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We investigate collider signals for gauged flavor symmetries that have been proposed in models of dynami-
cal electroweak symmetry breaking and fermion mass generation. We consider the limits on the masses of the
gauge bosons in these models which can be extracted from Fermilab Tevatron run | data in dijet production.
Estimates of the run Il search potential are provided. We show that the models also give rise to significant
signals in single top quark production which may be visible at run Il. In particular we study chiral quark family
symmetry and S(9) chiral flavor symmetry. The run | limits on the gauge bosons in these models lie between
1.5 and 2 TeV and should increase to about 3 TeV in run Il. Finally, we show that éiPB&hlargement of
the SU9) model, including leptonic interactions, is constrained by low energy atomic parity violation experi-
ments to lie outside the reach of the Tevatron.

PACS numbsd(s): 12.60.Cn, 12.60.Rc

[. INTRODUCTION have been proposed in RE8], where the dynamics is driven
by family or large flavor gauge symmetries.
The origin of the standard model’'sSM) familiar The naive gauging of flavor symmetries at low scalafs

SU(3).X SU(2), X U(1)y gauge symmetry remains theoreti- order a few TeY often gives rise to unacceptably large fla-
cally unclear. In the limit where we neglect all gauge inter-VOr changing neutral curreECNC) since gauge and mass
actions and fermion masses, the fermion sector of the modé&ligenstates need not coincide. For instance, gauge symme-
possesses a large 813) global symmetry corresponding to tries that give rise to direct contributions KP-K° mixing
the fact that in this limit there are 45 chiral fermion fields are typically constrained to lie above 500 TeV in mass scale.
that are indistinguishable. The gauge interactions of the SNThere are, however, models that survive these constraints.
are by necessity subgroups of this maximal symmetry but irGauge groups that only act on the third family are less ex-
principle a larger subgroup of this symmetry might be perimentally constrained—the top-color mo@#] is such an
gauged and broken to the SM groups at high energies.  example. Models in which the chiral flavor symmetries of
Such gauged flavor symmetries have been invoked in ¢he SM fermions are gauged preserving the SM G([3)]
number of scenarios to play a role in the dynamical generaflavor symmetry can respect the SM Glashow-lliopoulos-
tion of fermion masses. For example they may play the parMaiani (GIM) mechanism and do not give rise to tree level
of extended technicoldrl] interactions in technicolor mod- FCNC/[10]. In addition, there are also strong constraints on
els [2] or top condensation mode[8], feeding the elec- gauged flavor models where the dynamics responsible for the
troweak symmetry(EWS) breaking fermion condensate breaking of the flavor symmetry does not respect custodial
down to provide masses for the lighter standard model ferisospin[11]. We shall restrict ourselves to models where the
mions. Strongly interacting flavor gauge interactions maytop quark mass is the sole source of custodial isospin break-
also be responsible for the condensation of the fermions ding. In particular we will study a model where the &Y
rectly involved in EWS breaking. For example, top conden-chiral family symmetry of the quarks is gauged and another
sation has been postulated to result from a top-color gaug&here the full SW9) family-color multiplicity of the quarks
group[4] and in the model of5] from family gauge inter- is gauged, corresponding to the model$&if In the spirit of
actions. There has been renewed interest in these modelsese models it is also interesting to consider chiral flavor
recently with the realization that variants, in which the topsymmetries that include the leptons which might be expected
qguark mixes with singlet quarks, can give rise to both theto give interesting contributions to Drell-Yan production.
EW scale and an acceptable top quark mass via a seesaie obvious extension has a gauged B flavor symmetry
mass spectruni6,7]. These top seesaw models have thebut we show in the final section that an analysis of low
added benefit of a decoupling limit which allows the pres-energy atomic parity violation experiments places constraints
ence of the singlet fields to be suppressed in precision EV8n the gauge bosons of such models of the order of 10 TeV
measurements, bringing these dynamical models in line witland they are thus outside the reach of the Tevatron.
the data. Flavor universal variants of the top-seesaw idea Since these new flavor interactions may exist at relatively
low scales(a few TeV) and may play an integral part in
either EWS breaking or fermion mass generation it is inter-

*Email address: burdman@bu.edu esting to study current experimental bounds on the corre-
"Email address: sekhar@bu.edu sponding gauge bosons. In a previous paper we investigated
*Email address: n.evans@hep.phys.soton.ac.uk the limits from Z-pole precision measuremerit?]. Al-
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though the limits obtained vary across models, the typicafermions which must be present in the theory to eliminate

lower bound on the mass scale is 2 TeV. Here we study thgauge anomalies. This would result in TeV-scale fermion

potential of direct searches at the Fermilab Tevatron collidemmasses and a scale for electroweak symmetry breaking
In particular we study effects in dijet producti@n the spirit ~ which is too high. We may estimate the upper boundyen

of the analysis if15,16])) and single top quark production. by approximating, at low energies, the interactions of the

