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The standard model provides an excellent description of the observables measured at high energy lepton and
hadron colliders. However, measurements of the forward-backward asymmetry of the bottom quark at CERN
LEP suggest that the effective coupling of the right-handed bottom quark to the neutral weak gauge boson is
significantly different from the value predicted by the standard model. Such a large discrepancy may be the
result of a mixing of the bottom quark with heavy mirror fermions with masses of the order of the weak scale.
To be consistent with the precision electroweak data, the minimal extension of the standard model requires the
presence of vector-like pairs &U(2) doublet and singlet quarks. In this article, we show that such an
extension of the standard model is consistent with the unification of gauge couplings and leads to a very rich
phenomenology at the Fermilab Tevatron, Bractories and the CERN LHC. In particular, if the Higgs boson
mass lies in the range 120 Ge\n, <180 GeV, we show that run Il of the Tevatron collider with 4—8 ¥b
of integrated luminosity will have the potential to discover the heavy quarks, while obserwimyi@ence of
the Higgs boson in most of the parameter space.
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[. INTRODUCTION plishes this by allowing thé quark to mix strongly with a
set of exotic vector-like quarks. This model turns out to have
In the absence of direct evidence for physics beyond théeveral other interesting features which we investigate in this
standard moddISM), precision electroweak tests are the bestpaper. To be specific, we consider the unification of gauge
way to get information about the scale and nature of a possouplings, additional patterns of flavor mixing, the Higgs
sible breakdown of the SM description. While the SM hasphenomenology, and searches for the heavy vector quarks.
held firm in the face of a great number of precision elec- The model consists of the SM plus additional vector-like
troweak tests, the model has not emerged completely urfmirror” quarks. These are a pair cdU(2) doublets,¥| 5
scathed. Fits of the SM to electroweak data show about é(XI’;,R), and a pair ofSU(2) singlets, ¢/ 5. Here and in
w R ’

2.50 deviation in theb-quark forward-backward asymmetry : . : )
(AEB) [1], and this situation has not improved much in theWhat follows we use primed fields to denote gauge eigen-

last five years. This discrepancy is important for two reasonsStates, while mass eigenstates are written as unprimed fields.
On the one hand, it seems to indicate a significant deviatior] "® 92uge group quantum numbers are the same as those of
of the coupling of the right-handed bottom quark to thethe analogous SM pamcles: (3,2,1/6) for the doublets ar)d
Z-gauge bosorsee, for example, Refl2]). On the other, this (3,1,—- 1/3) for.the singlets. Since the quark§ are addec_i in
measurement plays an important role in the present fits to théector-like pairs, these can have gauge-invariant Dirac
SM Higgs boson mass: the removal of the heavy quark datgrasses, and the model is free Qf anomalles._Thls is a minimal
from the electroweak fits would push the central values ofset of mirror quarks needed to improve the fit to electroweak

the Higgs boson mass to lower values, further inside th&atd. , ,
region excluded by the CERM"e~ collider LEP2 searches | ne Yukawa and mass couplings of the mirror quarks are

[3]. taken to be
There are two ways of solving this apparent discrepancy, _ _ _ _
and both of them seem to indicate the presence of new phys-LD — (ypQ[ + Y2 W[ )br® — (y;Q[ +y,¥ | )trdD
ics. In Ref.[4] it was proposed to exclude the heavy quark _ _ _ _
data while introducing new physics that raises the central ~ —M ;W[ Wr—(y3Q[ +ysW ) ér® —My& &4+ (H.C)
value of the Higgs boson mass and improves the fit to the (1)
other observables. Such a task requires new physics that
gives a negative contribution to th® parameter, positive v
contributions to théJ parameter and a moderate contributionwhereQ[ =( >,) is the usual third generation SM quark dou-
to the T parameter. At least two examples of this kind of L¢+ . . o
physics have been presented in the literafdig]; the first ~ Plet, and®=(go) is the Higgs doublet. This is the most
within low energy supersymmetry and the second within 0eneral set of renormalizable couplings provided the mirror
warped extra-dimension scenario. quarks couple only to each other and to the third SM
An alternative to this procedure is to take seriously thegeneration.As pointed out ir{6], the Yukawa couplingg,
heavy quark data while introducing new physics that modi-
fies in a significant way the right-handed bottom quark cou-
pling to theZ. The beautiful mirror model of Ref6] accom-  *Note that couplings lik&Q; ¥ and & b}, can be rotated away.
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y3 andy, are constrained to be much smaller thgn Ad-  problem. Therefore, a main assumption behind this extrapo-
justing the ratio [(v/\2)y,]/M;=0.7, where v lation is that the physics that leads to an explanation of the
=246.22 GeV is the Higgs vacuum expectation valuehierarchy problem does not affect the connection of the low
(VEV), gives the best fit to precision electroweak data whileenergy couplings to the fundamental ones. An example of
reducing the discrepancy iA2; to about one standard de- such a theory construction is provided by warped extra di-
viation and keeping the left-right-quark asymmetry within mensions[8] and has been investigated by several authors
one standard deviation of the value measured at SLC. Thi®—11. In order to preserve the good agreement with the
forcesy, to be O(1) sinceM ;=200 GeV is needed to ex- precision electroweak data, the Kaluza-Klein modes must be
plain why mirror quarks have not yet been observed. On th@€eavier than a few TeV in this ca$#2], and therefore the
other hand, there are no strong constraintsygn which ~ low energy physics analyzed in the subsequent sections will
mixes the exotics and therefore has only a small effect on thBot be affected. On the other hand, extra dimensions could
SM sector of the model. Followinfg], we will mostly ne-  modify the proton decay rate in a significant way by intro-
glect ys for simplicity, although we will comment on the ducing new baryon number violating operators and, in the
effects of this coupling whenever they are relevant. case of warped extra dimensions with a Higgs field located
This paper consists of seven sections. In Sec. Il we exanid the infrared brane, would make the issue of the running of
ine the running of the gauge couplings and their unificatiorfn® Higgs quartic coupling an irrelevant one. For the rest of
at a high scale. In Sec. Ill we discuss the issue of flavothis section, we shall proceed with a pure four dimensional
mixing as well as the quark couplings to the neutral and@nalysis of the evolution of couplings and of the proton de-
charged weak gauge bosons and the Higgs boson. Section R2Y rate.
consists of an investigation of the Higgs phenomenology in
the model. In Sec. V we review the current limits on exotic A. Renormalization group equations
quarks and investigate the possibility of finding mirror Using the results of13,14, the two-loop[modified mini-

