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The standard modelSM) with a light Higgs boson provides a very good description of the precision
electroweak observable data coming from the CERN LEP, SLD and Fermilab Tevatron experiments. Most of
the observables, with the notable exception of the forward-backward asymmetry of the bottom quark, point
towards a Higgs boson mass far below its current experimental bound. The disagreement, within the SM,
between the values for the weak mixing angle as obtained from the measurement of the leptonic and hadronic
asymmetries at lepton colliders, may be taken to indicate new physics contributions to the precision elec-
troweak observables. In this article we investigate the possibility that the inclusion of additional bottomlike
quarks could help resolve this discrepancy. Two inequivalent assignments for these new quarks are analyzed.
The resultant fits to the electroweak data show a significant improvement when compared to that obtained in
the SM. While in one of the examples analyzed the exotic quarks are predicted to be light, with masses below
300 GeV, and the Higgs boson tends to be heavy, in the second one the Higgs boson is predicted to be light,
with a mass below 250 GeV, while the quarks tend to be heavy, with masses of about 800 GeV. The collider
signatures associated with the new exotic quarks, as well as the question of unification of couplings within
these models and a possible cosmological implication of the new physical degrees of freedom at the weak scale
are also discussed.
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[. INTRODUCTION b-asymmetry factoA, using the LR polarized asymmetry
is in much better agreement with the $i4. It has also been
The electroweak precision tests, driven primarily by theargued that any correction to théZ vertex, large enough to
experiments at the CERN"e™ collider LEP, the Fermilab “explain” AEB would have shown up in the very accurate
Tevatron and the SLAC Linear CollideSLC), have, in re-  measurement dR,, the branching fraction of th& into b’s.
cent years, held much of the attention of the field. Taken irHowever, we shall demonstrate that this need not be so. But
conjunction with the measurement of the top mass and cefnore importantly, given the remarkable consistency amongst
tain other low energy measurements, these experiments hawge four LEP experiments as regarAﬁB, it is perhaps
vindicated the standard mod@M) to an unprecedented de- \orthwhile to take this deviation from the SM seriously and
gree of aCCUracm]. While Startllng deviations from the SM to Specu|ate on possib|e exp|anations thereof.
expectations have occasionally appeared, only to disappear | et us begin by reviewing the relevant data at fnpeak.

later as the precision increased, the results of the precisiof,, parametrize the effectibb interaction by
tests have been remarkably steady over the past five years.

Yet, certain discrepancies persist. It is thus contingent upon e — —

us to examine their significance and especially to ascertain CZbg:WZ#by“[gLPDLgRPR]b (8]
whether they could be pointers to new physics at the weak whw

scale.

. . . wheresy=sin6,, cy=cosé, and P p are the chiral pro-

In this article, we shall concentrate upon the most obviousection operators. An analogous definition holds for the other
of such a possible deviatiof2], namely the forward- fermions. Within the SM, the tree-level values of the chiral
backward asymmetryA(EB)_ of theb quark, the measurement ¢ pjings g , are determined by gauge invariance. The
of which shows a 2.8 deviation from the value predicted by \yeak radiative corrections to the same are well-documented

the best fit to the precision electroweak observables withinyq gre insignificant for all but the-quark. Clearly then
the SM[1,3]. One might, of course, argue that this discrep- '

ancy is but a result of experimental inaccuracies and/or just a I'(Z—bb) (EE)2+(65R)2
large statistical fluctuation. This viewpoint is supported, to Rp=
some extent, by the observation that the corresponding

SLAC Large Detector (SLD) measurement of the

@

H@=hadions s 1 G+ @y
q
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where the sum is to be done over all the light quarks. The R &

forward-backward asymmetry at LEP, on the other hand, is ;iigRA ) t]:”
given by 1 [+ VENUS x ALEPH T
b 3
Aggl s=m,= 7AAp ()
£
with E

(9")%—(gh)?

=
(gD)%+(gh)?

(gD~ (gr)? @ nl 3 ]

! (9L)2+(9|R)2. 20 4|0 6IO slo 1(|)o 150 1;0 1&0 1€I§0 200

Vs (GeV)
Small corrections also accrue to the above observable from a

non-zerob-quark andc-quark masses as well as QCD, elec- FIG. 1. The forward-backward asymmetry for thejuark as a
troweak and electromagnetic vertex correctiof%—6]. function of /s for the four solutions of Eq(6). The signs in the
Whereas the observed values are parentheses refer to those f(ﬁ’(,ag) in the same order as in Eq.

(6) with (+,+) being SM-like. The experimental data correspond
Rp(0obg =0.21646+0.00065, AEB(obs) =0.0990+0.0017, to the measurements reported in R¢iD-20.

©)
unification, will be investigated in Secs. VI and VII. We
the SM expectations for a top quark mass of 174.3 GeV angeserve Sec. VIII for our conclusions.
a Higgs boson mass close to its present experimental bound,
are R,(SM)=0.2157 andA2;(SM)=0.1036. Thus, while
the observed value fdR, is consistent with the SM, that for
AEB shows, as emphasized before, a relatively large devia- Let us assume a purely phenomenological stance and at-

tion from the predicted value. This_relatively Iarge discrep-tempt to determin@ﬁ,R from the data. Even in the limit of
ancy may be reduced by choosing larger Higgs bosomnfinite precision, the ellipse and the straight lines represent-

masses, although only at the cost of worsening the agreemey the solution spaces for E¢®),(3) intersect afour points
between theory and experiment for other observables, mosjith the coordinates given by

notably the lepton asymmetries.

