
Has the substructure of quarks been found by the Collider Detector at Fermilab?

Keiichi Akama
Department of Physics, Saitama Medical College, Kawakado, Moroyama, Saitama 350-04, Japan

Hidezumi Terazawa
Institute for Nuclear Study, University of Tokyo, Midori-cho, Tanashi, Tokyo 188, Japan

~Received 1 August 1996!

The significant excess recently found by the Collider Detector at Fermilab~CDF! Collaboration in the
inclusive jet cross section for jet transverse energiesET>200 GeV over current QCD predictions can be
explained either by possible production of excited bosons~excited gluons, weak bosons, Higgs scalars, etc.! or
excited quarks. The masses of the excited boson and the excited quark are estimated to be around 1600 and 500
GeV, respectively.@S0556-2821~97!50305-5#

PACS number~s!: 12.60.Rc, 12.60.Cn, 13.85.Ni, 13.87.Ce

The Collider Detector at Fermilab~CDF! Collaboration at
the Tevatron collider@1# has reported their data on the inclu-
sive jet cross section for jet transverse energiesET from 15
to 440 GeV, in the pseudorapidity region 0.1<uhu<0.7, with
a significant excess over current predictions based on pertur-
bative QCD calculations forET>200 GeV, which may indi-
cate the presence of quark substructure at the compositeness
energy scaleLC of the order of 1.6 TeV. It can be taken as
an exciting and already intriguing historical discovery of the
substructure of quarks~and leptons!, which has been long
predicted, or as the first evidence for the composite models
of quarks~and leptons!, which has been long proposed since
the middle of the 1970s@2–4#. Note that such a relatively
low energy scale forLC of the order of 1 TeV has recently
been anticipated rather theoretically@5# or by precise com-
parison between currently available experimental data and
calculations in the composite models of quarks~and leptons!
@6#. However, the CDF experimental observation may cer-
tainly be taken as a more direct evidence for the substructure
of quarks. Note that the other experimental group at the Fer-
milab Tevatron collider, D0 Collaboration@7#, has not con-
firmed the excess. Also note that Hustonet al. @8# have in-
vestigated whether it can be explained by a modified gluon
distribution, concluding rather affirmatively, while Glover
et al. @9# have made a similar investigation and concluded
negatively. A possible explanation due to the even higher
order QCD corrections has also been tried in Ref.@10#. The
purpose of this Rapid Communication is to explain the ob-
served excess either by possible production of excited
bosons~excited gluons, weak bosons, Higgs scalars, etc.! or
by that of excited quarks and to estimate the masses of the
excited boson and the excited quark to be around 1600 GeV
and 500 GeV, respectively.

An important motivation for composite models of quarks
and leptons is to explain the repetition of generation structure
in the quark and lepton spectrum. The repetition of isodou-
blets of quarks and leptons suggests the possible existence of
an isodoublet of subquarks,wi ( i51,2), while the repetition
of color quartets of quarks and leptons does that of a
color quartet of subquarks,Ca (a50,1,2,3) @2#. Then, the
quarks (q) and leptons (l ) are taken as composites of sub-
quarks includingwi andCa . In this picture, the weak bosons
(W6 andZ), the gluons (Ga, a51,2,...,8), theHiggs scalars

(f1,f0) @and even the photon (g)#, can also be taken as
composites of a subquark and an antisubquark such aswi and
w̄j or Ca andC̄b . In these models, we expect that there may
appear not only exotic states and excited states of the funda-
mental fermions but also those of the fundamental bosons
@11#. Their expected properties and various effects have been
studied extensively in Ref.@12#. In what follows, we shall
discuss the results of our investigation on the leading-order
effects of such excited quarks and bosons to the inclusive jet
production cross section forpp̄ scattering ofpp̄→ jet 1
anything.

