PHYSICAL REVIEW D VOLUME 55, NUMBER 5 1 MARCH 1997

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 Ferni@df) Collaboration in the
inclusive jet cross section for jet transverse enerdiges200 GeV over current QCD predictions can be
explained either by possible production of excited bodenmsited gluons, weak bosons, Higgs scalars) eic.
excited quarks. The masses of the excited boson and the excited quark are estimated to be around 1600 and 500
GeV, respectively[ S0556-282(197)50305-5

PACS numbgs): 12.60.Rc, 12.60.Cn, 13.85.Ni, 13.87.Ce

The Collider Detector at FermilalCDF) Collaboration at  (¢*,$° [and even the photony)], can also be taken as
the Tevatron collidef1] has reported their data on the inclu- composites of a subquark and an antisubquark sueh asd
sive jet cross section for jet transverse ener@iesfrom 15 w_jor C, andCyg. In these models, we expect that there may
to 440 GeV, in the pseudorapidity region &llz|<0.7, with  appear not only exotic states and excited states of the funda-
a significant excess over current predictions based on pertumental fermions but also those of the fundamental bosons
bative QCD calculations foEt=200 GeV, which may indi- [11]. Their expected properties and various effects have been
cate the presence of quark substructure at the compositenegigidied extensively in Ref12]. In what follows, we shall
energy scalé\ ¢ of the order of 1.6 TeV. It can be taken as discuss the results of our investigation on the leading-order
an exciting and already intriguing historical discovery of the€ffects of such excited quarks and bosons to the inclusive jet
substructure of quarkéand leptons which has been long Production cross section fqop scattering ofpp— jet +
predicted, or as the first evidence for the composite model@nything.
of quarks(and leptons which has been long proposed since  Letus first consider excited bosons or bosonic composites
the middle of the 197052—4]. Note that such a relatively in more detail. Let us denote the vector and color-octet, vec-
low energy scale for ¢ of the order of 1 TeV has recently tor and color-singlet, scalar and color-octet, and scalar and
been anticipated rather theoretical§] or by precise com- color-singlet bosonic composites B, , V,,, S, andS, re-
parison between currently available experimental data andpectively. Then, the dimensionless couplings between these
calculations in the composite models of quagksd leptons  bosonic composites and quarks are given by the interaction
[6]. However, the CDF experimental observation may cerLagrangian
tainly be taken as a more direct evidence for the substructure _ _
of quarks. Note that the other experimental group at the Ferkin= 7 [GvsdNaV5, ¥*( 7L YL+ 7Re YR) A+ Jss0N 2 S0
milab Tevatron collider, DO CollaboratidrY], has not con- — \a.u —
firmed the excess. Also note that Hustenal. [8] have in- +OviON VL Y (vt 7R1YR)At O GhoSA (D)
vestigated whether it can be explained by a modified gluon
distribution, concluding rather affirmatively, while Glover WHer€ y.=(1=v5)/2, yg=(11v5)/2, Qvs, Uss: 1. Os:
et al. [9] have made a similar investigation and concluded®® coupllr?g constantsy, (a= 12 - +8) are the Gell-
negatively. A possible explanation due to the even higheM&nn matrices for color S3), X, is the 2/3 times 3<3
order QCD corrections has also been tried in Re@]. The ~ Unit matrix, and s, 7s) O (701, 7r1) = (1,1), (1-1),
purpose of this Rapid Communication is to explain the ob<{(1,0), and (0,1) for the vector, axial vector, left-handed, and
served excess either by possible production of excitedight-handed couplings, respectively;, andV, are Hermit-
bosons(excited gluons, weak bosons, Higgs scalars)eic. 1an fields whileS* and S are in general complex. These
by that of excited quarks and to estimate the masses of tHBteractions respect the chiral symmetry of quarks. Note that
excited boson and the excited quark to be around 1600 Gethe dimensionless coupling between gluag$, andV* must
and 500 GeV, respectively. have a form ofG**"(D,V5—D,V3) and, therefore, has no
An important motivation for composite models of quarks physical effect since it can be absorbed into the kinetic term
and leptons is to explain the repetition of generation structuref (G;‘W)2 after diagonalizing ofG? and V2. Also note that
in the quark and lepton spectrum. The repetition of isodouthere exist no dimensionless couplingsGf andV, G and
blets of quarks and leptons suggests the possible existence 8%, or G* and S. Therefore, these bosonic composites con-
an isodoublet of subquarks; (i=1,2), while the repetition tribute to pp scatterings only througlgg—qq scatterings
of color quartets of quarks and leptons does that of and their crossed channels.
color quartet of subquarks;, («=0,1,2,3)[2]. Then, the Let (s,t,u) and z be the Mandelstam variables for the
quarks @) and leptons I) are taken as composites of sub- elementary process @fg— qq scattering and caswith the
guarks includingv; andC,, . In this picture, the weak bosons scattering angled in the center-of-mass system. Then, the
(W™ andZ), the gluons G2, a=1,2,...,8), thediggs scalars differential cross section for the scattering is given by
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do 1