When possible, we first establish bounds from the existingnassive flavor gauge bosons by a Nambu-Jona-Lasinio
run | data(they are typically 1-2 Te) We then project the (NJL) model with the four-fermion interaction

sensitivity of the Tevatron in run Il and show the bounds are

more than competitive with the precision data bounds. If 2k o 2
these gauge symmetries do have a role to play in EWS Lo=— ZF(E nyﬂTaQ) , 2)
breaking, then they must presumably be broken at scales Foof

close to the EW scale and these bounds therefore represent a
significant probe of the interesting parameter space. where k=g2/4. Applying the usual NJL analysfsye see
that kg cannot exceed

Il. CONSTRAINTS ON MODELS
2N
We present three models of flavoron physics. While this Kerit= o = 2.36, (3

list is not exhaustive, we believe these examples cover a (N*-1)
broad range of signals at the Fermilab Tevatron collider. In
what follows, only the couplings to standard model fermionswhereN=3 for chiral quark flavor symmetry.
will be specified. Explicit models include additional fermi-  In Ref.[12] we obtained bounds on flavor gauge boson
ons, necessary for either flavor gauge symmetry breakinglasses from electroweak precision measurements. The lower
and/or anomaly cancellation, which typically have masses ofound obtained for a critically coupled familon i§l¢
order of the flavor gauge symmetry breaking scale. >1.9 TeV, at 95% C.L. Here we will inVEStigate the reach
of direct searches. First, we consider the bounds from the
existing Tevatron data. As is the case for the universal col-
oron model13], stringent limits will come from the study of
The gauging of the chiral family symmetry of the left the angular behavior of the dijet cross secfif]. The con-
handed quarks has been motivated in technicpl®i, top  tributions arising in the chiral quark family model are the
condensat¢5] and flavor universal seesaw modgfd. The  consequence of the exchange of the familon gauge boson in
minimal representative model has a gauged3Uamily  the various possible channels. The resulting modification of
symmetry, in addition to the SM interactions, actingthe quark scattering matrix elements are given in subsection
on the three left handed qudrk doublets Q 2 of the Appendix.
=((t,b)| ,(c,s). ,(u,d)|) wherei is a QCD index which In Fig. 1 we plot the ratio of the dijet mass distribution for
commutes with the family symmetr}8]. We assume that |#|<0.5 to the mass distribution with 08 7| < 1.0, with
some massive sector completely breaks thg3pUWamily  the jet pseudo-rapidity. This ratio, as noted for instance in
gauge group to an global $8) family symmetry, giving the Refs.[16,17], is very sensitive to new physics producing
family gauge bosong“familons”) masses of ordeM  effects concentrated in the central region and in general af-
=grV whereV is the mass scale associated with the sym{ecting the angular distribution of dijets. Also it is expected
metry breaking. There is no mixing between the flavor andhat in this ratio there is a large cancellation of uncertainties
standard model gauge bosons. Note that with this gaugeoming from softer QCD effects. The uncertainty due to the
symmetry and symmetry breaking pattern, tapproximat¢  choice of parton distribution functions is less tHaT] 3%,
SM U(3)° global symmetry responsible for the GIM mecha- and that coming from the choice of renormalization and fac-
nism[9] remains and the model is free of tree level FCNCtorization scale is about 6%.
[10]. The interactions of the massive flavorons are summa- The data points are from the DO data in Réf7], and the

A. Chiral quark family symmetry

rized by the couplings error bars show the statistical and systematic errors added in
o quadrature. The histogram corresponds to the QCD predic-
L=iggA*?Qy,T%Q, (1)  tion, obtained to next-to-leading ordéMLO) with the use of

JETRAD (se€[16,17] for detailg. The familon contribution is

whereT? are the generators of $8) symmetry acting on the known only at leading orde.O). Thus, in order to estimate
three families of left-handed quarks. their NLO dijet spectrum, we compute the fractional excess

The SU3) couplinggr cannot be too large or this inter- With respect to LO QCD and then multiply it by the NLO
action will cause a chiral symmetry breaking condensate beQCD result. We consider various familon masses, with the
tween the left-handed ordinary fermions and right-hande@oupling set at its critical value.

10ne can also imagine the same symmetry acting on leg&jns ~ “Note that, defining the theory in terms of a momentum-space
Here we only consider the quarks since they lead to signals atutoff A, a four fermion interactio® ¢y has a critical coupling
hadron colliders. G.=2m?/A? [14].
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FIG. 2. Single top quark production cross section in theé3U
family model vs the familon mass, afs=1.8 TeV. The dashed
horizontal line corresponds to the 95% C.L. bound from R&g).

