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We present the results of a search for the production of an excited state of the muon, w*, in proton
antiproton collisions at /s = 1.96 TeV. The data have been collected with the DO experiment at the
Fermilab Tevatron Collider and correspond to an integrated luminosity of approximately 380 pb~!. We
search for u* in the process pp — u*u, with the u* subsequently decaying to a muon plus photon. No
excess above the standard model expectation is observed in data. Interpreting our data in the context of a
model that describes u* production by four-fermion contact interactions and pu* decay via electroweak
processes, we set a 95% confidence level production cross section upper limit ranging from 0.057 to
0.112 pb, depending on the mass of the excited muon. Choosing the scale for contact interactions to be
A =1 TeV, excited muon masses below 618 GeV are excluded.

DOI: 10.1103/PhysRevD.73.111102

An open question in particle physics is the observed
mass hierarchy of the quark and lepton SU(2) doublets in
the standard model (SM). A commonly proposed explana-
tion for the three generations is a compositeness model [1]
of the known leptons and quarks. According to this ap-
proach, a quark or lepton is a bound state of three fermions,
or of a fermion and a boson [2]. Because of the underlying
substructure, compositeness models imply a large spec-
trum of excited states. The coupling of excited fermions
to ordinary quarks and leptons, resulting from novel strong
interactions, can be described by contact interactions (CI)
with the effective four-fermion Lagrangian [3]

I
L= WJM J o
where A is the compositeness scale and j,, is the fermion
current

+Hec + (L—R).

The SM and excited fermions are denoted by f and f*,
respectively; g? is chosen to be 4, the 7 factors for the
left-handed currents are conventionally set to one, and the
right-handed currents are set to zero.

Gauge mediated transitions between ordinary and ex-
cited fermions can be described by the effective
Lagrangian [3]

EW

0.5 m, /A 1.0

FIG. 1 (color online). Four-fermion contact interaction gg —
u* w and electroweak decay u* — w7y. On the right, the relative
contribution of decays via CI and via electroweak interactions
(EW) as a function of m,,: /A is shown.

PACS numbers: 12.60.Rc, 12.60.—i, 13.85.Rm, 14.60.Hi

Lo AC T
LEW = ﬁfRo-# |:gsf\?G,u,V + ngW,U,V

Y
+ g/f/EBW}fL + H.c.,
where wa, WW, and B wy are the field strength tensors of

the gluon, the SU(2), and U(1) gauge fields, respectively;
fs» f» and f' are parameters of order one.

The present analysis considers single production of an
excited muon u* in association with a muon via four-
fermion CI, with the subsequent electroweak decay of the
u* into a muon and a photon (Fig. 1). This decay mode
leads to the fully reconstructable and almost background-
free final state wuy. With the data considered herein,
collected with the DO detector at the Fermilab Tevatron
Collider in pp collisions at /s = 1.96 TeV, the largest
expected SM background is from the Drell-Yan (DY)
process pp — Z/y* — ut u~ (y), with the final state pho-
ton radiated by either a parton in the initial state p or p, or
from one of the final state muons. This background can be
strongly suppressed by the application of suitable selection
criteria. Other backgrounds are small.

Excited muons have been searched for unsuccessfully
previously [4], e.g. at the LEP e" e collider; however, the
reach has been limited by the center-of-mass energy avail-
able to m,» <190 GeV. Searches for quark-lepton com-
positeness via deviations from the Drell-Yan cross section
have excluded values of A of up to = 6 TeV depending on
the chirality [5]. The present analysis is complementary to
those results in the sense that an exclusive channel and
different couplings (7 factors) are probed. The CDF col-
laboration has recently presented results [6] for the pro-
duction of excited electrons which will be discussed later.