Let us first consider excited bosons or bosonic composites
in more detail. Let us denote the vector and color-octet, vec-
tor and color-singlet, scalar and color-octet, and scalar and
color-singlet bosonic composites byVm

a , Vm , S
a, andS, re-

spectively. Then, the dimensionless couplings between these
bosonic composites and quarks are given by the interaction
Lagrangian

L int5
1
2 @gV8q̄laVm

agm~hL8gL1hR8gR!q1gS8q̄laS
aq

1gV1q̄l0Vm
agm~hL1gL1hR1gR!q1gS1q̄l0Sq# ~1!

where gL5(12g5)/2, gR5(11g5)/2, gV8, gS8, gV1, gS1
are coupling constants,la (a51,2, . . . ,8) are the Gell-
Mann matrices for color SU~3!, l0 is theA2/3 times 333
unit matrix, and (hL8 ,hR8) or (hL1 ,hR1)5 (1,1), (1,21),
(1,0), and (0,1) for the vector, axial vector, left-handed, and
right-handed couplings, respectively.Vm

a andVm are Hermit-
ian fields whileSa and S are in general complex. These
interactions respect the chiral symmetry of quarks. Note that
the dimensionless coupling between gluons,Ga, andVa must
have a form ofGamn(DmVn

a2DnVm
a ) and, therefore, has no

physical effect since it can be absorbed into the kinetic term
of (Gmn

a )2 after diagonalizing ofGa andVa. Also note that
there exist no dimensionless couplings ofGa andV, Ga and
Sa, or Ga andS. Therefore, these bosonic composites con-
tribute to pp̄ scatterings only throughqq̄→qq̄ scatterings
and their crossed channels.

Let (s,t,u) and z be the Mandelstam variables for the
elementary process ofqq̄→qq̄ scattering and cosu with the
scattering angleu in the center-of-mass system. Then, the
differential cross section for the scattering is given by
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ds

dz
5

1

36

1

32ps
@AL~s,t,u!1AR~s,t,u!12B~s,t,u!12B~ t,s,u!# ~2!

where

Ax~s,t,u!54u2$2uV8
xx~s!u212uV8

xx~ t !u219uV1
xx~s!u219uV1

xx~ t !u212Re[2 2
3V8

xx~s!*V8
xx~ t !14V8

xx~s!*V1
xx~ t !

14V1
xx~s!*V8

xx~ t !13V1
xx~s!*V1

xx~ t !] % ~x5L,R!, ~3!

B~s,t,u!5t2$4@2uV8
LR~s!u219uV1

LR~s!u2#1@2uS8~ t !u219uS1~ t !u2#24Re@2 2
3 V8

LR~s!*S8~ t !14V8
LR~s!*S1~ t !

14V1
LR~s!*S8~ t !13V1

LR~s!*S1~ t !#% ~4!

with the propagators

V1
xy~s!55

e2

s
1

gZxgZy
s2MZ

21 iM ZGZ
1

gV1
2 hx1hy1

s2MV1
2 1 iM V1GV1

~x,y5L,R!

gWgW8

s2MW
2 1 iMWGW

, ~x,y5L!
~5!

V8
xy~s!5

g2

s
1

gV8
2 hx8hy8

s2MV8
2 1 iM V8GV8

, ~x,y5L,R! ~6!

S1~s!5
gS1
2

s2MS1
2 1 iM S1GS1

, ~7!

S8~s!5
gS8
2

s2MS8
2 1 iM S8GS8

. ~8!

Here, e is the electromagnetic coupling constant,g is the
QCD coupling constant,gZL andgZR are the left- and right-
handed coupling constants ofZ boson,gW is the weak gauge
coupling constant times the relevant Cabibbo-Kobayashi-
Mashawa matrix element,MX is the mass of particleX and
GX is the decay width~which is neglected if it is in thet or
u channel!. If the decay of the excited boson is dominated by
the two body decay due to the interactions given in Eq.~1!,
its decay width is given by

GV85GV15
MV

48p( gV
2A12 4m2/MV

2F S 12
m2

MV
2 D ~hL

21hR
2 !

1
6m2

MV
2 hLhRG , ~9!

GS85GS15
MS

48p( gS
2A12 4m2/MS

2S 12
2m2

MS
2 D , ~10!

where( denotes the summation over flavors of final quarks
andm’s are the final quark masses, all of which but the top
quark mass can be practically neglected.