1
92~ 36 3o AL(SLU) + AR(S,t,U) +2B(s,t,u) +2B(t,S,u)] @)

where
Ay(s:t,U) = 4UZ{2 V() 2+ 2 V() 2+ O V(S) |+ O] VI(1) |+ 2Rel~ V5 (8)* VET(D) +4VE(9)* V(D)
+AVI(s)* Vg (1) +3VI(s)* VI (D]}  (x=L,R), ©)

B(s,t,u) =t{4[ 2|Vg"(s)|2+ 9| ViT(s)|2]+ [ 2] Sa(t) |2+ 9] S1(1)|2] - 4Rd — 5 V5R(s)* Sg(t) +4V5"(s)* Sy(1)

+4ViR(s)* Sy(1) +3ViR(s)* Sy(1) ]} )
with the propagators
eZ 2
. gzzxg'Zy " g\2/177x.177y1 x,y=L,R)
S S_MZ+IMZFZ S_MV1+IMV1FV1
V):Ey( s)= gWg\'N ( 0 )
X, Y=
|
g° 98778 My go = a Loy 8
Vg'(s)=—+ PR , (xy=L,R) (6 Lint=— (Qkaa“”G qLt+ QNG ar+H.C),
S  s—Myg+iMyglyg
(11)
2
(s)= Is1 7) wheregg is a coupling constant arid  is the excited quark
s—M5+iMgl'g’ mass. Note that an excited quai®) coupling withq, and

another excited quarky’) coupling withgg must be differ-

ent from one another if the chiral symmetry of quarks is
(8)  preserved. If this is the case, the differential cross section for

the scattering ofjg— GG is given by

Oss
s—M%+iMgl'ss'

Ss(s)=

Here, e is the electromagnetic coupling constagt,s the do

QCD coupling constantjz, andgyg are the left- and right- dz 27ms
handed coupling constants A#fboson,gyy is the weak gauge

coupling constant times the relevant Cabibbo-Kobayashi- g2
Mashawa matrix elemenMy is the mass of particlX and + ZRe[tP(t)+uP(u)]+ut[|P(t)|2+ [P(W)[?]],
I'y is the decay widtiwhich is neglected if it is in the or

u channel. If the decay of the excited boson is dominated by (12
the two body decay due to the interactions given in @g,.
its decay width is given by

g*(t?+u?)

9
tu  4s?

and those for the crossed channels are obtained by exchang-
ing (s,t,u) appropriately and by rewriting the statistical fac-

M m2 tors due to the different spins and colors of inifiahd fina)
vaﬁﬁﬁz 92 \1— 4am?iM2 (1— M2 (7?+ 73  quarks(or gluons, where
2 ’ 2 s
6m P(S)=—% ——7———. 13
+W7]L7IR : 9 (8)= 2 s—Mg+iMgl'g (13

If the propagator is in the channell' is the decay width of
. (10 Q, while it is neglected otherwise. If the decay®@fis domi-
nated by the interactions given in E41), the decay width is