It has been noted, for example in RE?], that the overall
consistency of the SM with the data improves if we dismiss
altogether the measurement of the forward-backward asym-
metry. Such an act of exclusion leads to a preference for neyyhere we indicate on the right the approximate values of the
physics scenarios that produce a negative shift in the obliquift- and right-handed couplings necessary to fit the bottom-
electroweak paramet&[8], an example being provided by guark production data at tt&peak: Clearly, no experiment
supersymmetric theories with light sleptdid. We, instead, Performed at th&Z peak can reduce the degeneracy any fur-
choose to consider all experimental data on equal footing. ther. Off theZ peak though, the photon-mediated diagram

In this article, we investigate a possible way of resolvingbecomes important thereby affecting the forward-backward
the disagreement between the hadronic and leptonic asyrdsymmetry of the bottom-quark. Such data, thus, could dis-
metries through the introduction of new quark degrees Of:riminate amongst the four solutions described above. The
freedom at the weak scale thereby inducing non-trivial mix-2symmetry is easy to calculate and in Fig. 1, we plot the
ings with the third generation of quarks. In Sec. Il, we ex-Same as a function of the center of mass energy oétie
amine the experimental status in order to determine the negystem for each of the solutichis Eq. (6). It is quite appar-
essary modifications in the couplings of the right- and left-ent that the two solutions WitEE%—gE(SM) can be sum-
handed bottom quarks. As the required modification in themarily discarded. Interestingly enough, the data does not
right-handed sector turns out to be too large to be obtainableeadily discriminate between the two remaining solutions.
via radiative corrections, we investigate, in Sec. lll, the pos-This, though, is not unexpected ja| <|gP| within the SM.
sibility that tree-level mixing of the bottom quark with exotic
guarks might be responsible for the observed deviations. AH———
possible assignments for such quarks are examined for theirs similar analysis, although restricted to modifying the magni-
effects on the precision electroweak observables and the twde but not the sign of the couplings, was performed in F8f.
simplest choices identified. The fits to the data for the two 2Had we instead held the magnitudes of the couplings to their SM
cases are presented in Secs. IV and V respectively. Othe&tlues, the resulting curves would have been barely distinguishable
phenomenological consequences, including the question dfom those in Fig. 1.

II. BOTTOM QUARK COUPLINGS CONFRONT DATA

(9P ,0%)~[+0.9927(SM), = 1.260%(SM)],  (6)
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FIG. 2. The regions in th&bb coupling parameter space that are favored by the measured vaRig (sfeeper curvgsand of the
weighted average QAEB and A, (flatter curves For each set, the innermost curve leads to the experimental central value while the
sidebands correspond to the-land 2o error bars. The standard model point is at the origin.

A similar analysis can be performed f&;, as well, but the [ll. BEAUTIFUL MIRRORS
off-peak measurements of this variable are not accurate We now tum to the question of whether the required

enou_gh tq pe.”“'t a §|m|lar level of discrimination. _ 6gr,L could arise naturally as consequences of ordinary-
It is quite interesting to note that the agreement+\/V|Eh thegxotic quark mixing. To keep the discussion simple, yet with-
next best measurement Afg, viz., that at the DE® €™ oyt |osing track of any subtle effects, let us, for now, confine
collider PETRA(35 GeV) is much better for the {,—)  ourselves to just one additional set of quarks. Any extension
choice than for the SMor the “SM-like” solution). This  of the model would not change the qualitative aspects of our
observation can be quantified by performingZtest includ-  analysis. We shall also, for the time being, neglect any mix-
ing all the data shown in Fig. 1. It can easily be ascertaineéhg with quarks of the first two generatiofig\t this stage,
that they? is indeed significantly improved if the sign Eg we do not make any further assumptions about the quantum
were to be reversed. The LEP experiments have alsBumbers of these new quarks. Working in the babis i),
measuredl AEB off the Z peak[21], at Vs=M,*=2 GeV. where the primes indicate weak-interaction eigenstates and

, ) ;
While the measured value of this asymmetry =M, b, refers to the exotibd quark, the mass matrix can be pa-

+2 GeV is in remarkable agreement with the predictionsrametr'zed as

obtained with the ¢,—) choice, the measured value @ .
=Mz—2 GeV is about 2.5 away from this choice of sign L= —Z bi{.Mjjbjr+H.c., M E(
predictions. On the contrary, the-(+) choice leads to an g

excellent agreement with the LEP data. Once these additional . -
data is taken into account in the? test, although the £, Where the subscripts,R refer to the quark chirality, and the

. . . . in general, complexelementsM;; represent either a bare
—) option still leads to a slightly better fit, no clear prefer- (in g plex i Tep

for either of th hoi i lish ass term or one derived from the Higgs mechanism. It is a
ence for either of the two choices of sign can be establishedaightforward task, then, to obtain the mixing matrices for