Let us next consider excited quarks~of spin 1/2 for sim-
plicity!, which are denoted byQ’s. Then, the interaction of
Q with quarks (q) and gluons (Gm

a ) is given by

L int52
gQ
4MQ

~Q̄lasmnGmn
a qL1Q̄8lasmnGmn

a qR1H.c.!,

~11!

wheregQ is a coupling constant andMQ is the excited quark
mass. Note that an excited quark (Q) coupling withqL and
another excited quark (Q8) coupling withqR must be differ-
ent from one another if the chiral symmetry of quarks is
preserved. If this is the case, the differential cross section for
the scattering ofqq̄→GG is given by

ds

dz
5

1

27ps Fg4~ t21u2!S 1tu2
9

4s2D
1
g2

4
Re@ tP~ t !1uP~u!#1ut@ uP~ t !u21uP~u!u2#G ,

~12!

and those for the crossed channels are obtained by exchang-
ing (s,t,u) appropriately and by rewriting the statistical fac-
tors due to the different spins and colors of initial~and final!
quarks~or gluons!, where

P~s!5
gQ
2

MQ
2 •

s

s2MQ
2 1 iM QGQ

. ~13!

If the propagator is in thes channel,GQ is the decay width of
Q, while it is neglected otherwise. If the decay ofQ is domi-
nated by the interactions given in Eq.~11!, the decay width is
given by

GQ5
gQ
2

6p
MQS 12

m2

MQ
2 D , ~14!

wherem is the final quark mass, any one of which except the
top quark mass can be practically neglected. Note that if an
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excited quark (Q) coupling with qL and another excited
quark (Q8) coupling with qR are not discriminated against
one another, which leads to breaking of the chiral symmetry
of quarks, the above differential cross section~12! would
need an additional term,

1

27ps
utF uP~ t !u21uP~u!u22

1

4
Re@P~ t !*P~u!#G ~15!

with the decay width twice as much as that in Eq.~14!.
Now we evaluate the single jetpT inclusive distribution,

dijet invariant mass distribution, and dijet angular distribu-
tion in thepp̄ scattering in the CDF energy region. For the
elementary processes, we take 2→2 processes of quarks,
antiquarks, and gluons. Also, we assume that either one of
u, d, s, c, b quarks or gluons in the final states is to be
observed as a jet. Although the authors of Ref.@1# have
found the excess at highpT in comparison of their data with
the next-to-leading order calculations, we have restricted
ourselves to the leading order contribution from composite
models. Since higher order corrections are supposed to con-
tribute almost equally both in the standard model calcula-
tions and in the composite model ones, the ratio of the com-
posite model calculation to the standard model one may not
be so much affected by higher order corrections and may be
meaningful enough even if both of the calculations are only
in the leading order. As for the parton distribution functions
~PDFs! we use those of Glu¨ck-Reya-Vogt in Ref.@13# since
we expect that the ratio may not so much depend on PDFs.
The CDF Collaboration has compared various different
PDFs including Martin-Roberts-Stirling set~MRSD08! PDFs
@14#, which best fits the data forET,200 GeV, and found
that the differences due to the different PDFs are of the order
of 10%. Therefore, we must admit that errors due to the
ambiguities in PDFs are of order 10% in our predictions. We
have calculated the jet inclusive cross sections from 2→ 2
processes and the PDFs in the standard way@15#.

In Fig. 1, the predictions of the composite models with
excited states for the single jetET inclusive distribution di-
vided by those of the standard model are compared with the
corresponding CDF experimental result for the difference be-
tween the measured cross section and next leading order
~NLO! QCD with MRSD08 shown in Ref.@1#. We have
taken the same average over the pseudorapidity range of
0.1<uhu<0.7 as the CDF experiment@1#. Based on such
comparison, we have performed detailed chi-square analyses,
and determined the allowed regions~95% confidence level!
of the massMX and coupling constantaX([gX

