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Coloron phenomenology
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A flavor-universal extension of the strong interactions was recently proposed in response to the apparent
excess of higher jets in the inclusive jet spectrum measured at the Fermilab Tevatron. This paper studies the
color octet of massive gauge bosdfisolorons™) that is present in the low-energy spectrum of the model’'s
Higgs phase. Constraints from searches for new particles decaying to dijets and from measurements of the
weak-interactionp parameter imply that the colorons must have masses greater than 870—1000 GeV. The
implications of recent Tevatron data and the prospective input from future experiments are also discussed.
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PACS numbgs): 14.70.Pw, 12.66~i, 13.85.Rm

I. INTRODUCTION the coloron parameter spa@mass and mixing anglénde-
pendently.
A flavor-universal coloron moddl1] was recently pro- We begin by reviewing the main features of the model, in

posed to explain the apparent excess of Highiets in the both the Higgs and confining phases. Then, focusing on the
inclusive jet spectrum measured by the Collider Detector atliggs phase, we discuss the effect that the presence of col-
Fermilab (CDF) Collaboration[2]. This model is a flavor- 0rons strongly coupled to quarks will have on partonic scat-
universal variant of the coloron model of Hill and Pafigd ~ tering cross sections. In Sec. IV, we show what limits may
which can accommodate the jet excess without contradicting'réady be placed on the mass and mixing angle of the col-
other experimental data. It involves a minimal extension oforons. Next, we discuss how further experiments can probe

the standard description of the strong interactions, includin?he model at higher coloron masses. Our conclusions appear

the addition of one gauge interaction and a scalar multiple ,n Sec. V1.
but no new fermions. Furthermore, the flavor-universal col-

oron model of the strong interactions can be grafted onto the
standard one-Higgs-doublet model of electroweak physics,

yielding a simple, complete, and renormalizable theory. In the flavor-universal coloron moddll], the strong

The model serves as a useful baseline with which to comgauge group is extended to SU{X)SU(3),. The gauge
pare both the data and other candidate explanations of the jebuplings are, respectively§t; and &, with &<&,. Each
excess. The latter include such diverse physics as modifieguark transforms as @,3) under this extended strong gauge
parton distribution function$4], higher-order contributions group.
from gluon resummation5], phenomenological models of =~ The model also includes a scalar bosbrransforming as
quark substructurg?2], new strongly coupledZ’ gauge a (3,3 under the two SU(3) groups. The most genkepal-
bosons[6], quark resonance’], nonstandard triple-gauge tential for® is
vertices[8], and light gluinoq9].

This work explores the phenomenology of the Higgs
phase of the model, in which an octet of strongly interacting
massive gauge bosongolorong is present in the low-
energy spectrum. Previous work on this model has consid- (2.1
ered effects on the inclusive jet spectrifif and the dijet
spectrum and angular distributiofs0] in the approximation
where coloron exchange is treated as a four-fermion contasthere the overall constant has been adjusted so that the
interaction. The four-fermion approximation is appropriateminimum ofU is zero. Fom,,\,,f?>0 the scalar develops
for heavy colorons and conveniently allows the model’'s ef-a vacuum expectation valy®)=diag(f, f,f) which breaks
fects to be represented in terms of a single parameter: thibe two strong groups to their diagonal subgroup. We iden-
coefficient of the contact interaction. The present work goesify this unbroken subgroup with QCD.
beyond the four-fermion approximation by including propa-
gating colorons of finite width. This allows us to investigate
the phenomenology of colorons too light to be well- As noted in[1] this model can be grafted onto the standard one-
described by contact interactions at Fermilab Tevatron enedoublet Higgs model. In this case, the most general renormalizable
gies. It also enables us to explore the separate dimensions gétential ford and the Higgs doublety also includes the term

A3d @ Tr(®d). For a range ol’s and parameters in the Higgs
potential, the vacuum will break the two SU(3) groups to QCD and
*Electronic address: simmons@bu.edu also break the electroweak symmetry as required.