Any reiolution of theAL; anomaly through a modification of the left- and right-handed quarkas well as the mass eigen-
the Zbb couplings must then lie within one of two disjoint value$ by diagonalizing the matriceM' and M™M re-
regions of the parameter space, regions that we exhibit ispectively. Ordinary-exotic mixings would generically intro-
Fig. 2. What immediately catches the eye is that the requireduce additional parameters in the charged current structure
shifts in the coupling satisfydgg|>|58g, |, a condition that ~and, more importantly for us, in the neutral current sector as
would prove crucial at a later stage of our analysis. At thiswell. Any such deviation from the SM structure depends cru-
point, it is perhaps worthwhile to note that the two othercially on the isospins of the exotics, and for the new left- and
(ruled ou} branches of the solution space would have refight-handedd’ fields, we denote these Vf'ilueS@Y(R)- Let
quired a very largésg, |, a shift that is very hard to obtain in US concentrate on the neutral currents in lhgector, more

any reasonable model.

Mll M12

7
M21 Mzz) 7

“4A negligibly small mixing with the first and second generations
may be enforced, for instance, by additional gauge interactions,
3We thank Martin Grunewald for this observation. such as top cold22—-26, top flavor[27-3Q or bottom colof31].
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specifically on the part independent of the charge genératofication of the right-handed bottom quark coupling. The

Expressed in terms of the physical statemss eigenstatgs choice then devolves to one 8 r=(3,2,1/9,(3,2,-5/6)

these can be parametrized as and (3,3,2/3). The phenomenological consequences of the
first and last possibilities are similar and hence we shall con-

€ - centrate on studying the first two cases.
Ji(b): E biy,.(LijPL+RjPr)b;, ying
Swlw i
IV. SCENARIO WITH STANDARD MIRROR QUARK
2 2 1 DOUBLETS
ta sy~ 5¢0 ~|tat ]sc _ o _ . .
L= Our first scenario relies on the introduction of the fermion
, 1, doublets
“|tat5)sic taCiT oSy
(8) \I}[,R:(Xvw)z(gvzvllev (10)
thsﬁ —t3rSRCR which are a mirror copy of the standard quark doublets of the
= 2 standard model. The most general Yukawa and mass term in

—t3rSRCR  13RCR the Lagrangian is then

where s g=sinf_ r etc parametrize the left- and right- p , p —,~ —,
handed mixing matrices in thesector ands,, (cy) denote  £2 —(Y1QL+Y2W1)brd— (X1 Q[ +Xo W )trp—M W Wg

the sine(cosing of the weak mixing angle. As expected, we

would have flavor-changing neutral currents if eithgr +H.c, (12)

# —1/2 ortsg# 0. The presence of any such coupling would

play a crucial role in the discovery of such an exotic and wewhere the primes, once again, denote weak eigenstates. Note
shall return to this later. Since the shiftsgfi ; are given by ~ that, on account o and Q[ having the same quantum

numbers, a mass term of the for@ ¥ can be trivially

1 ; '
sgP= t3L+§ s?,  Sgh=tsrS3, (9)  rotated away. In the basid(,w'), we then have a mass
matrix of the form
it follows that the right handed component of the exotic can- Y, 0
not be aSU(2), singlet. Mb:(Y M ) Yi=vyi( ) (12
2 1

In principle, we could allow each df; andb}, to lie in

any (and inequivalentrepresentation of L
y( q ntrep and an analogous one for the top. For the sake of simplicity,

SU(3)®SU(2) @U(1)y. we shall assume that the mass matrices are real. In the phe-
nomenologically interesting regime of;<Y,<M,, we

However, the requirement of anomaly cancellation indicate$iave, for the eigenvalues of the mass eigenstatesand the
that a vector-like coupling for the exotics is the most eco-mixing angles
nomic choice. In addition, the introduction of vector-like fer-
mions, unlike the one of their chiral counterparts, do not lead
to large contributions to the oblique electroweak paramster mp~Yy
[8], thereby preserving the agreement with precision data.
We shall, therefore, limit ourselves to only such quarks. We
refer to these exotic quarks éseautifu) mirrors in the sense b Y2 b T Y1Y2
that they occur in vector-like pairs and they have the same tandg~ YR tang, ~ M2+Y2'
electric and color charges as the ordinary bottofor 12

beauty) quark. . .. with analogous expressions for the top sector. A few points
As we have already mentioned, nonzero quark MiXiNG . 4o be noted:

requires that there_ be mass terms conne_ctlng the ordinary Since bothw! andy; have the same quantum numbers as
-quark to its exotic counterpart. Demanding that the only,, . . .
. . their ordinary counterparts, neutral currents in these sectors
scalars in the theory be th®U(2) Higgs boson doublets ; dified

restricts the choice of the exotics t&dJ(2) singlet and two remain “b”mo mec. b b
varieties each o8U(2) doublets and triplets. The phenom- wo'ro\sserfgthaOfigwgtchgel?r(svt/g?q(géta dznr:]aélln‘?'?a\’\;gflz Onr:alyative
enological requirement dip0 eliminates the singlet and correction that.would ta’ke us to the second aIIowgd re iqon in
one of the triplets as the possible source for the large modi; . 9
the parameter spadsee Fig. 2 For example, a & agree-

ment for each oAA2; andR, is obtained for

—1/2
. my=(M2+Y3)2 (13

2

2
1+—2

1

SAny mixing which respects) (1)e,, must be between objects of
the same charg® and thus there are no mixing effects proportional

to Q.