FIG. 1. The ratio of cross sections for{<0)/(0.5<|7|1.0)
vs the dijet invariant mass, for the &) chiral quark family model,
for Mg=1.2 (solid line9g, 1.5 (dashed lingand 2 TeV(dot-dashed
line). The data points are from the DO measurenjé, with the

error bars including the statistical and systematic errors added in In addition to the dijet Slgr.]al’ t.he Chlr.al qu_ark family
quadrature. The histogram is the NLO QCD prediction from model leads to another potentially interesting signal at had-

JETRAD, Using the CTEQ3M parton distribution function. ron colliders: anoma_lous single top _quark produc_tion. This
occurs due to the existence of non-diagonal couplings to the

family gauge bosons. Although these do not lead A§|
=2 signals, because of GIM cancellation, there are flavor
changing couplings of quarks. The fact that the family sym-
metry commutes with SU(z)impIieE thaithere will be tree

1 level familon exchanges such ab—ut, where “family
- E[d—t(x)]TS*[d—t(x)] , number” is preserved. The diagrams relevant for single top

@ quark production at the Tevatron ae€hanneldb—ut, and

t-channelud—tb (dominan} and ub—td. Other diagrams
where the vectod contains the data points in the various alS0 are obtained by the replacemedts s andu—c. For
mass binst(x) is the vector of theoretical predictions for a instance, thes-channel matrix element squared is
given mass and coupling= KF/M,%, andSis the covariant 2

In order to obtain a lower mass limit we follow the pro-
cedure described in Refl6]. We construct the Gaussian
likelihood function

1
P 2de(s) exp(

matrix. To obtain 95% confidence level limits, we require |M(dHﬁUT)|2=(4W)2K2u(u_mt2) %ps (7)
Q(Xma) = fxmaxp(x)dx:o_gag(m), (5 Neglectingmy,, the t-channel contributions are obtained by
0

replacingPg by the P;, where Pg and P, are the familon
propagators in the corresponding channel as defined in Eq.
with Xmay the value defining the mass bound. Making use of(A5). If the coupling is close to critical, these processes will
the run | data we then obtain mass bounds for the familon:generate important contributions to the single top quark pro-
duction cross section. In Fig. 2 we show the familon induced
Mg>155 TeV, 95% C.L, (6)  single top quark production cross section/at=1.8 TeV as
a function of the familon mass. The horizontal line is the
where we have considered a critically coupled familon. Thisg5e, C.L. upper limit on single top quark production as ob-
is consistent with, but somewhat weaker than the 95% C.Ltained by the Collider Detector at Fermil&6DF) Collabo-

limit obtained in Ref.[12], Mg>1.9 TeV at critical cou- | a4iqn [18]. The most constraining boundr(pB—V[X)

pling. . <15.4 pb translates into the familon mass bound
During run Il, however, measurements of the dijet spec-
trum at an upgraded Tevatron will yield bounds better than Mg>1.02 TeV, 95% C.L. )

those derived fronZ-pole observables. For instance, if we

consider the nominal luminosity of 2 T3 and assume a This is somewhat weaker than the bouil obtained from
30% reduction in the systematic errors, the bound on thé¢he run | dijet data, but may be improved if a study exploit-
familon mass for run Il would beM>2.2 TeV. An ex- ing the kinematic differences between the SM and the fla-
tended Tevatron run or the achievement of higher intensitiegoron signals is undertaken.

could therefore result in a mass reach well above that of In run Il, the Tevatron will be sensitive to SM single top
electroweak precision measurements and cover a large fraquark production vidV-gluon fusion as well as thechannel

tion of the interesting parameter space of this model. W* exchange. The latter process can be separated from the
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& a
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500 where T? are the 8 33 QCD generators. S9) further
contains
FIG. 3. The transverse momentum distribution in single top 0 T 0 01 0
quark production in the S@3) family model, for\'s=2 TeV. Only 1 1
the t-channel contribution, leading to thb final state, is included. —|T™ 0 0|, —(1 0 0},
The solid line is the SMW* s-channel process. The dashed line \/E 0O 0 O \/1—2 0 0 0
corresponds tM=1.5 TeV, the dot-dashed line td=2 TeV
and the dotted line ttl=2.5 TeV. _ )
0 —iT2 0 0 -i O

former by making use of doubletagging, since thé quark i iT2 0 0], i i 0 O (12)
produced in association with the top quark is hard, unlike in \/5 0 0 0 \/1_2 0 0 0

W-gluon fusion. In order to estimate the sensitivity of the
Tevatron in run Il to the flavoron contribution to single top . . . .
quark production, we take only the dominant flavoron dia_p[us the two other S|m|I_ar sets mixing the remaining families.
gram,t-channel mediatedd—th. We compare this contri- Finally there are two diagonal generators

bution to thes-channel SM, assuming these will be sepa-

rately observed with the use of doultléagging[19]. In Fig. 1 100 1 100
3 we show thept distribution of theb quark produced in —|0 -1 0, —(O0 1 0. @13
association with the top quark farchannel familon ex- V12 0 0 O \/% 0 0 -2

change ands-channelW* exchange. We see that, for ex-

ample, forMg=2 TeV the total {b+th) cross section is  The model must also contain interactions which give rise to
about 50% larger from familon exchange than in the SM.color for the right handed quarks. For this reason, we include
with the added feature that thg distribution is harder. We gp, SU(3),. proto-color group that acts on the right handed
conclude that the sensitivity of run Il could go as far asquarks, which will be combined with the SU(3}ubgroup
(2-2.5 TeVfor 2 fb™*, or perhaps higher depending on the of SU(9), to yield ordinary color. We normalize the proto-

