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If quarks and leptons are composite and have a common substructure, the dilepton mass spectrum
in pp — 171~ 4+ X interactions will show an excess at high masses relative to the standard model
expectation. A search for such phenomena, using dielectrons (ee) and dimuons (pg) in 110 pb™*
of data collected with the Collider Detector at Fermilab, finds no significant deviations from the
standard model. Assuming a contact interaction, limits on chiral quark-electron and quark-muon



compositeness scales in the range of 2.5 to 4.2 TeV are obtained.

PACS numbers: 13.85Qk, 12.60Rc



In hadron-hadron collisions at high energies, massive
lepton pairs are produced via the Drell-Yan [1] process,
where pointlike quarks and antiquarks annihilate to form
the dileptons. Experimentally, the process is distinctive:
the leptons are well separated from jets of hadrons and
other particles from the collision. In the standard model,
the annihilation proceeds via a virtual photon or Z bo-
son. If quarks and leptons have a common substructure,
their constituents can interact. This new physics would
add another amplitude to dilepton production and pro-
duce a deviation from the standard model prediction of
the dilepton invariant mass spectrum.

At collision energies far below the mass scale of new
physics, the new physics can be described by an effective
four-fermion contact interaction. In this Letter, the con-
tact Lagrangian [2] for first generation quarks Q = (u, d)
and leptons E = (v, ) is

Lrq =& (ELvuBr)(Qry* QL) +
10(BryumBL) (@ QL) +
(ErvuEr)(@ry ur) +

( (dry*dR) +
QLY*QrL) +
€rvuer)(TrY ur) +
¢&r(ErYvuer)(dry*dr) +
{l€sc(erer)(—uruL) +
£éc(eres)(drdr)] + h.c.},

where L(R) denotes the left(right)-helicity projection,
SC denotes the scalar channel, and 7, are Pauli matrices.
The interaction strengths are §;; = :I:gg/A?j, where A;; is
a mass (compositeness) scale, go is an effective coupling,
and 43 = LL,LR,---. Units of h = ¢ = 1 are used.

The dimuon and dielectron invariant mass spectra of pp
collisions at a center-of-momentum energy of 1.8 TeV are
from 110 pb~? of collisions taken by the Collider Detector
at Fermilab (CDF) during the 1992-95 collider runs.

CDF [3] is a solenoidal magnetic spectrometer sur-
rounded by projective-tower-geometry calorimeters and
outer muon detectors. Charged particle momenta and
directions are measured by the spectrometer, which con-
sists of a 1.4 T axial magnetic field, an 84 layer cylindri-
cal drift chamber (CTC), and a vertex tracking chamber
(VTX). The pp collision point along the beam line is
determined using tracks in the VIX. When tracks are
constrained to originate from the beam line, the momen-
tum resolution is 5PT/P% ~ 0.001, with Pr in GeV. For
Pr <300 GeV, the charge is well determined. The lep-
tons are reconstructed and identified via the CTC, the
central electromagnetic (CEM) and hadronic calorime-
ters, the shower maximum strip detector within the
CEM calorimeter, and the muon detectors. The CEM
calorimeter resolution is (§E/E)? = 0.1352/Ex +0.0172,
with Fp in GeV.

L’Y;LEL

€k (€rVueR)
(

N TN

A three-level trigger [4] selects events containing elec-
trons and muons. The final lepton selection closely par-
allels the dilepton selection of the CDF top-quark analy-
sis [5]. The leptons of selected pairs have opposite charge
and are both isolated from other activity in the calorime-
ters. The isolation is characterized by I..;, the sum of
transverse energy in the towers within a cone of radius
0.4 (in n— ¢ space) centered on the lepton, but excluding
the towers containing the muon or the electron shower.
Electrons of selected ete™ pairs have CTC tracks that
extrapolate to fiducial shower clusters with || < 1 and
Ep > 20 GeV in the CEM calorimeter. One electron
must satisfy the trigger requirements. The dielectron in-
variant mass is calculated using the calorimeter energy
(|Ij| = E) and the track direction. In selected p*pu~
pairs, one muon has Pr > 20 GeV, a matching track in
the fiducial region of a muon detector, |n| < 0.6, and
satisfies the trigger requirements; the other muon has
Pr > 17 GeV, track hits in three of the five axial su-
perlayers of the CTC [3], and || < 1.2. Cosmic ray
muons are removed using tracking and calorimeter tim-
ing cuts. The dielectron selection, isolation, and trig-
ger efficiencies are (75 + 1)%, (95 = 1)%, and (99 + 1)%,
respectively. The corresponding dimuon efficiencies are
(75+2)%, (96 £ 1)%, and (76 + 3)%.