2
—s
5932_2R~_o,165 = Y,~0.7M;. (14)
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The top-sector mass matrix is as in E@2) but with y; the large mixing of the bottom quark with the weak mirror
—X;. Since they’s andx’s are independent, one could, in quark doublet. The presence of the new quarks will, of
principle, setx,=0 (this, for example, could be ensured by course, induce additional radiative corrections tolifeiark
imposing a discrete symmejryin such a case, the top sector couplings. It is easy to see though that, given the above-
sees no additional mixing ang, is the usual top Yukawa mentioned mass and mixing angle pattern, these corrections

coupling. are tiny compared to those induced at the tree level, and
Since no exotic quark has yet been seen at the Tevatrdmence could be safely neglected. Once again, non-
collider, M;=200 GeV. observation of an exotic quark at the Tevatron imphés

In general, due to the large mixing in the bottom sector=200 GeV.
and the fact that the right-handed mirror quarks carry non- The parameter§, T andU are in one to one correspon-
trivial weak charges, a potentially large correction to the pre-dence with the variations of the parametegs €; and e,
cision electroweak parameters will accrue. introduced in Ref[33] with respect to a given value of the
A right-handedW-t-b interaction is induced with strength top quark mass and the Higgs boson mass. The relation be-
proportional tosksk. Measurement ob— sy requiressis;, ~ tween these parameters is given by
<0.02[32], leading us to consider the case of negligiphe
mixing. aS
In order to address the question of how well does this Aey=aT, A63:?*
scenario fit the data, we have computed the corrections to the w
S T and U parameters, with respect to a reference Higgs
boson mass value of 115 GeV. While the corrections tare
small, the corrections t® and S are large and increase with
the overall scale of quark masses. For instance, NMbr
=200, 225, 250 GeV the corrections to theparameter are and, within the SM, for a top quark mass,=174.3 GeV
AT=0.35, 0.42, 0.54 respectively, while the correction to theand a Higgs boson mass, =115 GeV,e;=5.6x10 3, ¢,
parametelSis somewhat insensitive to the masses and mea= —7.4x10 2 and e;=5.4x10 2 [7]. The dependence of
suresAS=0.1. the ¢; parameters on the Higgs boson and top quark masses
The large corrections to theparameter, together with the may be found, for instance, in R¢B4]. The dependence of
relatively large corrections to the right-handed bottom couthe most important observables on the parametgrare
plings, tend to increase the hadronic width and the totabiven by
width of the Z to unacceptable levels. This problem can be
ameliorated by including the mixing of the bottom quark ';=2.489(1+1.35;—0.46e3+---) GeV
with a quarkég | carrying the quantum numbers of the right-
handed bottom quark and its mirror partner. In the basis sinzafﬁ:0.2310(1—1.8863+ 1.45%;)
(b",w',&"), the simplest modification to the mass matrix that

alU

E\ZN’ (17)

AEZZ -

satisfies this requirement is given by m\zN
—=0.7689(1+ 1.43¢; — €,— 0.86¢3), 18
Y, 0 Y, e A 17 € 3) (18
Mp=| Y2 M1 0 |, Yi=yi(¢). (15

where the ellipsis reflects the contributions associated with
0 0 M; the variations of thé coupling due to radiative corrections
and the mixing with theb quarks. There is, in addition, a
dependence on the precise valueagM ;) and ag(M5). In
our computations we have used the central values for the
hadronic contribution toa(M;) namely AaﬁiL:ODZ?Gl
[35], while the strong gauge coupling was allowed to float
around the central value of 0.1186].

Variations in the parameter larger than 0.3 tend to in-
duce a large positive correction to the tofalidth, and are

Note that, as happens withM({,)4,, the element ¥)3;
could also be trivially rotated away. The inclusion of small,
but non-zero, values of the elemenkd ) ,; and (M) 3, only
serves to complicate matters without modifying the main
phenomenological consequences of this model.

Ignoring small terms proportional to the bottom quark
mass, the left-handed mixing angle is now given by

Y, therefore disfavored by the data. Consequently, this model
g = (16)  leads to a better fit to the data whenever the new quarks are
L VY ; . i ;
VY5+ M3 relatively light and the Higgs boson is heavy. In general, a

heavy Higgs boson leads to a negative contributiofl smd

The main effect of the mixing with these weak singlet quarksa positive contribution tdS leading to a better agreement
is to reduce the left-handed coupling of the bottom quark andavith the total width of the Z. However, the same effects
thus the partial width of th& into b’s and hence into had- worsen the agreement of the data with the leptonic asymme-
rons as such. The scenario described above can thus cleathes, which mainly depend on $i#f". Therefore, the model
improve the agreement wimEB. For small values 0§, , as  leads to a correlation of the quark and Higgs boson masses:
demanded by experimental results, the oblique corrections tdhe heavier the new quarks, the heavier the Higgs boson
the precision electroweak observables are still dominated bgeeds to be. The value ofs also plays an important role in
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300

