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Prospects of searching for excited leptons during run II of the Fermilab Tevatron
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We present the prospects of searching for excited leptons during run II of the Fermilab Tevatron. We
concentrate on single and pair production of excited electrons in the photonic decay channel for both 2 fb21

~run IIa! and 15 fb21 ~run IIb! using one CDF or DØ detector equivalent. We expect the Tevatron to improve
upon the limits set by CERN LEP and DESY HERA for excited lepton masses above 190 GeV by the end of
run IIa.
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The standard model~SM! of particle physics is known to
give results that match the current experimental data w
high precision. However, because of well known theoreti
problems and disadvantages, it is widely believed that it c
not be a complete theory of elementary particles, but ra
an effective theory at energies below some scale on the o
of a TeV. While many models of ‘‘new physics’’ beyond th
SM have been suggested over the years, one of the m
straightforward ideas proposes that quarks and leptons
composite particles. Such models can explain, in princip
family replication, mixing in the quark and lepton secto
and make the fermion masses and weak mixing angles
culable.

In most composite models fermions possess an underl
substructure which is characterized by a scaleL, with L
about 1 TeV or higher@1#. While there is no unified model o
compositeness@2#, a model-independent effective Lagran
ian for excited leptonsl * , originally proposed in Ref.@3#,
can be used to model single and pair production in exp
ments. The Lagrangian terms

Ll* l* 5 l̄ * gmS t

2
Wm1g8

Y

2
BmD l * ~1!

Ll* l5
1

2L
l̄ R* smnS f g

t

2
Wmn1 f 8g8

Y

2
BmnD l L

1H.c., ~2!

wheref and f 8 are coupling constants, have been used ex
sively in a number of phenomenological papers wh
present ideas on searching for excited fermion produc
and decay to final state gauge bosons ine1e2, pp̄, ep, and
eg collisions @4–6#. Direct searches for lepton composit
ness have been done extensively at the CERNe1e2 collider
LEP @7# and the DESYep collider HERA @8#, each with no
discovery, but with ever more sensitive limits. Unfortunate
only direct searches for quark compositeness have been
at the Fermilab Tevatron@9#.

In this paper we present a study of the discovery poten
for compositeness by searching for excited lepton produc
and decay in run II of the Tevatron using the Collider Dete
tor at Fermilab~CDF! and DO” detectors@10#. We begin with
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an updated simulation of excited lepton production, and
timize the sensitivity by studying the kinematics of excit
lepton production and decay relative to SM backgroun
With these results we estimate the mass reach and comp
to the recent results from LEP and HERA.

To study the mass reach of the Tevatron, we simula
single and pair production and the decay of excited lept
using the upgraded Fermilab accelerator (1.8→2.0 TeV),
and the CDF and DO” detectors@10# for run II. The Feynman
rules from the effective Lagrangians@Eqs. ~1! and ~2!# are
implemented inCOMPHEP @11# using theLANHEP @12# soft-
ware package. We have included into this simulation a co
plete tree-level calculation which takes into account all
spin correlations between excited state production and s
sequent decays, with the known next-to-leading-order c
rections incorporated. All the partial widths and known
→2 cross sections have been cross-checked at the sym
level. Events at parton level are generated by means ofCOM-

PHEPas an external process forPYTHIA @13# with the help of
the COMPHEP-PYTHIA interface @14#. The underlying event,
jet fragmentation, initial state radiation and final state rad
tion are modeled using thePYTHIA Monte Carlo program
with the CTEQ4L @15# structure functions. Since Drell-Yan
production of excited leptons is similar to that of supersy
metric leptons, we take theK factors given in Ref.@16#,
which only depend on the masses of final particles, and v
between 1.23 and 1.24 in the mass range between 150
300 GeV.

While excited leptons can come in three flavors,e* , m*
and t* , we chose to concentrate on the electron chan
since the results form* ’s are expected to be similar to thos
for e* ’s, andt ’s at the Tevatron are still difficult to trigge
on and identify. Excited electrons can decay viae* →eg,
e* →eZ and e* →Wn with branching ratiosB(e* →eg),
B(e* →nW) andB(e* →eZ) as shown in Fig. 1. Searchin
for the W and Z decays at the Tevatron is problematic; t
backgrounds to these channels are large, and the lept
branching fractions are small. However, photons are dire
identified and the backgrounds to the photonic final states
relatively small, especially in our mass range of interest. T
makes them a gold-plated signature.