2

2m
= r51—4&72 g2\1— 4m?/M (1— VI

° given by
whereX denotes the summation over flavors of final quarks 5
andm’s are the final quark masses, all of which but the top r QQ Ml 1— m (14)
quark mass can be practically neglected. Q7 gy Q Mé :

Let us next consider excited quarta spin 1/2 for sim-
plicity), which are denoted b@’s. Then, the interaction of wherem is the final quark mass, any one of which except the
Q with quarks €) and gluons Gi) is given by top quark mass can be practically neglected. Note that if an
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FIG. 1. The predictions of the composite models with excited £iG 2 The allowed region®5% confidence levibf the mass
states for the single jé inclusive distribution divided by those of My and coupling constamx(sg§(/4w) of various types of excited

the standard model. The label SM indicates the prediction of theiasx. The labelsV8, V1, S8, and S1 indicate vector-octet,
standard model8 (V8') indicates that with avec‘;or octet excited \ector.singlet, scalar-octet, and scalar-singlet excited bosons, re-
boson withMg=1600 GeV(2000 GeV and ag=0yg/4m=1, and spectively.

Q indicates that with the excited quark withlo=500 GeV,
ag=g4/4m=0.2, andr =3, 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 Rgf] and NLO standard
model QCD using MRSDOPDFs.

In Fig. 1, the predictions of the composite models with
excited states for the single j&; 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
and another excited (NLO) QCD with MRSDO shown in Ref.[1]. \_N_e have
taken the same average over the pseudorapidity range of

.1<|#5|=<0.7 as the CDF experimeijt]. Based on such
comparison, we have performed detailed chi-square analyses,
and determined the allowed regio(@% confidence levegl
of the massViyx and coupling constamx(zgimfr) of vari-
ous types of excited states(See Fig. 2. It indicates that the
excited bosons withey>0.1 andMy>1000 GeV are al-
lowed. The excess of the; distribution is well fitted by the
_ i ) ) tail of the high mass resonance of the excited boson. On the
with the decay width twice as much as that in Etf). other hand, there is no allowed region for a single excited

Now we evaluate the single jgk inclusive distribution, quark, as far as we assume the two-jet decay mode domi-
dijet invariant mass distribution, and dijet angular distribu-potas the decay. This is because the widd is too narrow
tion in the pp scattering in the CDF energy region. For the ¢, it the rather gentle slope of the observed data in Fig. 1.
elementary processes, we take-2 processes of quarks, Thjs s consistent with the exclusion of the excited quarks
antiquarks, and gluons. Also, we assume that either one gfjth the masses smaller than 570 GeV made previously by
u,d;s c b qugrks or gluons in the final states is to behe cpDF Collaboratior{16]. The width, however, can be
observed as a jet. Although the authors of Réfl have  proadened due t6) other decay modes such as multijet or

found the excess at highy in comparison of their data with  semijet processesii) coexistence of several resonances, or
the next-to-leading order calculations, we have restrictediji) |imited resolution for the jet energy and momentum
ourselves to the leading order contribution from composite

models. Since higher order corrections are supposed to con-

excited quark Q) coupling with q,
quark @Q') coupling with gz are not discriminated against
one another, which leads to breaking of the chiral symmetr
of quarks, the above differential cross sectid®) would
need an additional term,

! P(1)[2+ |P(w)]?— R P(1)*P 15
%UH (O°+|P(u)| 7 gP()*P(uw)]| (195

tribute almost equally both in the standard model calcula- 3 T T T o
tions and in the composite model ones, the ratio of the com- d (composite model) V8
posite model calculation to the standard model one may not 25 - dEgje 7
be so much affected by higher order corrections and may be dE—au(standard model)
meaningful enough even if both of the calculations are only 2 T T
in the leading order. As for the parton distribution functions

(PDF9 we use those of Gik-Reya-Vogt in Ref[13] since 1.5 F .
we expect that the ratio may not so much depend on PDFs.