Il. THE MODEL

1 2
U(P)=NTr(PDT—£21)2+ \,Tr| DT §|(T|roI><1>T) ,
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The original gauge bosons mix to form an octet of masscoupling becomes strong while the gauge symmetry is intact,
less gluons and an octet of massive colorons. The gluonthe model enters a confining phase instead. As discussed in
interact with quarks through a conventional QCD coupling[1], if the strong coupling does not break the chiral symme-
with strengthgs. The colorons C#?) interact with quarks tries of the quarks, then it will bind the quarks and the scalar

through a new QCD-like coupling ® into SU(3), neutral states. These composite fermionic
states would correspond to the “ordinary quarks” seen at
L =—gscotd J5CH2, (2.2  low energies. The remainder of this paper will concentrate on
the phenomenology of the Higgs phase of the model; for

wherer‘L is the color current more on the confining phase’s phenomenology[dée

__\® Ill. PARTONIC CROSS SECTIONS INVOLVING
Z 1Y G- (2.3 COLORONS

and cob=£&,/&. Note that we expect cot>1. In terms of Production and exchange of the massive colorons will af-

the QCD coupling, the gauge boson mixing angle and théeCt hadronic cross sections. To quantify this observation, we
scalar vacuum exp;ectation value, the mass of the colorons eed to calculate the effect of the coloror_ls on eac_h partonic
' Scattering subprocess. Two-body scattering involving exter-
g3 nal gluons remains the same as in QCD; the relevant cross
c Z(m) f. (2.4  sections may be found ifl1]. Processes involving external
quarks are modified by coloron exchange and the cross sec-
The colorons decay to all sufficiently light quarks; assumingtions are given below.

there aren flavors lighter tharM ¢/2, the decay width is _tFor each two-body parton scattering cross section, we
write
n
I'c = Eascolze Mc, (2.9 do mal
— (ab—cd)= —>3(ab—cd) (3.0
dt s?

where aszg§/4w. We take the top quark mass to be 175
GeV so than=5 for Mc =350 GeV anch=6 otherwise.  to define the (ab— cd), which conventionally include ini-
Thus far, we have described the Higgs phase of thédial state color averaging factors and are written in terms of
model, in which SU(3)x SU(3), breaks at an energy scale the partonic Mandelstam invariargs t, andu. For scatter-
where neither gauge coupling is strong. If the SU(8auge ing of light quarks, whose masses may be neglected, we have

1 2cofe(t—M2) cot's

4 .. .
3(q9'—qq’)= 5 (s*+Uu?)| 5 — — |, (3.2
9 t? tltcl? |tcl?
4 . |1 2cofh(s—MZ) cot's
2(99—0'q") =g (t*+u%)| 5+ ——==— — | (3.3
9 S s|sc| |sc|
4 . .. |1 2cota(t—M2) cotd| 4 . . |1 2cofo(u—M2) cot'o
3(qg—qQq) = =(s*+u?)| =+ — —— |+ = (SP+ )| = — -
9 t2 ttc|? ltel?] 9 u? uluc|? luc|?
8 .| 1 cofo(t—M2) coa(u—M2) cotd[(t—M2)(U—M32)+T2(s)M?2
—2—732 1 A(A 2 o). A(A | o, [( CA( - 2 (s)M¢] | 3.4
tu ultel t|uc] |tcl?|uc]
_ 4. .. |1 2cofe(t—M2) cote| 4. . |1 2cofd(s—M2) cot's
3(qg—qa)= g (s*+U?)| 5 — — |+ = (12403 = — -
9 t? ttc|? tc)?] ® s slsc|? |sc|?
8 ..|1 cofo(s—M2) cofh(t—M2) cot'd[(s—M2)(t—M2)+T2(s)M2
—2—7u2 1, A(A : C)+ A(A : c)+ [( cz( ! 2) (s)M¢] | 35
st t]sc| s|tc] Iscl“|tcl
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whereq’ denotes a quark of a flavor other thgnand where
Sc =s—M2+iT'(s)M¢ and similar definitions hold fot

andUc. In the above expressionE(s) is the s-dependent

width of the coloron 1000-

100.

n = .
L(s)~5 covs, s<M32

10.

=Ty, s>M2. (3.6)
The top quark is heavy enough to warrant separate treat-
ment. The proton’s top quark content is negligible and we

need not consider processes involving initial-state top
quarks. Furthermore, top quarks are produced in quark-quark g 1. Experimenta13] upper limit on the cross section times

200 400 600 800 1000

scattering with a mass-dependent cross sedt@}; when
the contributions of colorons are included, we find

I R -
z(qq—>tt)=§(t2+u2+4mfs—2m§‘)

cot'd

Iscl? )

2coff(s—M2)

slscl?

