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A heavy top quark from flavor-universal colorons
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Ordinary technicolor and extended technicolor cannot produce the heavy top quark unaided. We demonstrate
that a flavor-universal extension of the color interactions combined with an extended hypercharge sector that
singles out the third generation can provide the necessary assistance. We discuss current experimental con-
straints and suggest how collider experiments can search for the predicted new heavy gauge bosons.
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PACS numbeis): 12.60.Nz, 14.65.Ha, 14.70.Pw

I. INTRODUCTION these theories apart is that the top quark differs from the
other quarks only in its hypercharge interactions. The ex-
Generating mass through strong gauge dynamics is a chdiended color interactions are flavor-universal, just as in the
lenge. While a technicoldrl] gauge sector can provide ap- coloron model of{12]; the weak interactions display ordi-
propriate masses for the electroweak gauge bosons by breatary Cabibbo universality.
ing the chiral symmetries of technicolored fermions, After introducing the class of models in Sec. Il and show-
explaining the masses and mixings of the quarks and leptorisg, in Sec. lll, that the low-energy dynamics admit the pos-
has proven more difficult. Extended technicol&TC) mod-  sibility of top quark condensation and a large top quark
els [2] postulate an enlarged gauge group coupling thenass, we focus on experimental constraints. Section IV dis-
quarks and leptons to the technifermion condensate, enablirgusses the phenomenology of the low-energy effective
them to acquire mass. The simplest models of this type tentheory, while Sec. V explores the possibility of direct
to produce large flavor-changing neutral currdi®Band, if ~ searches for the additional massive gauge bosons in the
the heavy top quark mass is generated by ETC interactiongyeory.
excessive weak isospin violatigB] and contributions td,, We note that the physics discussed here must be part of
[4]. Substantially raising the scale at which extended technisome largefe.g. ETQ structure at high energies which will
color breaks to its technicolor subgroup can alleviate some ofreate the masses and mixings of the light fermions and pro-
these problems—but renders the model incapable of natluce condensates that break our extended gauge symmetries
rally producing quark masses larger than a few GeV. to their standard model subgroups. However, we focus on
Given the large value of the top quark's mass, ( exploring the dominant effects of the new physics that pro-
~175 GeV[5]) and the sizable splitting between the massegluces the top quark mass. A discussion of higher-scale op-
of the top and bottom quarks, it is natural to wonder whethegrators that break all fermion chiral symmetries, account for
m, has a different origin than the masses of the other quarkgenerational mixing and produce relevant symmetry-
and leptons. A variety of dynamical models that exploit thisbreaking condensates may be found 183].
idea have been proposed. Key examples are the dynamical

modgls of “Fop—que” mass generation in which top ququ Il. THE CLASS OF MODELS
self-interactions drive all of electroweak symmetry breaking
[6]. Related to those are the top-colof] and top-color- Our models have a gauge structure like that of the original

assisted technicoldB8] models[9,10] in which the top quark top-color-assisted technicolor modé#. Far above the elec-
feels different color and hypercharge interactions than otheiroweak scale, the gauge group is

guarks; as a consequence, a top quark condensate enhances

the top quark’s mass. Finally, there are the non-commuting SU(N)cX SU(3); X SU(3),X SU(2)ywX U(1); X U(1),
ETC scenarios where the top quark has weak and extended 2.0
technicolor interactions different from those of other quarks
[11]. The conclusion of these investigations has been that; ;
new dynamics peculiar to the top quark can certainly createa\z);”th co.upllng constantg ., 931 935 921 1, andg, ,,

large top quark mass. It may even be possible to do so whil espectively. We take th(_a fir§U(3) andU(1) groups to
creating a model that accords reasonably well with elec'@Veé the stronger couplinggs , >gs, and g; ,;>9s,.
troweak precision data. The groupSU(N)+¢ is the technicolor gauge group.

In this paper, we discuss a variant class of models of At an energy scalé\, a condensaté$) transforming un-
dynamical top quark mass generation in which the largealer the initial symmetry group as (1,313p,— p) breaks the
mass comes from top-specific gauge interactions. What set®lor sector(SU(3);XSU(3),) to its diagonal subgroup

(SU(3)c) and similarly breaks the hypercharge groups in the

pattern(U(1);XU(1),—U(1)y). The gauge symmetry is
*Email address: markopop@buphy.bu.edu reduced to that of the standard model plus the unbroken tech-
"Email address: simmons@bu.edu nicolor group:
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SU(N)1cX SU(3) e X SU(2)wX U(1)y. (2.2 standard model hypercharge assignmemt§ of the quarks
and leptons have the same weak charge assignments as in the