In the case of singlee* →eg production there are two
possible signals,pp̄→e* e→eeg and pp̄→e* n→eng.
©2002 The American Physical Society11-1
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Similarly, pair production givespp̄→e* e* →eegg and pp̄
→e* n* →engg. We concentrate on the inclusiveeeg final
state as single production dominates over pair production
about a factor of 103, and backgrounds toeeg are smaller
than for eng. We simulate both single and pair productio
mechanisms for our estimates. Since only the produc
cross section and not the kinematics of the system are de
dent on f /L and f 8 we choose, for simplicity, f /L
51022 GeV21 and f 5 f 8. Figure 2 shows the total and vis
ible eeg production cross sections for this case.

There are a number of backgrounds to theeeg channel.
The dominant backgrounds areWg1 jets andZg1 jets pro-
duction. Others includeW1 jets, Z1 jets, and multijets,
where jets can fake leptons and/or photons. Studies h
shown@17# that the fake backgrounds can be modeled us
the kinematics of the diboson irreducible backgrounds.

FIG. 1. The branching ratios for excited electrons as a func
of the mass of the excited electron.

FIG. 2. The excited lepton production cross section at the F
milab Tevatron. The solid line shows the total cross sections for
sum of both single and pair production and decay of excited e
trons. The dashed line shows the visible cross section in theeeg
final state.
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FIG. 3. A comparison of thepT distributions of the final state
electrons (e1 and e2) and the photon (g1) for e* e→eeg and
e* e* →eeg production, and for standard model background p
cesses. One can see that kinematics are well separated for
values ofpT .

FIG. 4. A comparison of some of the variables studied wh
give good separation between excited leptons (Me* 5200 GeV)
and the standard model background processes (Wg andZg) in the
eeg final state.HT is the scalar sum of thepT’s of all the electrons
and photons in the event. Note that theMeg variable gives the bes
separation between signal and background and the optimal cu
described in Table I, isMeg.185 GeV.
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use the sameCOMPHEPsimulation structure described abov
Since there is an infrared singularity atpT

g50, at the genera-
tor level we requirepT

g.10 GeV andDRi j .0.1, where
DRi j [A(Dh)21(Dw)2, and i and j are any lepton-photon
combination. We take theK factor, which has a value o
about 1.36 depending onpT

g , for the background processe
from the literature@18#.

For both signal and backgrounds we use a parame
simulation to model the detector response. TheSHW detector
simulation@19# has been shown to be an effective averag
between the CDF and DO” detectors@10# for run II. After
detector simulation the kinematic distributions for both t
signal and estimated backgrounds are shown in Figs. 3 an
We require eache and g to havepT.10 anduhu,1.5 for

FIG. 5. The average expected 95% C.L. cross-section up
limit s95

avg(cut), as a function of theMeg cut for different masses o
e* . The minimum value for eachMe* is the optimal limits95

exp. The
solid line and dashed line show the results for 2 fb21 and 15 fb21

of data respectively.

FIG. 6. The optimized expected 95% C.L. for cross-section
per limits s95

exp, for e* →eg production using theeeg final state.
The solid and dashed lines show the results for 2 fb21 and
15 fb21 of data respectively.
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electrons anduhu,2 for photons. Fore* masses above 15
GeV we find acceptances at about the 0.5 level, and that
signal is easily separated from the background in many
nematic distributions.

To maximize our sensitivity we assume, for simplicit
that taking a set of data selection requirements~cuts! which
minimizes the expected cross section limit at 95% con
dence level~C.L.!, s95

exp, also maximizes our sensitivity fo
discovery. To calculate the expected limits we use the sig
acceptance and background estimates from the simulat
above, each taken with 10% systematic error, and assum
single detector for two scenarios: 2 fb21 and 15 fb21 of
luminosity, taken with 5% sytematic uncertainty. If there
no signal in the data the limit is uniquely determined by t
number of events observed in the data, the acceptance
expected background rate and the sample luminosity. We

er

-

FIG. 7. Exclusion plot forf /L as a function ofe* mass. The
solid shaded region and the solid line show the exclusions
2 fb21 and 15 fb21 worth of data respectively.