The dilepton invariant mass (M) distributions are
shown in Table I. The cosmic ray background is negligi-
ble: 0.4 events overall and 0.03 events for M > 150 GeV.
Charge symmetric backgrounds (e.g. from QCD jets) are
estimated using same-charge lepton pairs. There are five
dielectron and two dimuon same-charge lepton pairs, all
with M < 150 GeV. Backgrounds from W+W—, r+7—,
€, bb, and tt sources are estimated using oppositely
charged ey pairs [6]. There are 36 ey events, all with
M < 150 GeV. These backgrounds are subtracted.

The lepton-pair cross section, d?c/dMdy, where y is
the rapidity of the pair and the cross section is aver-
aged over |y| < 1, is calculated in the leading-logarithmic
QCD approximation with the CTEQ3L [7] parton distri-
bution functions. The amplitudes from the Lagrangian,
LEg, are combined with the standard model amplitudes
to calculate the cross sections used to determine the com-
positeness scale. A multiplicative “K-factor” is used
to include higher order QCD corrections: K(M?%) =
1+ %(1 + %wz)as(Mz)/Qw, where a; is the second or-
der QCD coupling. For M > 50 GeV, the factor brings
the cross section to within 4% of the next-to-leading-
logarithmic (NLL) QCD calculation. Above 90 GeV, the
difference is less than 1%.

To establish compositeness scales, any deviation of the
data from a prediction based on just the standard model
is assumed to be due to composite fermions. The com-
positeness scale is defined using g2 /47 = 1. Each channel
of Lgg, LL, LR, RL, RR, and SC, is tested one at a
time. The interaction strengths are assumed to be quark

flavor symmetric: €L, =0, €4y = €85, €%, = €45, and



£io = €o. Vector (€sc =0, €or = €Lr = €rL = ERR)
and axial (€s¢ = 0, o, = —€Lr = —€rL = €rR) cur-
rent interactions, denoted as VV and AA, respectively,
are also considered. The higher generation of quarks are
incorporated into Lg¢g by assuming symmetry among the
generations. Muons are assumed to have the same inter-
action structure as the electrons.

Figure 1 shows the measured dilepton cross section
compared against calculations. The composite fermion
model cross sections are functions of the signed interac-

tion strength, 8 = &, /9% = :I:l/(A?Ej)z:

dzo'i]-(,@) _ dzUSM
dMdy ~— dMdy

+ Fj B+ FS 6,

where 45 = LL,LR, RL,--- (the compositeness model),
d?csp/dMdy is the standard model cross section, and
the Fig and Fg are the interference and pure contact

term coefficients, respectively. In Afj, the + refers to the
sign of 8. The parameter G gives the level of composite-
ness, with the standard model being 8 = 0.

The observed numbers of events for M > 150 GeV
in Table I are compared against model predictions using
a binned likelihood, L;;(8) = [[; Pr(n, pi;(8)), where
the product over k runs over the mass bins, and Py is
the Poisson probability of observing n events in bin k
with an expected mean of u;;(8). The expected mean is
wij (B8) = 0i;(B)LAe, where o;;(8) is the calculated bin
cross section for |y| < 1, £ the integrated luminosity, A
the acceptance for |y| < 1, and e the experimental effi-
ciency. Detector resolution and QED final state radiative
effects are included in de. For M > 110 GeV, the stan-
dard model acceptance for either electrons or muons is
greater than 24%. The predictions are normalized to the
data over the Z resonance region of 50 < M < 150 GeV.
This removes the dependence on the value of £ and re-
duces the dependence on the systematic errors of Ae.

The dielectrons and dimuons are compared separately
to model predictions. Figure 2 shows the likelihood func-
tions for the LL model. Standard model predictions
for the number of expected dielectrons and dimuons are
given in Table I. No significant discrepancy from the
standard model is observed. The confidence interval in
the B parameter of each model is derived from the prob-
ability density,

+ oo
£0) = 1510 / [ Lij(8)d8"

The lower limits on the quark-electron (ge), quark-
muon (gu) compositeness scales, and quark-lepton scales
assuming lepton universality (combined likelihood) are
given in Table II. The mean and rms from each probabil-
ity density, fi;, are listed under < 8 >. The SC channel
limits are not stringent as those from its charged current
counterpart, which is strongly constrained by ep univer-
sality in pion decays [10]. In the chiral channels, A4 and

Agu range from 2.5 to 4.2 TeV. In previous searches, the
limits have ranges of 1.4 to 2.2 TeV in pp [11] collisions,
1.6 to 2.5 TeV in ete™ [12] collisions, and 1.0 to 2.5 TeV
in ep [13] collisions. In comparison, quark-quark [14] and
neutrino-quark [15] compositeness scale limits range from
1.6 to 1.8 TeV and 1.3 to 5.2 TeV, respectively.