For the simulation of the signal, a customized version of
the PYTHIA event generator [7] is used,' following the
model of [3]. The branching fraction for the decay u* —
py normalized to all gauge particle decay modes is 30%
for masses above 300 GeV, and for smaller w* masses it
increases up to 73% at m,- = 100 GeV. Decays via con-
tact interactions, not implemented in PYTHIA, contribute

'PYTHIA v6.225 does not model excited muon production but
only excited electrons. We added the excited muon process under
the assumption that excited muons differ from excited electrons
only in mass.
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between a few percent of all decays for A > m,,- and 92%
for A = m,~ [3,8] (see Fig. 1). This has been taken into
account for the signal expectation. The leading order cross
section calculated with PYTHIA has been corrected to next-
to-next-to-leading order (NNLO) [9,10]; the corresponding
correction factor varies between 1.430 (1.468) for m - =
100 GeV (200 GeV) and 1.312 for m,- = 1 TeV. The
total width is greater than 1 GeV for 100 GeV = m - =
1000 GeV, thus lifetime effects can be neglected. For the
values of m - and A studied here, the total width is always
less than 10% of m - [3].

The dominant SM background process at all stages of
the selection is DY production of g " ™ pairs. This back-
ground, as well as diboson (WW, WZ, ZZ) production, has
been simulated with the PYTHIA Monte Carlo program. The
DY expectation has been corrected using the NNLO cal-
culation from [9]. For diboson production, the next-to-
leading order cross sections from [11] are used.
Monte Carlo events, both for SM and signal, have been
passed through a detector simulation based on the GEANT
[12] package and reconstructed using the same reconstruc-
tion program as the data. The CTEQSL parton distribution
functions (PDF) [13] are used for the generation of all
Monte Carlo samples.

The analysis is based on the data collected with the DO
detector [14] between August 2002 and September 2004,
corresponding to an integrated luminosity of £ = 380 =
25 pb~!. The DO detector includes a central tracking sys-
tem, comprised of a silicon microstrip tracker (SMT) and a
central fiber tracker (CFT), both located within a 2 T
superconducting solenoidal magnet. The SMT has =
800000 individual strips, with typical pitch of
50-80 wm, and a design optimized for tracking and ver-
texing capability at pseudorapidities® of |7| <2.5. The
CFT has eight coaxial barrels, each supporting two dou-
blets of scintillating fibers of 0.835 mm diameter, one
doublet being parallel to the collision axis, and the other
alternating by *=3° relative to the axis. Three liquid argon
and uranium calorimeters provide coverage out to || =
4.2: a central section covering |n| up to = 1.1 and two end
calorimeters. A muon system resides beyond the calorime-
try, and consists of a layer of tracking detectors and scin-
tillation trigger counters before 1.8 T iron toroids, followed
by two similar layers after the toroids. Tracking at [n] < 1
relies on 10 cm wide drift tubes, while 1 cm mini-drift
tubes are used at 1 < |n| <2. Luminosity is measured
using scintillator arrays located in front of the end calo-
rimeter cryostats, covering 2.7 < || < 4.4.

Trigger and data acquisition systems are designed to
accommodate the high luminosities of the Tevatron

>The pseudorapidity 7 is defined as n = — In(tan(6/2)). We
use the polar angle 6 relative to the proton beam direction, and ¢
is the azimuthal angle, all measured with respect to the geomet-
ric center of the detector.

PHYSICAL REVIEW D 73, 111102(R) (2006)

Run II. Based on information from tracking, calorimetry,
and muon systems, the output of the first two levels of the
trigger is used to limit the rate for accepted events to
<1 kHz, relying on hardware and firmware. The third
and final level of the trigger uses software algorithms and
a computing farm to reduce the output rate to = 50 Hz,
which is written to tape.

Efficiencies for muon and photon identification and
track reconstruction are determined from the simulation.
To verify the simulation and to estimate systematic uncer-
tainties, the efficiencies also have been calculated from
data samples, using Z — u* u~ candidate events and in-
clusive dimuon events for muons and tracks and Z —
e*e” events to determine the efficiency of reconstructing
electrons. We assume that the different response for elec-
trons and photons in the calorimeter is properly modeled
by the simulation. The transverse (with respect to the beam
axis) momentum resolution of the central tracker and the
energy resolution of the calorimeter have been tuned in the
simulation to reproduce the resolutions observed in the
data using Z — €€(£ = ¢, u) events.