At the weak scaleAgyw<A, the technicolor force becomes standard model. Each generation of ordinary fermions forms
strong enough to break the chiral symmetries of a set ohn anomaly-free representation of the gauge gr@up.
technifermions and cause electroweak symmetry breaking As we shall explore in more detail, this set of gauge
SU(2)wxXU(1)y—U(1)gy. Thus the low-energy gauge charge assignments for the fermions still allows natural dy-
boson spectrum includes the massless photon and gluons, thamical generation of a large mass for the top quarkd
massiveW’'s and Z, and two additional kinds of massive only the top quark Yet it leads to a phenomenology differ-
states: an octet of colorons and a single ing from that of top-color-assisted technico[&;10].

At low energies, the mass eigenstate fields in the color
sector(coloronsC? and gluon<z?) are related to the original

SU(3);X SU(3), gauge fieldgdenotedX?,) via [14] ll. LOW-ENERGY EFFECTIVE THEORY
a a Below the symmetry-breaking scal&, for the extended
93(2)X<1>+ 93(1)X(2) color and hypercharge sectors, the interactions among quarks
= \/ﬁ and leptons that arise from exchange of the massive colorons
934,793, andZ’ are well-approximated by effective four-fermion in-

(2.3 teractions
a a
- 93(1)X(1>_ 93(2)X(2)

2 2 ’
VO3, 703 27Ky [— AN* N\ [— A
we Lo=——7 |97 Fa||av. 7 (3.1
Similar relations hold in the hypercharge sector. The familiar ¢
QCD and hypercharge gauge coupling constants are related
to the high energy couplings by o 2_77' Y f_ v f - v f
11 .1 11 1 0 SV "2 W2
22 T2 2 2 T 2 :
935 O3, U3, 91 91(1) 1, 27TK1

Y
) ) ) ) my _f|||>(f|||?’#§f|u)
and their respective fine-structure constants aye=gi/4r

andaSEg§/4w. The tree level masses of the colorons @nd

are
Mc=(¢)\g5, + 95,
(2.9

B (55 whereq is any quarkf is a quark or lepton whose subscript
Mz =(4)[pl gl<1>+gl<z>' indicates its generation, the* are the octet of Gell-Mann

matrices, andY is the standard model hypercharge
Note the dependence of t@e mass on théJ(1) charges of  generatot The coefficientsc; and x5 are defined as
the condensaté&p).

The gauge transformation properties of the quarks and
leptons, which are summarized in Table |, are significantly g, \? gs. \?
different from those in top-color-assisted technicdi®}. In K1=aY< (”) , K3:as( <1>> . (3.3
the color sector, all quarks transform only under the stronger 915,
SU(3), group, as in the flavor-universal coloron mofi&Z].
In the hypercharge sector only the third family of fermions . .
transforms under the strongei(1); and the first two fami- Note thatgi(l)/gi(z>EC°t(0') where g, is the angle by which
lies transform under the weakét(1), (all of them with  the original color (=3) and hyperchargei 1) gauge bo-
son eigenstates were rotated to form the mass eigenstates.
TABLE I. Quark and lepton gauge charge assignments for gen- The extended gauge interactions are ultimately respon-
erations I, Il and Ill. An entry of “SM" indicates that the particles Sible for the large mass of the top quark. The principle con-
carry the same charges under the given group as they would undgfiibutions to the dynamical mass come from the four-fermion
the standard model group of the same rank. contact interaction$3.1) and (3.2), which we can study us-
ing the gap equation in the Nambu—Jona-LasiiNJdL) ap-
SU(N)tc SU(3); SUB), SUR)w U(1l); U(1), proximation[15]. The dynamical mass of fermiohis the

("
Sl

Y
) flll')’,uz flll) (3.2

| 1 SM 1 SM 0 sv  Solutionto
I 1 SM 1 SM 0  SM
i 1 SM 1 SM SM 0

We use the conventio®=T;+3Y.
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where the coefficient§; are -
B L -
_ _ K3 (3) tlepton
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FIG. 1. The gap triangle, bounded by curyés, (2), and(3) is
the region within which only the top quark condenses. Above curve
and Y[ (YL) is the hypercharge of (fg). In solving Eq. (1) (tt)#0; to the left of curve(2) (cc)=0, and below curve3)
(3.4), we take the cut-offA for the gap equation to be of (r7)=0. Lines(A, B, C, D) represent solutions to the gauged gap
order the coloron and’ massesA ~Mc~My, ; corrections ~ equation[18] for m=175 assuming\~Mz,~Mc has values of
due to unequal values for the coloron aAfl masses are (0.7, 1.0, 2.0, 50TeV.
small in the region of physical interest. Applying this to the

top quark, one findgtt)#0 if implies (cc)=0 (i.e., no charm quark condensatjom our
class of models, this is a stronger constraint than the inequal-

ity ensuring(gb)zo; in a top-color | mode[10], the latter
would be the relevant constraint. Inequali8:8) is related to
the lack of 7 condensation; it will be superseded by other