1

%2

3.7

The cross section fcgg—>tt_is the same as in QCD and may
be found in[12].

IV. EXISTING LIMITS ON COLORONS

branching ratio for new particles decaying to dijgsinty is com-
pared to theoretical predictions for colorons with @&efl (lower
dashed curyeand cot=1.5 (upper dashed curyeBoth jets are
required to have pseudorapidity|<2.0 and the dijet satisfies
|cos#*|<2/3. The experimental curve is based on 19 plof data.

First, o increases as cétdoes, so that exclusion of aptl
for a given M implies exclusion of all higher values of
cotd at thatM . Secondg - B is the same for a coloron with
cot¥=1 as for an axigluohof identical mass,as one may
verify by comparing our Eqg92.5) and(3.3) with Eqgs.(1.1)
and (2.2) in [15]. Axigluons with masses between 150 and
310 GeV have already been excluded by UA1's analyi6$

We now describe the limits that may already be placed orof incoherent axigluon production; by extension, colorons in
the mass and mixing angle of the colorons. Scattering datthis mass range with cét=1 are also excluded.
from hadron colliders and measurements of the weak- The combined excluded ranges Mf; are

interactionp parameter provide experimental input. The con-
dition that the model be in the Higgs phase imposes a further

bound on the mixing angle.

A. Dijets
A sufficiently light coloron would be visible in direct pro-

150<M<870 GeV, cof=1,

150<M <950 GeV, cob=1.5,

150<M<1000 GeV, cof=2. 4.9

duction at the Tevatron. Indeed, the CDF Collaboration has
searched for new particles decaying to dijets and reportedihey are summarized by the shaded region of Fig. 2.

[13] an upper limit on the incoherent production of such
states. Accordingly, we calculated-B for colorons with
various values oM and co®; the results for ca=1,1.5
are shown in Fig. 1 together with the CDF limit. In calculat-
ing o- B, we followed the example of CDF in using CTEQ
structure functions and in requiring|y|<2 and
|coss*|<2/3. For cotd<2, the coloron’s half-width falls
within the dijet mass resolution of 10%; for larger éate
counted only the portion of the signal that falls within a bin

B. b-tagged dijets

Because the colorons couple to all flavors of quarks, they
should also affect the sample bftagged dijets observed at
Tevatron experiments. The CDF Collaboration has reported
[17] limits on certain new particles decaying Btagged
dijets, based on the 1992 to 1993 run. Their limit on narrow
top gluons indicates the kind of limit that the data would

centered on the coloron mass and with a width equal to thgrovide for colorons.

resolution.
Values of M and co# which yield a theoretical predic-

Briefly, top gluons[3] belong to an SU(3)X SU(3),
model in which light quarks transform @3,1)’s while t and

tion that exceeds the CDF upper limit are deemed to be exb are(1,3'’s. When the SU(3)X SU(3), breaks to its diag-

cluded at 95% c.l[13]. We find that for cof=1, the range
200<M <870 GeV is excluded; at cét1.5, the upper
limit of the excluded region rises to roughly 950 GeV; at
coth=2, it rises to roughly 1 TeV. As the coloron width
grows like cofé, going to higher values of cétdoes not

onal QCD subgroup, an octet of gauge bosons becomes mas-

2Axigluons [14] are the strongly coupled massive gauge bosons

that remain in the spectrum after spontaneous breaking of an

appreciably increase the upper limit of the excluded range 0$U(3) X SU(3)z gauge group to the vector subgroup identified

masses beyond 1 TeV.

with QCD.