GeV. Overall, after the introduction of three additional pa-
rameters K, Y, andY3/M,), the 2 of the fit is improved

by 5.5 compared to an overal value pt=22.5 in our fit to

the same observables within the SM. While the agreement
between theory and experiment for the bottom-quark asym-
metries is remarkably better than in the standard model, the
lepton asymmetries remain essentially the same as in the
SM. This is due to the tension between these observables and
the totalZ width within this model and is reflected in the fact
that the fit produces

290

26

280

270

260

250

M, (GeV)

230

sir?6%"=0.2315. (21)
220

T[T T[T T[T [T T T[T T[T [T TT77

. . As a result, the left-right lepton asymmetry is about 1.9 stan-
S AT AT AT . A dard deviations away from the value measured at SLD thus

200 300 400 500 600 700 800 900 1000 marginally worsening the discrepancy obtained within the
standard model. Th&/ mass is, instead, in excellent agree-
ment with the predictions of this model.

210

\II[IJII\I!II'[III!'IIII

My (GeV)

FIG. 3. Region in themy-m, parameter spacén the model
with standard mirror quark doublgtthat is consistent with the best V. TOP-LESS MIRROR QUARK DOUBLETS

fit point (marked at the 68% C.L. and 99.5% C.L. respectively. . . .
Let us now analyze the case in which the mirror quarks

this process, since it may lower the total hadronic widthP€long to a doublet in which there is no quark with the same

without modifying the leptonic asymmetries. charge as the top quark, viz.,
We have made a fit to the data within this model. Includ- T -~

ing the values of,, M;, as, m;, my ands_ as variables in W r=(0,x)=(3,2-5/6). (22)

the fit (the fit is quite insensitive to the scal&,, provided it

remains belw a a few TeV}, we obtain that the best fit to the : )
data is obtained for the mirror quark mass paraméfer analyzed above. First of all, since the weak partner ofdhe

close to the present experimental bound on this quantit)J1as chgrg(:4/3, (tjh?re"is no fmixing in\(/jc_)fl_ving the ;"F;]q“"?‘”;]-
while the preferred values of the Higgs boson mass are abo econd, the mode aliows for-a mo ||cat|o.n. of the right-
300 GeV. Raising the quark bound to 250 GeV leads to a anded_ boEtonJ couplings with moderate mixing angles. In
optimal value of the Higgs boson mass of about 850 GeVine basis b’,»’), the mass matrix reads

The best fit givesyrg=0.116 andm,=173 GeV. For the ex-

This model has some advantages with respect to the model

; - Y, O
otic sector, the corresponding values are b:(YR Ml)’ Yi=yi(e), (23)
Y,=0.7IM,;, M;=200 GeV (19

where the zero entry is now enforced by gauge invariance.

while The right and left-handed mixing angles have similar expres-
sions to the ones found in the above model. However, the

s2=0.008. (20) mbixing of the right-handed bottom leads to a positive shift of

R,

The best fit to the ratie’, /M4 and tosf are virtually inde-
pendent ofM; for 200 Ge\=M ;<250 GeV.

In Fig. 3 we show the 1- and &@-regions in themy-m,
parameter space determined by the best fit to the data. As
emphasized above, the model leads to a preference for liglaind therefore small values ef can lead to a relevant shift
quarks, with masses below or about 250 GeV, within theof AEB in the direction required by experiment.
reach of the Tevatron colliddsee Sec. \j| while the pre- As in the previously analyzed model, the valueggfand
ferred values of the Higgs boson mass are much larger thagf the hadronic width can be improved by allowing an addi-
in the standard model, a feature that appears in many modef@nal mixing with a quarké with the same quantum num-
[37]. bers as the right-handed bottom quark and its mirror partner.

For the parameters providing the best fit, all measuredn the basis b’,w’,&'), we assume a mass matrix quite
precision electroweak observables, including the lepton andimilar to the one in the last section:

hadron asymmetries and tRewidths are within 2r of the

predictions of this model, and, in particular, the bottom Y, 0 Y,

asymmetries are within& of the predicted values. Similar _ .

results are obtained for slightly larger values\bf, although Mp={ Ye M1 0 |, Yi=yi¢). (25
the model is clearly disfavored for quark massés>250 0 0 M;

1
O9r= 5k (24)
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As with the previous model, the matrix elemeM ()5, can R R R AR AR AR
be trivially rotated away, while the inclusion of smétlom- C
pared toM;) but non-vanishing matrix elementd(),5 and
(My) 3> do not change the main results of our analysis.
Ignoring small effects induced by the bottom mass, the
left-handed and right-handed mixing angles are given by

Yo YR
S~ ———, Spm———— 26)

The main difference between this model and the one ana-
lyzed before lies in the smallness of all the mixing angles.
Since all Yukawa couplings are small compared to the ex-

M, (GeV)

plicitly gauge invariant masses, the corrections to the oblique T Ny

parametersS, T and U are small. The corrections {b be- 100 150 200 250 300 350 400 450 500

come relevant only for quark masses above 500 GeV, while My (GeV)

the corrections t& and U remain small even for masses in o )

the multi-TeV range. Since the expected bottom-quark asym- FIG- 4. Region in them,-m, parameter spacén the model
metry has now migrated much closer to the measured valué‘”th t.op-less mirror quark doublg@tghat is consistent with the best
the data now prefers non-negligible values of thearam- fit point (marked at the 68% C.L. and 99.5% C.L. respectively.

