Z → e+e− data sample contains events with two elec-
trons that have an invariant mass between 81 GeV/c2

and 101 GeV/c2 and a single vertex reconstructed in the
event. The Z → e+e− sample contains a total of 6506
events selected from the same run range as the exclusive
e+e− data set, with 650 of those events having less than
50 additional clusters. There is no peak at zero additional
clusters in either the Z → e+e− sample nor the Drell-Yan
simulated sample. We also verified that this distribution
is nearly independent of the dielectron invariant mass
value using the simulated Drell-Yan sample. Therefore,
the peak in the exclusive e+e− data sample can not be
explained by a tail of inclusive events.

The dissociation background arises from events that
are mediated by two-photon exchange, but instead of be-

Table I: Summary of the number of background events ex-
pected in the 16 observed events. The uncertainties are sys-
tematic and added in quadrature for the total.

Background Number of events

jet fake 0.0 +0.1
−0.0

cosmic negligible

non-exclusive 0.3 ± 0.1

dissociation 1.6 ± 0.3

Total 1.9 ± 0.3

Table II: Summary of numbers used in the cross section cal-
culation. Ndata is the number of candidate events observed.

Quantity Value

Ndata 16

Nbkgd 1.9 ± 0.3

L 532 ± 32 pb−1

εexc 0.086

εcosmic 0.93 ± 0.03

εfsr 0.79 ± 0.05

εee 0.26 ± 0.03

ing truly exclusive, one or both protons are excited into
a low-mass state that dissociates. There is a small prob-
ability that these dissociations will escape detection in
the BSC, and hence would not be distinguished from ex-
clusive events. We use two simulation programs, grape-
dilepton [20] and lpair, to estimate this background.

The lpair (grape-dilepton) simulation predicts
that 7% (5%) of proton dissociations will have all dis-
sociation products too far forward to be detectable. The
average of the two estimates, (6 ± 1)%, is taken as the
probability that a dissociated proton will escape detec-
tion. To estimate the number of dissociation background
events in the candidate sample, the cross sections for
events in which one or both protons dissociate are ex-
tracted from lpair and then multiplied by the probabil-
ity that the dissociation will escape detection. The num-
ber of dissociation events in the 16 event signal sample is
estimated to be 1.6±0.3. A summary of all backgrounds
is shown in Table I.

Using the numbers in Table II, the cross section σ for
exclusive e+e− production with ET > 5 GeV and |η| < 2
is calculated from:

σ =
Ndata − Nbkgd

εcosmic · εfsr · εee · εexc · L . (1)

Considering that the exclusive process is derived from
the experimental observation (the sum of the exclusive
and the disassociation processes) we report both the total



and the exclusive cross sections.
The cross section for exclusive pp̄ → p + e+e− + p̄

is measured to be 1.6+0.5
−0.3(stat) ± 0.3(syst) pb using

Nbkgd = 1.9 ± 0.3 events. This agrees with the theoret-
ical cross section 1.71 ± 0.01 pb given by lpair. The
probability of observing 16 events when 1.9 ± 0.3 events
are expected is 1.3 × 10−9, equivalent to a 5.5σ effect. [23]

The measured cross section for γγ → e+e−, where
all the proton and antiproton dissociation prod-
ucts are contained within |η| > 7.4, is measured to
be 1.8+0.5

−0.3(stat) ± 0.2(syst) pb using Nbkgd = 0.3 ± 0.1
events (the sum of all backgrounds except the dissoci-
ation). This agrees with the theoretical prediction of
1.9 ± 0.4(syst) pb for this cross section, determined us-
ing lpair. The uncertainty on this prediction is larger
than for the purely exclusive lpair prediction because
assumptions about the hadronization of the dissociating
proton are made in this estimate.

In conclusion, we have observed 16 exclusive electron
pair events in CDF II, with |η| < 2.0 and ET >5 GeV,
with a background estimate of 1.9 ± 0.3 events. These
events are consistent in both their cross section and kine-
matic distributions with pp̄ → p + e+e− + p̄ through two
photon exchange (γγ → e+e−). This is the first time
that exclusive two-photon processes have been observed
in hadron-hadron collisions, and implies that the LHC
experiments can rely on this process to calculate expec-
tations for new physics and luminosity measurements.
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