We can extend the excluded range of coloron masses to®Thus our limit onM¢ with cotd=1 agrees numerically with the

values below those probed by CDF by noting two things.

limit CDF [13] gives for the axigluon mass.
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C. The p parameter

2
cot theta

An additional limit on the coloron mixing angle may be
derived from constraints on the size of the weak-interaction
p parameter. Coloron exchange across virtual quark loops
contributes toAp through the isospin-splitting provided by
the difference between the masses of the top and bottom
guarks. Limits on this type of correctidd 8] imply that[1]

) C
—_— =
ot =450 GeV. 4.9

This excludes the hatched region of the?éot M plane
2000 shown in Fig. 2. Note that this excludes an area of small
M that the dijet limits did not probe, as well as an area at
FIG. 2. Current limits on the coloron parameter space: massargerM¢ and large cal.
(M¢) vs mixing parameter (céf). The shaded region is excluded
by the weak-interactiorp parameter[1] as in Egq. (4.4). The
vertically-hatched polygon is excluded by searches for new par-
ticles decaying to dijetg13,16. The horizontally hatched region at Finally, we mention a theoretical limit on the coloron pa-
large coté lies outside the Higgs phase of the model. The dark linerameter space. While the model assume9 c«t, the value

D. Critical value of coté@

is the curveM ¢ /cotd=700 GeV for reference. of cotd cannot be arbitrarily large if the model is to be in the
Higgs phase at low energies. Writing the relationship be-
sive. These top gluong&*?, couple to quarks a3] tween the couplingg; and ¢, of the original gauge groups
and the QCD couplingi; as
— Aa — Aa
L=~ 93C0t9t(t7,¢7t+b?’y,7b> —gatand; JZ}BM’ £,C089=(g3= £,Sin6 (4.5

4.2
confirms thaté, is large when cat is large. If co® is large
enough, thené, exceeds its critical value, and the low-
energy theory is in the confining phase rather than the Higgs
phase.

Writing the low-energy interaction among quarks that re-
sults from coloron exchange as a four-fermion interaction

whereq; are light quarksg, is the mixing angle between top
gluons and ordinary gluons, and 6pt1. Because of the
factor of co#, in the first term and ta#} in the second, the
processqg—top gluon—bb is independent of, (except
where it enters through the top gluon wigtihis contrasts
with bb production through coloron exchange, which grows
as cotd. Furthermore, heavy top gluons decay essentially gscot's

only tott or bb, while heavy colorons decay to all six quark AT M2
flavors. In other wordge.g., for top gluons and colorons
heavier than &),

Ja 32k, (4.6

we use the Nambu—Jona-Lasir{idJL) approximation to es-
timate the critical value of cé# as'

Otop gluon > 0'(:0Ioronlc014 0,

2
- (cotze)crit=3—~17.5. 4.7
Btop gluon-bb = 1/2, dg

This puts an upper limit on the cataxis of the coloron’s

Beoloron--bb = 1/6, 4.3 parameter space, as indicated in Fig. 2.

which implies that ¢ B)op giugn@nd (@ B) coloron @re equal

for equal-mass bosons when t®t1.7. Using Eq(2.5), this

corresponds té'c/M~0.13. Data from run IA and IB at the Tevatron, from future
CDF's range of excluded masses for narrowTevatron runs, and eventually from the CERN Large Hadron

(I''M=0.11) top gluons of 208My, 4uon<500 GeV  Collider (LHC) have the potential to shed further light on the

therefore provides a rough idea of the limit for colorons with flavor-universal coloron model. We suggest below what sort

cof~1.7. It appears that the limit on colorons from of analysis may prove useful.

b-tagged dijets will be weaker than that from the full dijet

sample. This contrasts with the case of top gluons, which cam——

be more strongly constrained by thetagged dijet sample  “In more conventional notatiotsee, e.g.[3]), one would write

because they decay almost exclusively to third-generatiothe coefficient of the four-fermion operator as(4m«/M?) and

quarks. find xgii=2m/3.

V. PROSPECTIVE LIMITS
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difference difference
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1 1