The CDF Collaboration has compared various different 1 . . ' )

PDFs including Martin-Roberts-Stirling sétiRSD0') PDFs
[14], which best fits the data fde+<<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 FiG. 3. The predictions with the typical excited state for the
ambiguities in PDFs are of order 10% in our predictions. Wegijet invariant mass £ E;e) distribution divided by those of the
have calculated the jet inclusive cross sections from 2  standard model. The labels SM8, V8’, andQ are the same as
processes and the PDFs in the standard &y those in Fig. 1.

800

1000
Edijeﬁ GeV
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To sum up, we have shown in this Rapid Communication

(a) o T (b) ' ' that the significant excess found by the CDF Collaboration
04l angular L do(l < x <235) | can be explained either by possible production of excited
distribution do(2.5 < x <5) bosons whose masses are around 1600 GeV or by that of
Bue > 625GeV] o0 Q | excited quarks whose masses are around 500 GeV. Note that

1+ cosf our parameters for the substructuMy, (X=Q,V,S), are

08 S ovs not directly related to the parameter§c, in the contact
o8 ] term of Eichten-Lane-Peskirl7] althoughA: and My /gy
Ay must be the same order of magnitude. The copious produc-
02 L 07 ] tion of such excited particles can be expected in the future
. . e"e” Next Linear Collider (NLC) experiments andop

4 200 400 600 800 . .
v ; ® Egijer  GeV CERN Large Hadron CollidefLHC) experiments. In con-

clusion, we must mention that although we have assumed the

FIG. 4. (a) The predicted dijet angular distribution as a function excited quarks Of spin 1/2_ for simplicity, one can also as-
of y normalized by the average over the region efg<5. (b) The =~ SUme those of spin 3/2, which has very recently been empha-

ratio of the number of the expected events for2.5 to that for ~ Sized by Bandef18]. After submitting the original form of
x>2.5 as a function of the dijet invariant maEg;,,. The labels  this Rapid Communication, the CDF Collaboratdr®] have

SM, V8, V8’, andQ are the same as those in Fig. 1. reported their measurement of jet angular distributions in
events with two jets in the final state and the agreement with

measurement. Lat be the ratio of the total decay width to the next-to-leading order predictions of QCD in all dijet in-
the partial width(14) of the decay to the two-jet mode. In Variant mass regions, excluding the contact interaction scale

Fig. 2, we also show the allowed region for tMy and (Ac) of Eichtenet al. of the order of 1.6 GeV. A simple
ay of the excited quarks for the casesrof2 and 3. It is comparison between their data and our predictions indicates

restricted in the low-mass region 400 GeWl <900 GeV that excited quarks whose masses are around 500 GeV are
and 0.03< ax<0.8. excluded while excited bosons whose masses are around 2
To get more precise information, it may be extremelyTeV are perfectly allowed for the explanation.

useful to investigate the dijet invariant mass and angular dis-
tributions. Figure 3 shows the predictions with the typical o . )
excited states for the dijet invariant mas&f,) distribution Kondo for giving them the valuable information on the CDF
divided by those of the standard model. It predicts a signifi€XPeriment and for sending them the manuscripts before
cant excess in the high dijet mass region. Figui® ghows publication. One of the authof$1.T.) also wishes to thank
the predicted dijet angular distribution as a function of Professor Stanley J. Brodsky and all the other staff members,

x=(1+ cos)/(1—cos) (normalized by the average over the €Specially Professors James D. Bjorken and Michael Peskin,
region of 1< y<5). The model with excited states predicts Of Theoretical Physics Group at Stanford Linear Accelerator
relative excess in lowy (i.e., larged) region, since the peak Center, Stanford University not only for their useful discus-
at =0 due to exchange of light quarks and massless gluonsions on the substructure of quarks but also for their warm
is absent in the additional contributions from the excitedhospitality extended to him during his visit when this work
state. To see it more clearly, we show in Figo¥the ratio of ~was completed. The other auth@t.A.) also wishes to thank
the number of the expected events fp<2.5 to that for Professor Yuichi Chikashige and Professor Tadashi Kon for
x>2.5 as a function of the dijet invariant maSgi: . useful discussions and communications.
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