More generally, however, we need to include Cont”b“t'onsconstraints later in our discussion.

to tr?e 92_9 eqf?ation from qu((j)n_ and hypglilr:]hl_arge dbloson As inequalities(3.6)—(3.8) can be simultaneously satis-
exchange; in effect, we are studying gaugedNJL mode fied, our modelsdo admit the possibility that only the top
[16]. As discussed ifi17], this modifies the criticality con- quark condenses and receives an enhanced mass. The values

ditions for thek; . ; . . o
X . of the couplings«; and k5 for which this happens fall within
Applying the gauged NJL gap equations to all the stani,e “gap triangle”® lying to the right of curve(1), to the left

dard model fermions, we seek solutions with non-zewo ¢ - rve (2) and below curve3) in Fig. 1 (by analogy with

(i.e., formation of a top condensaft) #0) and no mass for  results for top-color | modelgL0]). Solutions to the gauged-
any other fermion(i.e., (ff)=0 for f#t). Such solutions NJL gap equatiofl18] for m;=175 GeV and particular val-
exist provided thaik; and x5 satisfy a set of inequalities, of ues of the cut-offA~Mc~M5. lie on curves parallel to

z!

2 2
K3+ 2—7K1? ? (35)

which the following three are the most stringent: curve(1); a few examples foAA ranging from 0.7 TeV to 5
TeV are shown and labele@®) through (D). Curves like
2 _2m 4 4 these will be used in calculating phenomenological limits in
K3t 57K1= 3~ 3% gay B8 the next section.

2a5 27 4 4 o oY CONS <
K3+ 2—7K—1<?— 3%~ gy (3.7 IV. LOW-ENERGY CONSTRAINT
We now consider how several types of physics constrain
K1<2m—6ay. (3.8 the allowed region of th&;— k3 plane. We first look at the
. p parameter and decays to tau leptons. Next, we discuss
Inequality (3.6) leads to top quark condensatioft{)#0). the implications of a strondJ(1); coupling. Finally, we
Note how including the effects of gluon and hyperchargecomment on flavor-changing neutral curre(fENC).
boson exchange modifies the right-hand-side expression Current measurements of theparameter are already sen-

compared to the original NJL resul8.5. Inequality (3.7) sitive to the presence of the low energy contact interactions

2Since theSU(2),, bosons couple only to left-handed fermions, °Because of the non-linearity of expressith?), it is only ap-
they do not contribute here. proximately a triangle.
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FIG. 2. Low-energy constraints. Curvéb), (2), (3) outline the
“gap triangle” of Fig. 1 where only(tt)#0. The region above
curve(4) is excluded by data oA p, ; the region above curv®) is
excluded by data oZ— 7" 7~. Lines (6a—6¢ are possible upper
bounds onk, from triviality as in Fig. 3.

(3.1) and(3.2). The main contribution td p, from the col-
oron sector of our model i§19] single coloron exchange
across the top and bottom quark loopsvéfand Z vacuum
polarization diagrams. Applying the results [9] to our
models, we have

1672 ary ft2 2
Apl©~ ( K 4.2
P 3sirfy \McMz 3

whered,, is the weak mixing angle anf is the analog of .
for the top-condensate, i.gin the NJL approximation
[15,20

AZ
m—tz) . 4.2

3
2_ 2 2
fr Yy m¢ In

In the Z' sector, the main contribution thp, arises from
Z—Z7' mixing. Adapting the results df21] to our models,
we have

i M2 f2 2
(2 @y SImow Mz 1 T [k
Apt o |yt 4.3

Requiring Ap, = Ap'S+Ap#)<0.4% [19] excludes the
region to the right of curvéd) in Fig. 2. This curve connects
the pointsAp, =0.4% on the lines of constamk~M¢
~M, mentioned earlier. Note how thkp, constraint nar-
rows the allowed region of the; — k3 plane.