eter so as to permit a better agreement with the lepton asym- i i
metries and th&V mass. This can only be achieved by push_metry and the total hadronic cross section measured at LEP,

ing the quark masses up, while keeping the Higgs bosoMhich stay within 2r of the measured values. As already

mass close to its experimental lower bound. pointed out, the fitted value
We have analyzed all the precision observables in the con-

text of this model, as described by the parametags my,

ag, M1, Yr, M5 andY_ . The best fit to the data is obtained . ) _

for a Higgs boson mass close to the present experiment§Xhibits a much better agreement with the leptonic asymme-

sinf6%=0.2313 (28)

bound and mirror quark doublets with mass of about tries than in the model with standard mirror quarks.
M,=825 GeV andYg=160 GeV, 27) VI. IMPLICATIONS AT PRESENT AND FUTURE
COLLIDERS
implying thatszR:O.036. The best fit value d¥l, is close to Although the two models presented above share many

its experimental boundyl,=200 GeV, whileY =15 GeV, features, there are subtle differences as far as the collider

leading tosE:0.00G. Similar to the previously analyzed sce- sighatures are concerned. We shall examine, in some detalil,

nario, changingvl, while keeping the ratio o¥, /M, does the scenario containing a top-like quark and then point out

not alter the fit in any significant way. The best fit values ofthe differences with the second model.

ag andm; are ag=0.116 andm,=176 GeV. Any new quark[38], with a mass below or about 250
In Fig. 4 we show the 1- and &-regions in them,-M;  GeV, as preferred in the model with standard quark doublets,

parameter space obtained by the best fit to the data. As ershould be observable at the next run of the Tevatron collider.

phasized above, the Higgs boson tends to be light, in th&he main decay of thg quark will be similar to that of the

region most accessible to the Tevatron collider and/sa  top quark, namely,

=500 GeV linear collider. The quarks, instead, tend to be

heavy with masses of about 1 TeV. Adr, above a few TeV x—b+W". (29

though, the Yukawa couplingg needed to improve the fit to

the data becomes large, spoiling the perturbative consistendthough thew quark tends to be somewhat heavier than the

of the theory at low energy scales. x quark, it should be possible to pair-produce it at the Teva-
This model provides a surprisingly good agreement withtron collider, especially iiM; turns out to be in th¢lower)

the experimental data. In fact, introducing three additionarange preferred by the electroweak fit. On account of the

parametersNi,, Yg andY, /M,) reduces thg? of the fitby ~ phase space restrictions, it would decay mainly through the

8 units compared to a value gf=22.5 obtained in our fitto flavor violating channel, viz.,

the same observables within the SM. For the parameters pro-

viding the best fit to the data, the left-right lepton asymmetry w—b+Z (30

measured at SLD is 1.2 standard deviations from the theo-

retically predicted value, while almost all other measureda mode that has already been looked for at the run | of the

observables are withindlof the predictions of this model. Tevatron with a resultant lower limit of about 200 GeV on

The only exceptions are the charm forward-backward asymm,, [39]. This very same flavor-changing neutral current in-
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teraction, would, at a next generation linear collider, lead to a linear collider would be somewhat suppressed. Also, with

rather significant cross section for the process the Higgs boson preferring to be light, and with its couplings
. to the new states not being as large as in the other model,
ef+e —b+o, (31 Higgs boson phenomenology remains largely unchanged
from the SM.
as well as the conjugate state, thereby leading to rather strik- As happens in the model with standard mirror quarks,
ing signatures. there is no prediction for the singlet mirror quark masses. If

‘There is no prediction for the singlet quark mass withinthey are available at the colliders, they will decay via its
this models. If they were light, in the range accessible to thejayor violating coupling:

Tevatron collider, they will mainly decay via its flavor vio-
lating couplings Eb+2. (37)
b+2, 32 . .
& (32 And sinceé prefers to be lighter tham, a non-zero 1,) 3
or, in the event of a non.zerd\/(b)z37 also into anw quark: would, once again open an additional decay channel, viz.,

E—wt+Z. (33 w—E+Z. (39

Due to its larger center of mass energy, the LHC, should be
able to test this model for even larger values of é#heand VII. UNIFICATION
x-quark masses.

Finally, we turn to the Higgs boson. Note that the Yukawa
coupling matrix is proportional to that in Eq15) with the
gauge invariant masséé, , switched off. This immediately

The question of unification within these models is an in-
teresting one. It might be argued that this is not a pertinent
one, since we have not detailed any mechanism to keep the

y, is quite large(actually, of the same order as the top
Yukawa coupling in the SM While the full expressions for
the resultant Yukawas couplings are cumbersome, they si
plify considerably in the limit of a vanishing; to

ing to the breakdown of the electroweak symmetry, and will
robably require extra gauge symmetrig2—31,40—-42

'he presence of any such extra symmetry would certainly

alter unification in a highly model-dependent way. It is still

r _ > Do S 0L HCtO possible though to discuss the issue of unification without
bwg0~Y2(CroL DR~ SrwL wR) @7+ H.C.+ O(yy). 34  delving into the details of the implementation of such a sym-