anomalous single top quark production could be the mosgenerators as the $8) bosons:

constraining channel on the §8) chiral quark model in run
[l at the Tevatron. i
L= —=0pcA*?drY, TR - (14)
B. SU(9) chiral flavor symmetry \/§
We next consider a r.‘at”ra' extension of gauging the quar%\t the flavor breaking scale we assume some massive sector
family symmetry, gauging the full SI9) symmetry of both breaks the SU(9)X SU(3),c gauge symmetry down to or-

the color and family multiplicity of the left handed quarks. . .
Such a symmetry can be implemented as an extended tecﬁ:_nary color SU(3¢ and a global SU(3) group acting on

nicolor gauge symmetryin the spirit of [20]) or in quark e three families of quarks. The global SUEZymmetry is

universal seesaw modeias in[8]). The SU9) symmetry sufficient to insure the absence of tree-level FC[2Q].

i For simplicity, we will assume the symmetry breaking
commutes with the standard weak SU(2jauge group and g
acts on the left handed quarks: sector has an SU(9X SU(9)1apor/color Chiral flavor sym-

metry, under which the symmetry breaking vacuum expecta-
Q. =((t,b)",(t,b)?,(t,b)9,(c,9)", ...(u,d)¥, (9) tion value(VEV) transforms as a (9)9 The majority of the
SU(9) gauge bosons will then have mads =ggV. Eight of
with r,g,b the three QCD colors. The quark couplings to thethe SU(9) gauge bosons mix with the right handed proto-

SU(9) gauge bosons is given by color group, giving rise to ordinary color and eight massive
. gluons. The proto-gluons and color-octet flavorons mix
L=igeB®*Q A%y, Q,, (100 through the mass matrix

075007-4



FLAVOR GAUGE BOSONS AT THE FERMILAB TEVATRON PHYSICAL REVIEW D62 075007

2 1.50 — T T —T— T T

g —OpcF A [ T T ]

(A=BH)| " P° " VZ( " 15 [ SU(9) Model ]

_gpch (O] B,u 2 126 R

s - ]

which diagonalizes to X _ ]

g2.+g2 0 X g r - B

[ L ]

(X“,GM)( pc T IF )VZ( M) (16) > r T T [

0 0 G, g 0.75 — _ | e T -

v ] ]

where = { L+ } i I:

g 0.50_— - ]

AH _(cos¢ —sing GM) a7 < : ]

B#/ \sing cose |\ X, L2 N N B B

200 400 800 800
with M, [GeV]

pe OF FIG. 4. The ratio of cross sections for|7(<0.5)/(0.5

SiNg= ——, , (18) <|#|1.0) vs the dijet invariant mass, for the @Y chiral flavor
vgzchrng vgzpﬁgzp model, for Mg=1.2 (solid lines, 1.5 (dashed lingsand 2 TeV
(dot-dashed line The data points are from the DO measurement

and G* and X* are the gluon and color-octet flavoron re- [17] with the error bars including the statistical and systematic

spectively. errors added in quadrature. The histogram is the NLO QCD predic-
The low energy QCD coupling, with the standard generation from JETRAD, using the CTEQ3M parton distribution function.
tor normalization is given by

COS¢p=

the effects will be stronger in this model. We follow the

~ 9r0pc 9 procedure described earlier to obtain a mass constraint from
9c= 2 2 (19 the Tevatron run | data. The mass of the(8\Ulavorons is
V3(gpct9F)
P bounded by
which implies thatkg=3a (2 TeV). The interactions of the
SM fermions with the massive color octetith massMg, Me>1.9 TeV, 95% C.L. (22)
=\VOpct9rV=Me/c,) are given by This is very similar to the 95% C.L. limit obtained in Ref.
A a AT a [12] from electroweak precision measurements. On the other
~9ctanX*qry, T dr+ gcCOtOX™qLy, ToqL hand, atys=2 TeV and with an integrated luminosity of

(20 2 b7, run Il at the Tevatron will put a limit ofMg
>2.7 TeV, where we assume a 30% reduction in systematic

where coip=0gr/gy.. ; . . :
=0F /Gpe errors. This covers a large fraction of the interesting param-