*
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FIG. 3. Difference plof(data-theory/theory] for the inclusive FIG. 4. Difference plot forda/dE; (see Fig. 3 showing the
jet cross section (N7)[(d*a/dndEr)d7 as a function of trans-  effects of colorons of different masses when the rafig/cotd is
verse jet energfr, where the pseudorapidity of the jet falls in  fixeq at 700 GeV. Here full one-coloron exchange is included,
the range 0.%|7|<0.7. Dots with(statistical error bars are the ather than the contact interaction approximation. The solid curve is
recently published CDF dati2]. The solid curve shows the LO for 4 light coloron: M.=1050 GeV, cof=1.5. The dotted and
prediction of QCD plus the contact interaction approximation t0qashed curves correspond to much heavier colordhg= 1750
coloron exchange of Eq4.6) with Mc/cot9=700 GeV. Following  and 2100 Geywith correspondingly larger values of @i2.5 and
CDF, we employed the MRSDQ'" structure functiori®] and nor-  3.0). The cross section for the heavier colorons is well approxi-

malized the curves to the data in the region where the effect of thghated by the contact interaction at Tevatron energies; the cross
contact interactions is smafere this region is 48 E;<<95 Ge\). section for the lighter coloron is not.

A. Jet spectra at the Tevatron
P 1+ |cosp*|

Both the inclusive jet spectrumd¢/dE;) and the dijet X= T co* |- (5.9
invariant mass spectrund¢/dM;;) measured in CDF's run
IA and IB data[2] appear to show excesses at the high-QCD-like jet distributions appear rather flat while those
energy end of the spectrum. The dijet limits we derived earwhich are more isotropic in c@#$ peak at lowy (recall that

lier imply that the coloron is heavy enough that it would not g* is the angle between the proton and jet directiofiie
be directly produced in the existing Tevatron data. Thereratio R,

fore, it is useful to start by studying the data in terms of the
four-fermion approximatioti4.6) to coloron exchange. Com- Nevents 1.0< x<2.5

. ) ; T R.= , (5.2
parison with the run IA CDF inclusive jet spectrum already X~ Ngyents 2.5< x<5.0
[1] indicates thatM - /cotd=700 GeV is not obviously ruled
out, as Fig. 3 illustrates. Figure 2 indicates where the curvéhen captures the shape of the distribution for a given sample
M /cotd=700 GeV falls relative to the limits on the param- of events, e.g., at a particular dijet invariant mass.
eter space discussed earlier. Detailed analysis including both The CDF Collaboration has made a preliminary analysis
systematic and statistical errors should be able to determined the dijet angular information in terms &, at several
lower bound onM ¢ /coté. values of dijet invariant mag4.0]. The preliminary data ap-

For colorons weighing a little more than a TeV, those thatpear to be consistent either with QCD or with QCD plus a
are just above the current dijet mass bound, it is more apprazolor-octet four-fermion interaction like Eq(4.6) for
priate to use the cross sections for full coloron exchasge Mc/cotd=700 GeV. Our calculation oRR, including a
Sec. ll) when making comparisons with the data. Such col-propagating coloron gives results consistent with these. It
orons are light enough that their inclusion yields a crossappears that the measured angular distribution can allow the
section of noticeably different shape than the four-fermionpresence of a coloron and can help put a lower bound on
approximation would give(see Fig. 4 Once the full Mc/coté.
coloron-exchange cross sections are employed, the mass and
mixing angle of the coloron may be varied independently. In C. Heavy colorons at the LHC
particular, one may study the effects of light colorons with
small values of cé¥. This can expand the range of acces-
sible parameter space beyond what one would have reach
by using the four-fermion approximation.

Measurement of the inclusive jet and dijet spectra at the
& C will probe higher values of the coloron mass. The ex-
istence of a critical value of the mixing angle discussed ear-
lier has an interesting implication for LHC experiments. Sup-
pose analysis of Tevatron inclusive jet and dijet data finds
that the best fit comes from including a four-fermion inter-

Another means of determining what kind of new strongaction of the form(4.6) with M /cotd=X GeV. This four-
interaction is being detected is the measurement of the dijgermion interaction can self-consistently be described as the
angular distribution. Some new interactions would producdow-energy manifestation of exchange of a massive coloron
dijet angular distributions like that of QCD; others predict only if M- <Xcotf,;;. Thus the Higgs-phase coloron model
distributions of different shape. In terms of the angular vari-would predict that experiments at the LHC should find a
able y, coloron resonance at or below that mass. For example, Fig. 3

B. Dijet angular distributions at the Tevatron
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shows how a four-fermion interaction witKk=700 GeV  an upper limit on the coloron mass to guide searches at the
compares with the CDF inclusive jet data; that would correLHC.
spond to a coloron weighing no more than about 3 TeV.
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