The results in Table II are based on the assumption
that leptons couple symmetrically to u-type (u,c,t) and
d-type (d, s,b) quarks. Alternatively, Table IIT gives lim-
its based on the assumption that leptons couple only to
u-type quarks or only to d-type quarks.

Another way of investigating possible quark and lepton
substructure is with form factors [16]. Deviations from
the standard model cross section are parametrized as

dzo' _ dzUSM
dMdy  dMdy

fa (M?)fE (M?),

where f(M?) =1+ %Rr"M2 is a Dirac form factor for
quarks (g) and leptons (I), and R? is the mean-square
radius of the quark or lepton if the v*/Z bosons are
assumed to be pointlike. Assuming f, = fi, the like-
lihood analysis on the combined dielectron and dimuon
data gives R < 5.6 x 10717 cm at the 95% confidence
level limit. A similar analysis from ep collisions gives
R < 26 x 10717 ¢cm [13]. A complementary analysis of
anomalous magnetic moments using ete~ collider Z res-
onance data gives R < 10717 c¢m [16].

In conclusion, this search for quark-lepton substructure
in pp — eTe™, uTp™ + X interactions finds no significant
deviation from the standard model. The contact inter-
action analysis yields improved limits on the ge and qu
compositeness scales. The scales are comparable within
the chiral channels, with AT in the range of 2.5—3.2 TeV
and A7 in the range of 3.2—4.2 TeV. The AA and VV
model limits are more stringent, with A in the range of
3.5—6.0 TeV. The form factor analysis on a common
quark and lepton size yields R < 5.6 x 10717 cm.
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FIG. 1. d*0/dMdy, |y| < 1 for pp — Y1~ + X. The cir-
cles (M < 50 GeV) are from earlier data [8]; the diamonds
and crosses are the dielectron and dimuon data, repectively,
normalized from 50 to 150 GeV to the standard model value.
Above 110 GeV, the data symbols are displaced for clarity.
The D-Y curve is a standard model NLL calculation [9]. Su-
perimposed are LL model calculations with A = 2 TeV.
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FIG. 2. Negative logarithms of the LL model likelihoods.
The solid (dashed) curve is for the dielectrons (dimuons). The
standard model corresponds to 8 = 0.



TABLE I. The dilepton event samples. The SM columns
are the standard model event predictions normalized to the
data over 50-150 GeV. There are no events above 500 GeV.

Mass Bin Dielectrons Dimuons
(GeV) Data SM Data SM
50-150 2581 = 2581 2533 = 2533
150-200 8 10.8 9 9.7
200-250 5 3.5 4 3.2
250-300 2 1.4 2 1.3
300-400 1 0.97 1 0.94
400-500 1 0.25 0 0.27
500-600 0 0.069 0 0.087

TABLE II. The one-sided 95% confidence level lower limits of the compositeness scales from fi;(3). The AT is from the
B > 0 side (+ interference structure) and the A~ is from the 8 < 0 side (— interference structure). The < 8 > entry gives the
mean value of fi;(8) (< £1/A% >) and its rms. The last three columns give the combined results.

Model Af, Ay < Bge > Af, Ag, < Bau > AT A~ <B>
i TeV TeV TeV 2 TeV TeV TeV 2 TeV TeV TeV 2
LL 2.5 3.7 0.026+0.075 2.9 4.2 0.023+£0.053 3.1 4.3 0.009+£0.047
LR 2.8 3.3 0.014+0.071 3.1 3.7 0.012+£0.055 3.3 3.9 0.010+£0.050
RL 2.9 3.2 0.009+£0.070 3.2 3.5 0.008+0.055 3.3 3.7 0.006+£0.050
RR 2.6 3.6 0.026+0.073 2.9 4.0 0.021+£0.054 3.0 4.2 0.013+£0.050
4% 3.5 5.2 0.008+0.036 4.2 6.0 0.010+£0.025 5.0 6.3 0.001+£0.020
AA 3.8 4.8 0.011+£0.036 4.2 5.4 0.008+0.027 4.5 5.6 0.006+£0.025
SC 2.9 2.9 0.000+£0.077 3.1 3.1 0.000+£0.061 3.3 3.3 0.000+£0.055

TABLE III. The one-sided 95% confidence level lower lim-
its of the compositeness scales in models where leptons couple
only to u-type quarks (ue, up) or to d-type quarks (de, du).

Model || A | A.| AL | Azl Ad.| Az AL Ag,
i TeV| TeV| TeV| TeV| TeV| TeV| TeV| TeV

RR 2.5 3.5 2.0 1.7 3.0 4.0 2.1 1.8

LL 2.9 3.7 2.3 1.6 3.4 4.1 2.3 1.7
LR 2.7 3.2 1.9 1.8 3.0 3.6 2.0 1.9