As in the case of SU(3), the couplinggg cannot be too N £ thi del
large, or it would likely induce an EWS breaking condensate® eJr space 0 hIS ”;]9 (T ) K famil del. in the ©
at the flavor scale. Assuming that at low energies the massive ust as in the chiral quark family model, in the SV

gauge boson interactions with the SM fermions can be aIOr_nodel there are also important contributions to anomalous

proximated by a NJL modédlgnoring the effects of the mix- single top quark production. The fact that some of_the{SBU_

ing of eight of the generators with proto-color in this esti- 9349€ basons carry color tend_s fo enhance the interactions

mate, then the critical coupling for chiral symmetry when compared to the 38». ch!ral quark quel. O.n the

breaking in that approximation is other hand, the critical coupling in this model is considerably

smaller than that in the S8) case, as can be seen by com-

N7 paring Eqs(21) with (3). The net effect is a reduction in the

Kerit= oo~ =0.71. (21 single top quark signal shown in Fig. 3 by a factor of

(N“=1)

su9)\ 2
As was the case in the previous two models, the most Ke © (_4>:0 15 (23)
conspicuous signals are in the dijet spectrum. In subsection 3 kU] 19 '

of the Appendix we list all the relevant matrix elements for

dijet production due to the two gauge bosons with masseat critical coupling. Since the cross section falls approxi-
Mg and Mf. In Fig. 4 we plot the contributions of these mately as ¢, this will result in a familon mass bound that
gauge bosons to the cross section ratio as a function of theis smaller than the one to be obtained in the(®UWnodel by
mass, assuming for simplicityl=M . Although, in prin-  a factor of abouf/0.15=0.60. Thus, since our expectations
ciple, one could expect the effect to be smaller than for thdor run Il in the single top quark channel in the @Ymodel
SU(3) chiral familon due to the fact that the critical coupling put the reach somewhere arouhi->(2-2.5) TeV, we

in Eqg. (22) is considerably smaller than that of the @UJ conclude that the reach of this channel for thg ®Wlavoron
case, the S(9) flavorons contribute to a large number of is still below the run | mass limit, Eq22), that we extracted
diagrams, leading to dijets. In fact, as can be seen in Fig. 4rom the dijet data. Although more detailed studies of the
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single top quark signaffor instance including all possible 8 SU12) gauge bosons follows the discussion in the(U
single top quark final statgare possible, we can safely con- model exactly. In addition, in the SW2) model we must
clude that this channel will not be competitive with the dijet also include a proto-hypercolor gauge boson. Since the Pati-

signal in the SW) model at the Tevatron. Salam diagonal generator in the first set of generators in Eq.
(26) is the traditional generator for the hypercharge boson’s
C. SU(12) chiral flavor symmetry coupling to left handed fermions, the proto-hypercharge

auge boson only has to couple to the right handed fermions.
he result of the mixing of these two gauge bosons is the
fu!l SLé(th))lfI?vzo(; ;;./mmetry of all the left handed SM fer- massless SM hypercharge gauge boson plus a massive gauge
mion doublet§ 20,8 boson coupling to both left and right handed fermions.
QL= ((t,b)",(t,b),(t,0),(v,,7),(C,5)", . . .(ve,€)) . If the interactions of flavoron gauge bosons in EZﬁ)_ at
low energies can be modeled by a NJL Lagrangian with cou-
(24) pling Amk/2IMZ | the critical coupling for chiral symmetry

breaking is calculated to be

The final model we consider is one in which we gauge th

This is similar to the S(B) model, but it also includes a

proto-hypercharge interaction that, after the (82 break- IN7
ing, gives rise to the SM U(J,). The flavor gauge interac- Kcm=W=0.53, (29
tions act as (N*-1)

_ auFy A a somewhat smaller than in the 8) case in Eq(21). Note
L=1geB™QA%y, Q0 (29 that combined with the lower constraint from the ability to

with A? the generators of SW2), which may be conve- 'eproduce the QCD coupling«s=3ay(2 TeV)=0.3] there

niently broken down into the following groupings: is a relatively _smaII window of_ allowed co_uplings.
Although this model results in various signals at the Teva-
P2 0 O P2 0 0 tron — such as quark scatterings similar to those of the
1 0 P2 0 1 0 pa 0 SU(9) model as well as anomalous contributions to Drell-
_3 ' _6 ' Yan production arising from the flavoron couplings to lep-
0O 0 P2 0O 0 -—-2P® tons — the energy scale of this scenario is severely con-
strained by data from experiments of atomic parity violation
P2 0 0 (APV) in cesium. The parity-violating part of the electron-
i 0 —-P2 0 (26) nucleon interaction can be written as
V2 0 0O O Gr _ _ _
. M
where P? are the 15 &4 Pati-Salam generators consisting o V2 qg,d {Caal@7,75) (A7) + Cag(£7,.8)
of 8 3X 3 blocks that are QCD, 6 step operators between the

quarks and leptons and the diagonal generator X(ay ysa)}, (30

124 diag(1,1,153). SU12) further contains - . .
V24 9( ). SU12 where the coefficient€,, andC,, are given in the SM by

0 P* O 0 1 0
1 1 Cy'=—(T§-2Qsir?h), C3y'=—T1—4sirfe),
—|P* 0O 0O, —(1 0 0], (31)
V2 0O 0 O V16 0 0O ) ) . .
and T3 is the third component of the quark isospin. The
0 —iP2 0 0 —-i 0 atomic weak charge is then defined as
1. 1.
N iPe 0 0], NT: i 0 0] (2 Qu=—2{C14(2Z+N)+C14(N+22)}, (32)
0 0 0 0 0 O

with Z and N the number of protons and neutrons respec-
plus the two other similar sets mixing the remaining families.tively. The APV experiment finds the atomic charge of ce-