(34 metry, as long as one assumes that the low-energy spectrum

Thus, formg>m,+my, a condition satisfied over almost IS determined, besides additional compl8te(5) multiplets
the entirety of the preferred parameter spée Fig. 3, the ~ [42]- This is the approach that we adopt in this section.
Higgs boson is afforded an additional decay mode. And, if We shall proceed with a one-loop analysis, taking into
the Higgs boson is more than twice as heavy asditagain, account that the possible two-loop effects are o_f the order of
true for a very large part of thedl preferred area a further the small thresholq effects at the grand unification sc_ale, and
decay channel would open up, although with a branchind‘ence become strlgt_ly relevant only fpr the con_stru.ctlon ofa
fraction smaller than that for the flavor-changing mode.comPplete grand unified model, an objective which is beyond
While this results in a severe depletion of the “gold-plated” e Scope of this article. _
modes (°—ZZ—4l), presumably these non-canonical In_ the mo_dgl with standard mirror quar_ks the bgta-
channels would lend themselves easily to discovery, espdunction coefficients of the three gauge couplings are given
cially with the b- (and lepton} richness of the final state. y

In the top-less mirror quark model, instead, the quark

doublets are predicted to be heavier. Only the CERN Large by=— 11+ =ng+2

Hadron Collider(LHC) (or a second generation linear col- 3
lider) would have enough center of mass energy to produce
the w andy in this case. The quark (with a —4/3 charge 22 4 Ny
will decay into =— —+= —
y b, 3 + 3ng+ 6 +2
Xeb"rWi, (35)
. . . . . _ 4 Ny 2
leading to a top-like signature with a wrong sigvi Simi- b= §ng+ E+ 3 (39
larly, due to phase space restrictions,
w—Z+Db. (36)  Where the last term in each line relates to the extra contribu-

tion induced by the presence of the mirror doublet and sin-
Since the flavor changing coupling is smaller in this case aglet bottom quarkspg is the number of generations ang
compared to the previous model, non-diagonal production as the number of Higgs boson doublets. To be consistent with
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the electroweak fits described earlier, we assume that only On a more speculative note, if one were willing to accept
one Higgs boson doublet plays a relevant role in electroweathe presence of a comple2d of fermions at the weak scale,
symmetry breaking. together with the standard mirror doublet and singlet quérks,

This model predicts a shift of the hypercharge beta funcone could obtain excellent unification relations without the
tion that is somewhat smaller than the equal shifts of the betBeed of supersymmetry, together with an excellent fit to the
functions of the weak and strong gauge couplings. As is welprecision electroweak observables. Within this assumption,
known, within the SM, the strong and weak gauge couplingghe top-less mirror quark doublets will be the ones leading to
meet at approximately 10 GeV (for ny=1). The hyper- & relevant mixing with the bottom quark, while the standard
charge coupling, however, crosses the other two at a muchirror quark doublets should have only small mixing with
lower scale. This b|g “discrepancy” can be reduced by pos.the three generation of quarks. In this case, the HIggS boson
tulating a large number of Higgs boson doublets, but only atends to be light. For a top-less doublet lighter than approxi-
the cost of bringing down the unification scale to102 ~ mately 1 TeV, the Yukawa couplings are relatively weak and
GeV, a value palpably inconsistent with proton stability. Thethe Landau pole problem is avoided. This model may lead,
introduction of the new quarks and the consequent shift idnstead, to a conflict with the Higgs boson potential stability
the beta functions works to reduce this very same differencé#3]. Whether this is a real physical problem can only be
in the scales at which the couplings meet. The improvemer@nswered by studying the possibility of ours being a meta-
is quite significant. Fom,=1,2 and 3, and “unification” stable vacuum. In the SM with a similarly light Higgs boson,
scales of approximately’810' GeV, 2x 10 GeV and 16°  mpy=115 GeV, the requirement of strict stability would sug-
GeV, the couplings differ from the average “unification” 9est the presence of new physics far below the Planck scale.
value by less than 3, 1 and 3 percent respecti¥dlfiese The requirement of being in a metastable vacuum with life-
corrections are small, and considering the large scales ifime longer than the age of the Universe, instead, allows the
volved, as emphasized above, could easily be accommodatééndard model description to be valid up to scales close to
(even forn,=1) by threshold effects due to the presence ofthe Planck scal¢44,45. We postpone for a future study a
heavy particles[with grand unified theory(GUT) scale ~More detailed analysis of these questions.
masse}or Planck scale Suppressed Operators_ ObS.erve that the ablove'm.entioned pOSS|b|I|ty leads to the