FIG. 8. Exclusion plot forf /L as a function ofe* mass. For
masses above about 190 GeV, we expect that the Tevatron sh
with 2 fb21 of data and one detector, produce the most string
limits. With 15 fb21 these limits would be extended to significant
lower values off /L.
1-3
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TABLE I. Optimized expected 95% C.L. cross-section upper limits on the production and decaye*
→eg. Note that all results are for 2 fb21, f /L51022 GeV21 and f 5 f 8. HeresTotal is the totale* e and
e* e* production andseeg is the visibleeeg cross section as shown in Fig. 2.Meg

cut is the optimized selection
requirement on theeg mass. For the cut listed,Nback is the number of background events fromWg andZg
sources for this cut, and Accept is the acceptance.

Me* sTotal B(e* →eg) seeg Meg
cut Nback Accept s95

exp s95
exp

•B
~GeV! ~fb! ~fb! ~GeV! ~fb! ~fb!

150 1,770 0.400 712 140 42.0 0.54 41.3 16.5

200 930 0.334 312 185 18.0 0.56 30.9 10.3

250 510 0.309 160 230 7.64 0.57 23.7 7.3

300 290 0.297 87 275 4.36 0.56 20.0 5.9
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B.
a frequentist method@20# to incorporate the errors and a
sume that all errors on acceptance, background and lumi
ity are uncorrelated. Explicitly, the limit is a function of th
cuts and the number of events observed in the dataN, and
can be written ass95(N,cut). With the assumption of no
observed signal,N fluctuates around the mean number
expected background eventsM, according to Poisson statis
tics. In this way we estimate an average expected cr
section limit as a function of each cut,s95

avg(cut). Specifi-
cally,

s95
avg~cut!5 (

N50

`

s95~N,cut!
e2MMN

N!
. ~3!

We find the expected optimal limit,s95
exp, for each mass poin

by finding the minimum of the distribution as a function
the cut,

s95
exp5@s95

avg~cut!#min . ~4!

We have studieds95
avg(cut) as a multi-variable function o

the kinematical distributions in Figs. 3 and 4. We find th
applying a cut on the single kinematical variableMeg ~where
e is the electron with highestpT) gives the minimal value of
s95

exp for a given mass of the excited electron. This is prom
nent in Figs. 3 and 4, showing that the best separation
tween signal and background is theMeg variable. Figure 5
shows the expected 95% C.L. cross section upper l
s95

avg(cut) as a function of theMeg cut for different masses
of e* for f /L51022 GeV21 and f 5 f 8. Placing our cut at
the minimum of each curve gives the final expected cr
section limit,s95

exp. Since the minimum cut value is virtuall
identical for both 2 fb21 and 15 fb21, we quote the results
using the cuts for 2 fb21. Both results are shown in Fig.
and the 2 fb21 results are tabulated in Table I, along wi
more detail about the optimal cut values, final acceptan
and expected backgrounds for each.

In order to set more general limits on the excited lep
production, we use the Feynman rules for the Lagrangia
Eq. ~2! ~since single production dominates for all values
f /L of interest! which give a simple relation between cros
section limits andf /L for signal. Specifically, we find,
01301
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~L1!2sS f

L1
,Me* D5~L2!2sS f

L2
,Me* D . ~5!

Using this equation, numerical values of the cross-sec
limits s95

exp, and f /L51022 GeV21 ~for which s95
exp was

calculated!, we find

S f

L D 2

5
s95

exp

104s~1022,Me* !
. ~6!

This allows us to convert the limits in Fig. 6 into the excl
sion plot in thef /L vs Me* plane as shown in Fig. 7. We
compare our results for both 2 fb21 and 15 fb21 to those of
LEP and HERA in Fig. 8. With just 2 fb21 of data a single
detector would give the most stringent limits, to date,
masses above about 190 GeV. A luminosity of 15 fb21

would significantly extend the exclusion for the same m
region into smaller values off /L.

The prospects for searching for excited electrons in theeg
final state at the upgraded Fermilab Tevatron are excell
We expect that with a single detector and 2 fb21 of data we
should be able to significantly extend the mass reach, e
cially in the low f /L region for masses above 190 GeV, a
further extend them for 15 fb21. We also expect similar re
sults for excited muons because the CDF and DO” detectors
have similar leptonic coverage. This would significantly im
prove on the currentm* limits, which are not producible a
HERA.
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@13# T. Sjöstrand, Comput. Phys. Commun.82, 74 ~1994!; S.
Mrenna, ibid. 101, 232 ~1997!; T. Sjöstrand, P. Eden, C.
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