PHYSICAL REVIEW D58 095007

whereGg is the Fermi constarif] andg, (9.) is the cou-

pling of 7 (7g) to theZ boson. Due t&Z—2Z’" mixing [21],
the coupIings’g,L andg,R in our model are altered from those

in the standard modédl.e.,g,—g(SM)+ &6g,) by

1 L, M2
5gTL: Eéng: SII’]ZQWM—2 {1— )
Z/

(4.5

yielding a non-standard prediction fo(Z— 7" 77). Includ-
ing QED corrections to Eq4.4) and requiring our predicted
value to be consistent with the experiment&l value
rP{Z— 7" 77)=83.67-0.44 MeV at 95% C.L. excludes
the region to the right of curdg5) in Fig. 2.

The asymptotic UV behavior of the strongly-coupled
U(1), yields another important, albeit elastic, constraom
k1. Combining expression&.4) and (3.3) shows that

2
91(1>

i¥ry

:ay+ Ki. (46)

Applying the renormalization group equationq1),

2
91<1)
2
91(1)‘ _ 4 A 43
4| (gf ) c [ AZ '
Ay 1— @l > H
4m ||, 37 |\ AA2

[with A=exp@)] and considering just the contribution from
the standard model particl¢ise., takingC= %) allows us to
estimate the position of the Landau pole for a given low-
energy value ofc;. Our results are summarized in Fig. 3. If
the Landau pole is to lie at least an order of magnitude above
the symmetry-breaking scald, thenx; must be of order 1

or smaller. This defines curvi@a) in Figs. 2 and 3. Simi-
larly, requiring the Landau pole to lie two or five orders of
magnitude abové produces curvegh) and(6¢) in Figs. 2

and 3.

Finally, we turn to flavor-changing neutral currents. Be-
cause the color sector is flavor-universal, the low-energy ef-
fective interactions(3.1) cause no flavor-changing neutral
currents. In other words, the low-energy effective theory now
includes not just top-pion§8], but a complete set of “g-
pions” strongly coupled to all flavors of quarks. To first
approximation, the g-pion masses and couplings are flavor-
symmetric and they make no contribution to hadronic FCNC
processes such as neutral meson mixing-ersy. This is in
contrast to the potentially largébut avoidabl¢ hadronic
FCNC exhibited by top-color | model23,10. The flavor

Another constraint comes from the partial decay width of

the Z boson to tau leptons:

GeM3

[(Z—7'7r7)=
V2w

(g7 +07 ] (4.4

“This curve was constructed by the same procedure as ¢rve

SWe thank R. S. Chivukula for emphasizing the relevance of this
constraint. Similar considerations apply in any model in which a
U(1) gauge interaction is used to align the vacua).
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2 - ; - ; - ; - ; - models. This is in contrast with the case of the top-gluons of
18k ) i top-color[7] and top-color-assisted technicol@].
E 6a) A,/A=10 . . .

" As discussed earlier, constraints on the low-energy effec-
16f (60) A/ atc? 1 tive theory for our class of models limit the value of coupling
L - 69 A, /410" | k3 to lie quite close to the critical value 2. This means that

(7) Landau pole the coloron cannot be very light: if we estimate the minimum

coloron mass fok3=2 by requiring the coloron contribution
(4.1 to Ap* to be less than 0.4%, we finkl.;=1.6 TeV;
including theZ' contributions taA p* would only strengthen
the bound. A coloron of this large a mass lies above the
reach of published searches for new particles decaying to
dijets[26]. Moreover, the large value of; implies that the
coloron’s width

08

06

0.4

02

[T ToTTTTTTTTTmmmmmmmmmmme 1 m? am?
0 1 2 In(Az/A) 7 ) 9 10 I'c~ Mcks 6+ 5 1- M_(Z: 1- M_(Z: (5.1

FIG. 3. The position of the Landau pafe, for U(1), is shown
by curve(7). Lines (6a—6¢ show the upper bound o, that holds is approximately twice its mass. Future searches for narrow
if the Landau pole lies one, two or five orders of magnitude above'€sonances will not be appropriate for finding these colorons.
A; these also appear in Fig. 2. A more promising approach would employ the strategies of

compositeness searches, which focus on Ikghenhance-

symmetry among the g-pions will be modified at sub-leadingment of single-jet inclusive and dijet spec{@7] or alter-
level by non-universalJ(1) effects; this can re-introduce ation of the dijet angular distributiorj28]. At energies well
hadronic FCNC at a smaller, less dangerous rate. belowM ¢, the effects of coloron exchange on hadronic scat-