Finally there are two diagonal generators sium to be[21] Qy= —72.06=0.28+0.34, whereas the SM
prediction[22] is Qy= —73.09+0.03. This translates into a
1 1 0 O 1 1 0 O deviation from the SM prediction of
— 0o -1 0|, =01 0o]. (9
’ AQy=1.33+0.44. (33)
V16 0O 0 O V48 0 0 -2

We can write the deviations @,y as
In order to ensure the SM gauge groups emerge at low en-

ergies we must again introduce a proto-color group as in the AQyw=—376AC,,—422ACy. (34
SU(9) model above. The first 8 generators of (&) in Eq.

(26) are the same as those in the(@JUnodel(11) and hence The SU12) model gives rise to various contributions to
the discussion of the mixing between the proto-color and the\Q,,. However, by far the largest of these corresponds to a
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step operator from the generators in E26) which connect TABLE I. The 95% C.L. boundgor sensitivity on the models
guarks to leptons. These result in the non-diagonal effectivdiscussed. The numbers correspond to the mass of the gauge bosons
coupling in TeV if its coupling is critical. The first column comes from
electroweak precision measurements and is taken from [R2}.
% o . The run | bounds as well as the run Il sensitivitigsr 2 fb™1)
— ——(eLy,do)(doy ey). (35 summarize our results. They come from the dijet analysis, with the
F exception of the run Il reach for the $&) chiral quark model

. L which comes from single top quark production.
After Fierzing and decomposing into the proper vector and

axial vector pieces, the contribution in E®5) gives rise to EPM Run | Run i
an effect in the weak charge of cesium given by

Universal coloron 3 4.3 7
(1 Tew)? (1 TeV)? SU(3) 1.9 1.55  2.5single top quark
F_ __ =
AQw= ~804¢—r7—="426—5—, (38 gy, 1.9 1.9 2.7
F F SU(12) 10 (APV) No reach No reach

whereM is understood to be measured in TeV, and the last
equality is obtained by usinge= k;; as defined in E¢(29).
Thus not only is this darge contribution toQy,(Cs), butit  Single top quark channel is crucial in order to separate these
also has the opposite Sign of H@S) For instance, the @ j[WO moqels as the pOSSible Origin ofa hypothetlcal deviation
bound would beM ->12 TeV. More conservatively, we can in the dijet sample. _ _ _
estimate the sensitivity of the APV measurement by taking1_ For comparison we also display in Table | the equivalent
the error in Eq(33) as the possible size of the effect. This limits for the universal coloron model dfi5,16—in this
translates intdl->9.8 TeV. From the model building point Model the chiral SU(3)X SU(3)g color group of the quarks
of view this is an undesirably large mass scale and raises tHg gauged and broken to the QCD group, leaving axially
issue of fine-tuning. In any event, it is clear that the APV coupling massive colorons. This model is considerably more
experiment forces the mass scale in the(BYmodel to be strongly constrained in part because of its large critical cou-
very high and out of reach of the Tevatron. pling and because the dijet channel is a particularly good
Finally, we point out that the constraint on the @B probe of extra color-like interactions. It is notable that in the
model resulting from Eq(36) is more general since it cannot Models we have explored the gauge bosons are potentially
be completely evaded by lowering the coupling below itslighter, as one might hope if they played a role in EWS
critical value. As we mentioned earlier, in order to obtain thebreaking, and that the Tevatron can hope to probe interesting
correct QCD couplingxs must satisfyxe=3a<(2 TeV). regions of parameter space.

Then, its minimum value of approximately 0.3 translates into  Finally we have pointed out a further low energy preci-
the boundM>7.4 TeV. sion constraint on models where the flavor symmetry is en-

larged to include the lepton sector. In particular an(BY
gauged chiral flavor model gives contributions in low energy
atomic parity violation experiments that place the bound on
We have studied the Tevatron collider bounds on twothe gauge boson masses out of the Tevatron’s reach.
models of broken, gauged, chiral flavor symmetries: an
SU(3) chiral family symmetry and an S9) chiral flavor
symmetry of the SM quarks. These symmetries have been
proposed as playing a significant role in theories of EWS This work was supported in part by the Department of
breaking and fermion mass generation and are blessed withenergy under grants DE-FG02-91ER40676 and DE-FG02-
GIM mechanism that suppresses FCNC, allowing the gauge5ER40896. N.E. is grateful for the support of the PPARC.
bosons to be relatively light. The strongest Tevatron signal&.B. acknowledges the hospitality of the High Energy Phys-
result in dijet production and single top quark production.ics Group at the University of Sao Paulo, where part of this
We summarize the current limits, from precision dpt&]  work was completed.
and run |, on the critically coupled gauge boson masses in
Table |—they are comparable. The run Il expectations are
also displayed and should become the leading constraints on
the models. We present some standard tree-level expressions for cross
In the SU3) model both, dijet and anomalous single top sections:
quark production, are likely to be important signals. On the
other hand, in the S(9) model the dijet cross section re-
ceives a large enhancement due to the fact that some of the =— —|M|
flavor gauge bosons carry color, resulting in more diagrams dt 167 s
contributing (see subsection 3 of the AppenditHowever,
since the critical coupling is considerably smaller than in theTo obtain the full cross section we must average over initial
SU(3) case, the single top quark signal—even after takingstates and sum over final states. Summing over spins and
into account the color enhancement—is reduced. Thus, theplitting the matrix element into chiral components we have