Observe that, since the model lacks supersymmetry, darRotential presence of fields with the quantum numbers of the
gerous dimension five operators are absent from a potenti&tinimal supersymmetric standard mod®SSM) gauginos
grand unified scenario. Moreover, the unification scale is sufat low energies. In the absence of a symmetry Rkparity,
ficiently large to avoid the constraints coming from protonthe fields with the quantum number of thi¢ino and of the
decay induced via dimension 6 operators. However, for th&-ino will mix with the leptons and neutrinos, respectively,
Higgs boson masses and Yukawa couplings associated wiffld hence their couplings to the leptons and the Higgs
the best fit to the precision electroweak data, the model tend20sons should be very small. If one assumes the presence of
to induce a Landau pole in the Higgs boson quartic couplingg second Higgs boson doublet, with no relevant role in the
below the GUT scale, particularly for relatively heavy electroweak symmetry breaking mechanism, a coupling of
quarks,M ;=250 GeV. The most obvious means of avoiding order one of this field wit_h th@-ino-like fiel_d and, for in-
this problem is to give up the property of perturbative unifi- Stance, the third generation leptons may induce the proper
cation. An alternate way would be to effect a suitable modi-2nnihilation rate to make thB-ino-like field a good dark
fication such as the one that we discuss shortly. matter candidat®Alternatively, theB-ino may play the role

In the model with the non-standard mirror doublet quarks,Of a sterile neutrino. Without the addition of new fields, the
instead, the unification relations are not improved with re-gluino-like particle tends to be very long lived or even stable.
spect to the standard model case, since the shift in the be¥fe also reserve for a separate study the analysis of the cos-
function of the hypercharge gauge coupling is larger than ir{“0|09'Pa| and phenomenological consequences of such a
the ones associated with the strong and weak coupling bef&f€nario.
functions. However, this model presents an interesting prop-
erty: the mirror doublet and singlet quarks introduced in this

model are contained in the adjoin24), and in the5+5
representations @ U(5). Indeed, the weak doublet and sin-  The standard model with a light Higgs boson is in very
glet quarks in this model have precisely the same quanturgood agreement with the precision electroweak observables
numbers as the 24-plet partners of the standard model gaugheasured at the Tevatron, SLD and LEP colliders. Although
nos and of the color-triplet Higgsinos of the minimal super-there is no clear indication of the need for new physics in the
symmetric standard modéMSSM), respectively. electroweak precision measurement data, the prediction for
the effective leptonic weak mixing angle extracted from the
hadronic and leptonic observables are several standard devia-
®Two-loop effects will produce small modifications to these num-tions away from each other. In this article we have analyzed
bers.
"In the minimal supersymmetri8 U(5) model, the colored-triplet
Higgsinos are assumed to acquire GUT scale masses, creating th8All these fields are contained in the adjoint©§.
so-called doublet triplet splitting problem. A similar hierarchy prob- °Discrete symmetries may need to be imposed in order to avoid
lem would exist in the model described in this section. dangerous lepton flavor violating processes.

VIIl. CONCLUSIONS
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a possible way of fixing this discrepancy by introducing mir- quark singlets, and including particles with the quantum
ror quarks with quantum numbers similar to those of thenumbers of the standard gauginos in the minimal supersym-
left-handed and right-handed bottom quarks. metric standard model and, eventually, an additional Higgs
While the two models analyzed in our article lead to anboson doublet. This extension of the standard model allows a
improvement of the general fit to the precision electroweakemarkable improvement in the fit to the precision elec-
data, they present qualitatively different characteristic thatroweak observable data, leads to the possibility of achieving
make themselves easily distinguishable from the experimerconsistency with the unification of gauge couplings and has
tal point of view. In the model with standard mirror quark all the ingredients necessary to lead to an explanation of the
doublets, only negative shifts to the right-handed bottomdark matter content of the Universe.
coupling may be obtained by means of the mixing with the Note added On completion of this paper, we became
doublet and singlet quarks. The very smallness of this couaware of Ref[46] wherein the idea of using vector-like dou-
pling within the SM, however, allows us not only to changeblet quarks to resolve th&2; anomaly had been mooted.
its magnitude but reverse its sign as well. Apart from im-Our implementation and conclusions, however, differ quite
proving the agreement to the precision electroweak data to @dically. The authors of Ref46] dismissed the standard
great extent, this also leads to interesting predictions for thenirror doublets on account of the large correction to The
bottom quark asymmetries away from thg@eak. Moreover, parameter, failing to notice that a large Higgs boson mass
the best fit to the data within this model is obtained forautomatically corrects for this deviation. As for the top-less
quarks light enough to be accessible at the Tevatron collidemodel, the authors of Reffi46] seem to advocate a lar¢g70
and relatively heavy Higgs bosons. Finally, the unificationGeV) mass for the top quark, while identifying the Tevatron
relations are significantly improved with respect to the stanfind with the exotic charge-4/3 quark. Such a scenario,
dard model case, and the potential unification scale is suffinowever, runs quite contrary to the global fit for the precision
ciently large in order to avoid proton decay via dimension sixelectroweak variables. In order to fix this problem, they in-
operators. However, perturbative unification within thistroduced a triplet Higgs boson, obtaining the appropriate
simple extension of the standard model is not possible, du@rge negative contribution tdp by a tuning of its vacuum
to the presence of a Landau pole in the Higgs boson quartiexpectation valug46]. The authors did not analyze the stan-
couplings at scales below the potential GUT scale. dard Higgs boson mass dependence, nor did they attempt to
On the other hand, the model with non-standard mirroperform a global fit to the data. The question of unification
quark doublets leads to mild modifications of the left- andwas also not addressed by the authors.
right-handed bottom quark couplings induced via small mix-
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