2/4p) of vari-
ous types of excited statesX ~See Fig. 2!. It indicates that the
excited bosons withaX.0.1 andMX.1000 GeV are al-
lowed. The excess of theET distribution is well fitted by the
tail of the high mass resonance of the excited boson. On the
other hand, there is no allowed region for a single excited
quark, as far as we assume the two-jet decay mode domi-
nates the decay. This is because the width~14! is too narrow
to fit the rather gentle slope of the observed data in Fig. 1.
This is consistent with the exclusion of the excited quarks
with the masses smaller than 570 GeV made previously by
the CDF Collaboration@16#. The width, however, can be
broadened due to~i! other decay modes such as multijet or
semijet processes,~ii ! coexistence of several resonances, or
~iii ! limited resolution for the jet energy and momentum

FIG. 1. The predictions of the composite models with excited
states for the single jetET inclusive distribution divided by those of
the standard model. The label SM indicates the prediction of the
standard model,V8 (V88) indicates that with a vector octet excited
boson withMV851600 GeV~2000 GeV! andaV85gV8

2 /4p51, and
Q indicates that with the excited quark withMQ5500 GeV,
aQ5gQ

2 /4p50.2, andr53, wherer is the ratio of the decay width
to the partial width of the decay to the two-jet mode. The points
with error bars~statistical! represent the difference between the
CDF cross section measurement in Ref.@1# and NLO standard
model QCD using MRSD08 PDFs.

FIG. 2. The allowed regions~95% confidence level! of the mass
MX and coupling constantaX([gX

2/4p) of various types of excited
statesX. The labelsV8, V1, S8, andS1 indicate vector-octet,
vector-singlet, scalar-octet, and scalar-singlet excited bosons, re-
spectively.

FIG. 3. The predictions with the typical excited state for the
dijet invariant mass (5Edijet) distribution divided by those of the
standard model. The labels SM,V8, V88, andQ are the same as
those in Fig. 1.
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measurement. Letr be the ratio of the total decay width to
the partial width~14! of the decay to the two-jet mode. In
Fig. 2, we also show the allowed region for theMX and
aX of the excited quarks for the cases ofr52 and 3. It is
restricted in the low-mass region 400 GeV,MX,900 GeV
and 0.03,aX,0.8.

To get more precise information, it may be extremely
useful to investigate the dijet invariant mass and angular dis-
tributions. Figure 3 shows the predictions with the typical
excited states for the dijet invariant mass (Edijet) distribution
divided by those of the standard model. It predicts a signifi-
cant excess in the high dijet mass region. Figure 4~a! shows
the predicted dijet angular distribution as a function of
x[(11cosu)/(12cosu) ~normalized by the average over the
region of 1<x<5). The model with excited states predicts
relative excess in lowx ~i.e., largeu) region, since the peak
at u50 due to exchange of light quarks and massless gluons
is absent in the additional contributions from the excited
state. To see it more clearly, we show in Fig. 4~b! the ratio of
the number of the expected events forx,2.5 to that for
x.2.5 as a function of the dijet invariant massEdijet .

To sum up, we have shown in this Rapid Communication
that the significant excess found by the CDF Collaboration
can be explained either by possible production of excited
bosons whose masses are around 1600 GeV or by that of
excited quarks whose masses are around 500 GeV. Note that
our parameters for the substructure,MX (X5Q,V,S), are
not directly related to the parameters,LC , in the contact
term of Eichten-Lane-Peskin@17# althoughLC andMX /gX
must be the same order of magnitude. The copious produc-
tion of such excited particles can be expected in the future
e1e2 Next Linear Collider ~NLC! experiments andpp̄
CERN Large Hadron Collider~LHC! experiments. In con-
clusion, we must mention that although we have assumed the
excited quarks of spin 1/2 for simplicity, one can also as-
sume those of spin 3/2, which has very recently been empha-
sized by Bander@18#. After submitting the original form of
this Rapid Communication, the CDF Collaboration@19# have
reported their measurement of jet angular distributions in
events with two jets in the final state and the agreement with
the next-to-leading order predictions of QCD in all dijet in-
variant mass regions, excluding the contact interaction scale
(LC) of Eichtenet al. of the order of 1.6 GeV. A simple
comparison between their data and our predictions indicates
that excited quarks whose masses are around 500 GeV are
excluded while excited bosons whose masses are around 2
TeV are perfectly allowed for the explanation.
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