Ill. CONCLUSIONS
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APPENDIX: CROSS SECTIONS

do 1 1
— 2, (A1)
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2 2

- 1 1 1
LL-Ll: 7 2 (MP=wZ PQ| (A2 A[M(gg—qq)*=(4m)2k*S’| 3P~ 5P,
spin i
L 1 2 (47)%KkasS? 1P +1P 1P
LR—LR: Zs%n | M|?=¢? Z P.Q (A3) A C TR
[L-RR = > IMPP=t2> PiQ; i 1 (A15)
. 4spin i et (A4) t
whereP; is the propagator factor associated with each dia- (47)22S?
gram taking the form A|M(ud—ud)|?= 5 |P|?
Pi=— 2_'. (A5) (4m)kass®_ [1
g —Mg+ileMg +TR ?Pt (Al6)
and one must sum over all gauge bosons qﬁd s,t chan- 2 2.2
. ; : (4)°K*S
nels. Q; are the group theory factors associated with each AlM(us—us)|?= e
diagram. Application of the above construction kit, averag- 36 ‘
ing over initial color stateg1/9) and summing final color 4)2 2 (1
states gives the QCD backgrounds and flavor model contri- T MRe(—Pt) (A17)
butions to dijet processes. 18 t
11 |2
1. QCD backgrounds Al M(ds—ds)|?=(4)2k2s? 5Pt+ EP“
The QCD contributions to the dijet cross section are
2 2
do _47T0(§ u2+52+ t?°+s?> 2¢? A6 +(47T)+“ss e(éPt—f—zitPu)
gt d0—=00) =g | 2 2 30 AO
(A18)
do -~ - _477a§ s2+u? L 1 1 |2
Q9= =gz |~z (AT A|M(aa—qq)[*=(4m)*k*u?| 5 P— 3 Ps
do — = 47Ta§ by (47)%kagu?® 1 1
gt (40—aq)=—g g (t°+u?) (A8) 9 REgPT{Ps
Al9
da( o 4mal sz+u2+ t?+u? 2 UZ) 5 A9
-7 \aq—qq)= -y - 1
dt os” | t? s 3st Al M(uu—dd)|2= (4m)2k2u2 = P, (A20)
(A9) 3
do = = 4mal(s’+u? Al M(uu—s9)|?=(47)2k2u? 1p ’ (A21)
- (Q0—q0) =55 | —=— (A10) 6 °
dt 9s t
2
2 2, .2 A|M(dd—s9)|2= (47)2k2u? EP +5P
do —  mag u+t 9t°+u g st ot
A A~ TR (A1D) .
(47m)°Kkagu R 1P 72D
do —  32maifu t 9t*+u? -6 s ! (A22)
L R 7 F T VS P ,
2 2. .2 A|M(sd—sd)|2=(4)2k2u? EP + 1P
do( )47Tas< u s 9s°+u 2 st gt
A9—=09)=(Gg2 | <1 T2 Al13
dt 9s s u 4 t (A13) (4m)2ka? R%lp ) o
do _97Ta§ 3 tu su st Al4 6 t S (23
19999 =52 I 7 e A -
A|M(ud—ud)|?=(4m)2k2u?|= P, (A24)
2. Chiral quark family symmetry: Matrix elements into dijets 3
The squared matrix elements in the model of Sec. Il A, o 1 |2
including the interference with QCD: Al M(us—us)|?=(4m)%k?u? 5P (A25)
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wherePg, P, and P, are defined by EqA5) and basically

PHYSICAL REVIEW D62 075007

channel. Among the familon contributions we also include

reflect the gauge boson propagator in the appropriatéhe interference with the gluon.