The process pp — w*u with u* — wy leads to a final
state with two highly energetic isolated muons and a
photon. We require two muons to be identified in the
muon system and each matched to a track in the central
tracking system with transverse momentum p; > 15 GeV.
The events have been collected with level 1 trigger con-
ditions requiring two muons detected by the muon scintil-
lation counters, with at least one muon with tightened
criteria identified by the level 2 trigger, and requiring a
segment reconstructed in the muon system above certain
pr thresholds and/or a track in the central tracking system
above certain p; thresholds at level 3. The trigger effi-
ciency has been determined from independent data
samples for each trigger object (muon) and trigger level
separately. The overall trigger efficiency which is applied
to the simulation is found to be 88 = 6% for the signal after
application of all selection criteria.

Timing information from the muon scintillation counters
is used in order to reject cosmic ray background. Since the
signal is expected to produce isolated muons, at least one
of the muons is required to be isolated: the amount of
energy deposited in the calorimeter along the muon direc-

tion in a hollow cone with inner radius AR = 0.1 (AR =

V(An)? + (Ag)?) and outer radius AR = 0.4 is required

to be less than 2.5 GeV, and the sum of the transverse
momenta of tracks within a cone of AR = 0.5 has to be
below 2.5 GeV, excluding the muon track. The cumulative
efficiency of the muon and track reconstruction and muon
identification is found to be 88 * 4% per muon, and the
isolation condition is 95 = 4% efficient. The selected di-
muon sample contains 24 853 events, whereas 23200 =
2700 events are expected from DY processes, and 34 = 4
events are expected from diboson production. The invari-
ant dimuon mass distribution is shown in Fig. 2(a).
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FIG. 2. (a) Invariant dimuon mass distribution in the dimuon
data sample compared to the SM expectation, (b) invariant mass
of the leading muon and the photon in the puy sample, for data
(points with statistical uncertainties), SM backgrounds (DY and
diboson production, shaded histograms, as well as the uncer-
tainty due to jets misidentified as photons), and the expected
signal for m,- = 400 GeV and A = 1 TeV.

Next, a photon is identified in the event as an isolated
cluster of calorimeter energy with a characteristic shower
shape and at least 90% of the energy deposited in the
electromagnetic section of the calorimeter. The isolation
condition is  (E(0.4) — E.,(0.2))/E.,(0.2) < 0.15,
where E,(0.4) and E.,(0.2) denote the energy deposited
in the calorimeter and only its electromagnetic section in
cones of size AR = 0.4 and 0.2, respectively. The trans-
verse energy E; must be larger than 16 GeV, no track is
allowed to be matched to the photon candidate with a x>
probability of greater than 0.1%, and the sum of the trans-
verse momenta of tracks within a hollow cone defined by
0.05 < AR < 0.4 around the photon direction has to be
below 2 GeV to further ensure isolation. The photon can-
didate is required to be separated from the muon candidates
in the event by at least AR = 0.4 and has to be recon-
structed within the central part of the calorimeter (|n| <
L.1).

After this selection, we expect 65 = 8§ events from DY
processes, and less than one event from diboson produc-
tion. To estimate the possible additional background from
jets misidentified as photons and not included in the simu-
lation, the misidentification rate has been determined from
an inclusive jet data sample; this rate applied to the dimuon
plus jet sample results in 39 = 5 such events in the pwuy
selection. As a function of Er, the photon fake rate is about
0.5% per jet at low E and is negligible above = 80 GeV.
The background from jets misidentified as photons is
treated as a systematic uncertainty, resulting in a total
SM expectation of 65 = 873 events. We find 90 events
in the data, in good agreement with the expectation. The
invariant mass of the leading muon and the photon is
shown in Fig. 2(b) for the data, SM expectation, and signal
expectation for m,- = 400 GeV and A = 1 TeV. The pr
distribution of the leading muon and the E; distribution of
the photon are shown in Fig. 3.

Additional selection criteria are applied to reduce the
remaining SM background. The photon E7 is required to
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FIG. 3. For the puy sample, (a) the distribution of the leading
muon pr, and (b) the photon E;. Shown are the data as points
with statistical uncertainties, the dominant SM background (DY,
shaded histogram, also shown is the uncertainty due to jets
misidentified as photons), and the expected signal for m,- =
400 GeV and A =1 TeV.

be larger than 27 GeV. The efficiency to identify a photon
is constant at about 90% above this value. The final dis-
criminant to suppress remaining SM backgrounds is the
invariant mass of the leading muon and the photon. For
masses m - above =~ 300 GeV, the leading muon is pre-
dominantly the muon from the p* decay. In order to max-
imize the sensitivity of the analysis, the signal expectation
is calculated for A = 1 TeV, the background including DY
processes and diboson production is considered, and a cut
value is chosen for each value of m,,+. The result is shown
in Table I along with the SM expectation for the number of
data events and the signal efficiency, which varies between
8% and 15%.