Because the hypercharge interactiof®2) distinguish tering are approximated by those of the color-octet quark
among generations, they also cause semi-leptonic flavoeontact interaction(3.1). If experiment set a limitA ;e
changing decays d8 andK mesons, which are the same as>X TeV on a color-octet contact interaction
those in top-color | modelgl0]. As discussed in Refl0],
current data oBs—|"1~, B—Xd "I ~, B—X.vv, and alsb g [ AT\ A,
Y (1S)—1*1~ set no limits, but future experiments may be (qy“;q)(qyﬂ?q) (5.2
sensitive to the presence of the additional interactions. For
the procesK ™ — 7" v,v,, Ref.[10] found that the ratio of
amplitudes was fOUghWAnew/Asw~1-5K1/M§r TeV? so  Withthe usual conventiog§/4wzl, this would imply a limit
squaring this and dividing by the number of neutrino speciedic>Vv2X TeV for our class of models in whicky~2.
gives an estimate of the relative branching ratios: EXisting limits on the mass of the’ boson are not very
B, ou(K— mv.0.) | By (K — m00) ~ 0.8(k1 / M;)Z TeVA. stringent. For example, Tevatron bouri@8] on new contri-

. : butions to the dileptonge or uu) mass spectrum from in-
Subsequently, evidence has been published foKa teractions like Eq(3.2) set no useful limit on our class of

—”I;;’V e_vl%nt that is consistent with branching ratio models because th2' coupling to first generation fermions
4.2735x<10° " [24], as compared with a standard modeljs so small. The strongest limits are derived in Hefl] by
branching ratio of order 10°. This process is therefore still considering the contributions to electroweak observables of a
able to accommodate in the allowed parameter space of 7’ |ike the one in our class of mode(salled an “optimal”

our models(i.e., k3~2 and x;=<1); future data from the z’ in [21]). These calculations set a 95% C.L. lower bound

2172

octet

E787 Collaboration may provide further constraints. of 290 GeV on the&’ for k;~0.13. For other values of;,
theZ’ must be heavier; 2’ mass less than a TeV is allowed
V. DIRECT SEARCHES FOR THE COLORONS AND Z ' for .014< k,=.23. Including the effects of the colorons and

g-pions on electroweak observables would presumably

The colorons in this class of models are identical to thos%trengthen the lower bounds ., as coloron exchange
introduced in the flavor-universal coloron model of Ref. tends to increasd p* [cf. Eq. (4.1)]' and the g-pions will

[12]. As discussed in25], searches in'dijet final states contribute to hadroni@ decays.
should be the most powerful way of locating heavy colorons.

Searches inbb and tt offer no particular advantage in

searching for the flavor-universal colorons in our class of , -
g "Indeed, the presence of a full set of g-pions offers the possibility

of new effects controlled by the scalé,_;,, that may offset the

large negative contributions ®, from top-pions and bottom-pions

SWhile this process involves no FCNC, it would be similarly af- (and similar effects oiiR,) found in[30] for topcolor models. This
fected by theZ’ boson. will be addressed in future work.
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Future experiments measuring production of third-distinguishing extended hypercharge sector. Such models are

generation fermions#("7~,bb,tt) have the greatest poten- found to be capable of dynamically producing a top quark
tial to find signs of theZ’ boson. Consider, for example, condensate that preferentially enhances the mass of the top

looking for an excess i®" e~ —7" 7 in 50 fo* of Next  quark. Moreover, flavor-changing neutral currents are less
Linear Collider(NLC) data taken at/s=500 GeV. Because dangerous here than in models where the color sector

the Z' boson’s decay width couples differently to the third generation. Constraints from
Z-pole physics andJ(1) triviality single out the region of
Ky |20 [ ay|? 23 coupling-constant parameter space _whegeez andx;<1 _

FZ,:MZ,§ 3 (K—) I for further study. Electroweak phyS|c's presently constrains

1 the Z' boson in these models to weigh at least 290 GeV,

5 > while the octet of flavor-universal colorons must have a mass

+ 1_7 _ ﬂ) 1— ﬂ 5.3 of at least 1.6 TeV. Future studies of jet physics at hadron

12 ; ; ' colliders have the potential to uncover evidence of the col-

orons, while data on pair-production of third-generation fer-

is a large fraction of its masge.g., I';;~.5M;, for x,  Mions ate”e” machines can help discover tie.
=.5), we use the-dependent width in the cross-section; this

rend_ers our result_s_insensiti\_/e to_th_e exact valu&pfAs- _ ACKNOWLEDGMENTS
suming a 50% efficiency for identifying tau pairs and requir- . _
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