3. SU9) chiral flavor symmetry: Matrix elements into dijets

The squared matrix elements, including QCD and thé%thodel contributions, are:

2(4m)%% (las 2k 12 las 2k |2
|M(quL_)quL)|2:T TS+ ?PtF+asCO1~2¢PtF + FS‘F ?PE‘FUZSCOFd’PE
2 a 2K N« 2K ,
- §R/{(TS+ ?Pf+ascotz¢PtF ) 4+ ?PEJrascothSPE )H (A26)
2(41)%s% (| a R |2
|M(QRqR_>qRqR)|2=% Ts+astanz¢PtF + Us-l-astanZ(bPE
2 ag el @s -
—3R F—FastanzcﬁPu T-i—astanzqﬁpt (A27)
2(4m)%u? | a ,
|M(QLQR—’QLQR)|2:T TS asPf (A28)
2(4m)%°t? | a |2
|M(QLQR—>QRQL)|2:T f‘ asPy (A29)
2(47)%s%| as 2k |2
|/\4(uLo|L_>uLo|L)|2=(T TS+ ?Pt':+ascot2¢>PtF (A30)
2(4m)%s%| |2
|M(uRdR—>uRdR)|2=%Ts+astanz¢PtF (A31)
2(4m)%u? | |2
|M(uLdR_)uLdR)|2:|M(uRdL_)uRdL)|2:T Ts_as . (A32)
2(4m)%s as K |?
IM(uLsL—>uLsL)|2=T TS‘— §Pf+ asCol PP (A33)
2(4m)%s?| a |2
|M(uRsR—>uRsR)|2=T TS‘ +agarfpPF (A34)
2(4m)%u? | a e
| M(u Sg— UL SR)|2=| M(ugs — Ugs|)[2=————|——as 0 (A35)
9 t
2(4m)%8° (|as & |2
IM(dLsL—>dLsL)|2=T f—§Pf+a5co€¢Pf +|kPE|2
2 E ag K E E’
—3Re kP =3P + aCO pP; (A36)
2(47)%8?| a |2
IM(dRsR—>dRsR)|2=% TS + agdarf Py (A37)
2(4m)%u?|a |2
|M(dLSRHdLSR)|2:|M(dRSL4}dRSL)|2:T TS_CYS :: (A38)
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2

— — 2(4m)2u?(|lag 2k |2 |as 2k ,
|M(qLQL—>quL)|2:T ?54‘?'354'0‘50012@35 + TS+?PtF+asCOF¢PtF
2 2 , 2 ,
—§Re{(%+ §P§+asco€¢P§ ) aTS+ §Pf+ascot2¢Pf )H (A39)
- 2(4m)%U% (| a |2 e |2
| M(ArUR—AraR) [P =——g— | | <+ astarf P | +| =+ adarf ¢Pf
2 ag 2 el [ @s ° -
—§R ?-Fa’sta ¢Pq T+asta ¢P; (A40)
- — ., — =, 2(4mAlas Lf?
| M(ALaL—drAR)[*= [M(drdr—aLaL)|*= —5— asPg (A41)
- — L 2(4m)?%?|a |?
|M(quR_’QLqR)|2:|M(qRqL_)qRqL)|2:T TS_ asPf (A42)
— — 2(4m)%u? as 2k |2
|M(uLuﬁdeL)|2=T§+?P§+asco€¢|>§ (A43)
— — 2(4m)%0% a |2
IM(uRuR—>deR)|2=%?S+ascolz¢P§ (A44)
_ _ _ _ 2(4m) %% | a |?
|/\/t(uLuﬁo|Ro|R)|2=|A/t(uRuFﬁ<z|L(>|L)|2=T f—as k (A45)
L 2(4mAfas « |2
- 2(47)%u? a |?
| M(urUr—SrSe)|*=——g— f +agarf pPL (A47)
- — . 2(4m*?|a |2
|M(ULUL—>SRSR)|2:|M(URUR—>5LSL)|2:T ?S_as : (A48)
— — 2(4m)%0% (| a K 121
|M(deﬁsLsL)|2=%[ §—§P§+asco€¢P§ +§|KPE|2
1 ds K o F’ F
-3R ?—gPs-FascotZ(ﬁPs kPy (A49)
— — 2(47)%U?| a |2
| M(drdr— SrSR)|?= (T ?S +agarfpPL (A50)
_ — . 2(4m*?|a |2
|M(deL—>SRSR)|2:|M(deR—>SLSL)|2:T ?S_as 5 (A51)
_ 2(4m)%0% (|las & 12 1
IM(sLdL—>sLdL)|2=(T)[ + ~ gPlHascof Py | + o |kPEJ?
1 Fl % Ko F'
—§R kPg T—§Pt+ascotz¢Pt (A52)
_ 2(4m)%u?| a |2
| M(srdr— stR)|2=T TS + agart P! (A53)
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2

|M<sJR~sJR)|2=|M<sRFL~sREL>|2=2(4+)ZSZ - aPl (A54)
|M<u£wu@>|2=2(4+)2“2( %+ 23—KPf+asco€¢Pf’ 2) (A55)
|M(URER4’URER)|2:2(4+)ZUZ %WL adarf pPf’ 2 (A56)
|M(ULER_’ULER)|2:|M(ural__>uRaL)|2:2(4+)zsz %—as ::’ 2 (A57)
|M(uL§muL§L>|2=2(4+)2”2( - 5Pl ascoP ¢Pf 2) (AS8)
|M<uR§RHuR§R>|2=2(4+W %+astar?¢Pf’ 2 (A59)
|M<u5wuL?R>|2=|M<uR?muR?L>|2=2(4+)ZSZ - aPl 2 (ABO)
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