The dominant systematic uncertainties are as follows:
The uncertainty on the SM cross sections is dominated by
the DY process and the uncertainty from the choice of PDF
and renormalization and factorization scales (4%). Muon
reconstruction and identification have an uncertainty of 4%
per muon, and a 3% error is assigned to the photon iden-

TABLE 1. For different values of m u*s the final selection
requirement on the invariant mass of the leading muon and the
photon, the remaining data events, the SM expectation, and the
signal efficiency. The quoted uncertainties include statistical and

systematic uncertainties added in quadrature.

m, m,,, cut Data SM Signal eff.
[GeV] [GeV] expectation [%]

100 200 0 0.170 = 0.126 7.5+ 1.0
200 200 0 0.170 = 0.126 125+ 1.5
300 280 0 0.041 = 0.023 121 + 1.5
400 330 0 0.016 = 0.011 14.7 = 1.8
500 440 0 0.003 = 0.001 1.9+ 1.5
600 440 0 0.003 = 0.001 144 + 1.8
700 440 0 0.003 = 0.001 13.6 £ 1.7
800 440 0 0.003 = 0.001 145+ 1.8
900 440 0 0.003 = 0.001 14.7 = 1.8
1000 440 0 0.003 = 0.001 144 + 1.8
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tification. The uncertainty due to the trigger efficiency is
7%. The integrated luminosity is known to a precision of
6.5% [15]. The uncertainty due to jets misidentified as
photons is dominant after all selection criteria for m ,+ up
to 400 GeV: for m,» = 100 GeV (400 GeV), 0.097 (0.008)
such “fake” photons are expected, while for m,- =
500 GeV and above this background is negligible ( <
1073 events). The uncertainty on the signal cross section
is estimated to be 10%, consisting of PDF uncertainties and
unknown higher order corrections.

Since no events are found in the data, in agreement with
the SM expectation, we set 95% confidence level limits on
the u* production cross section times the branching frac-
tion into pu7y. A Bayesian technique [16] is used, taking
into account all uncertainties and treating them as sym-
metric for simplicity. The resulting limit as a function of
m,~ is shown in Fig. 4 together with predictions of the
contact interaction model for different choices of the scale
A. For A = 1TeV (A = m,-), masses below 618 GeV
(688 GeV) are excluded. In Fig. 5 the excluded region in
terms of A and m,,- is shown.

The CDF collaboration has recently searched [6] for the
production of excited electrons, and obtained comparable
cross section limits, but the CDF mass limit of m, >
879 GeV at 95% C.L. for A = m, cannot be directly
compared to ours for two reasons. The cross section calcu-
lated with the version of PYTHIA used by CDF is a factor of
2 higher than in subsequent versions corrected by the
PYTHIA authors. Furthermore, CDF assumes that decays

= E -
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FIG. 4 (color online). The measured cross section X branching
fraction limit, compared to the contact interaction model pre-
diction for different choices of A. For the case A = 1 TeV, the
theoretical uncertainty of the model prediction is indicated.
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FIG. 5 (color online). The region in the plane of A and m,,:
excluded by the present analysis.

via contact interactions can be neglected, while in our
analysis such decays are taken into account in the calcu-
lation of the branching fraction w* — u7y, following
[5,10]. If we adjusted our result for these two differences,
we would obtain a limit of m,- > 890 GeV at 95% C.L.
for A = m,-.

In summary, we have searched for the production of
excited muons in the process pp — u*u with u* — wy,
using 380 pb~! of data collected with the DO detector. We
find no events in the data, compatible with the SM expec-
tation, and set limits on the production cross section times
branching fraction as a function of the mass of the excited
muon. For a scale parameter A = 1 TeV, masses below
618 GeV are excluded, representing the most stringent
limit to date.
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