quarks at the Tevatron. In Sec. VI we examine how the newmal subtraction ¥1S) schemégauge coupling beta functions
types of flavor mixing possible with mirror quarks can affect gaug ping

CPviolation inB— ¢Kg decays. Finally, Sec. VIl is reserved

for our conclusions. dg,
B=4r
Il. UNIFICATION OF GAUGE COUPLINGS 3
The idea that the low energy gauge forces proceed froma = — - bigP — - > bugigf - L9|3Y|4(|:)
single grand unified description is a very attractive one and is (4m)? (4m)* k=1 (4m)*
supported by the apparent convergence of the weak, hyper- )

charge and strong couplings at short distances. Interest in

low energy supersymmetry, for instance, has been greathyheret=In(u/M,) is the energy scale, aner 1,2,3 refers to

enhanced by the diSCOVery that the value of the Strong COLthe U(l), SU(Z), and SU(3) gauge groups respectively_

pling, as(Mz), can be deduced if one assumes that the gaugghe first term is the one-loop contribution, while the other

COUp”ngS Unify at a h|gh scale. This prediction depends ORlerms come from two-k)op corrections.

model-dependent threshold corrections at the grand unified The coefficientsd, andb,, are given by

theory (GUT) scale, but to within the natural uncertainty in

these correctionf7], the predicted value ofs(M5) is per- 9

fectly consistent with the values measured at low energies. In bj=-5, by=g, bs=5, ()

the standard model, instead, the assumption of gauge cou-

pling unification leads to a prediction far,(M ;) that differs nd

from the measured value by an amount that is well beyong

the natural uncertainties induced by threshold corrections. 291 13
In [6] it was noted that, to one-loop order, adding mirror —

quarks of the type considered here to the SM greatly im- 25 10

proves the prediction ok{(M ) based on the assumption of 91 15

gauge coupling unification. We extend this analysis by in- bu=—{ 3 3 2| 4)
cluding two-loop contributions to the gauge coupling beta

functions and low-scale threshold corrections. Since, for the 5_2 20 12

consistency of this study, the Higgs sector must remain 5

weakly coupled while the Higgs potential should remain

stable up to scales of the order of the unification sdellg,, In the SM, the corresponding one-loop beta function coeffi-
we also investigate the related issues of stability and pertusients areo?™= —41/10,b53"=19/6 ando3"=7. The varia-
bative consistency of the Higgs sector. tion of these coefficients is hendgb, =2/5 andAb,=Ab,

In extrapolating the low energy description of the theory=2. Sinceb, andb; are shifted by an equal amount, they
to short distances, it is important to remark that the beautifutend to unify at the same scale as in the SM, about a few
mirror model[6] does not provide a solution to the hierarchy times 16° GeV. Interestingly enough, the shiftin is much
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smaller than that ob, andbs, leading to, as we shall see, a [16,17]. As for the Yukawa couplings, only the largest two-
successful unification of the three couplings. loop terms involvingy; or A were included. For the one-loop

The coefficientsY'4(F) involve the Yukawa couplings. part, we obtain
Neglecting the small Yukawa couplings, Y3, Y4, andys,

9
they are (4m)2BH=1202- (gg?r 995 |\
Y4(F)=Cuy;+Cpay3 5 s o
T2 40 % 2020 o4
where *t2 ( 55911 591921 9>
17 1 +HI2(yEHy) — 12y +ys). (1D
10 2 The two loop part is given by
C:=| 3 3 (6)
"3 3 (4m)*BP=—78\3 =72yl + yH)N = 3(y{ +y3)\
2 2 3
F60yF+y3) 19 207+ 32
andf=t,2. s 5 o 0 4 4
The Yukawa couplings evolve according to +80g5(y; +Y2)N—64g3(y{ +Y3). (12
dy; Again, the total beta function is the sum of the one- and
(477)2E=,8fyf (7)  two-loop parts.
wheref=t,2. The one-loop and leading two-loop contribu- B. Input parameters and threshold corrections
tions to B; were calculated following15]. Of the two-loop We have investigated the running of these couplings nu-

terms, we include only those involvirgy or the Higgs self-  merically. The initial MS scheme values were taken from
coupling); thegs terms are enhanced by large color factors[1g]:

while the\ terms can become important when investigating
the stability of this coupling. The one-loop contributions are a 1 (Mz)=127.922-0.027,

9 17 9 sirf6,,(M,)=0.23113-0.00015,
(4m)2p{0= 5y3+3y§—(§)g§+ 795+803 e

M;=91.1876-0.0021, v=246.22 GeV,

. m(m,) =165+5 GeV. (13)

9 1 9
(4m)2p8)= Sy5+3yi— (Zgi+ 792+805

®) These parameters correspond to the effect®®l(3),

X U(1).mtheory with five quarks obtained by integrating out

the heavy gauge bosons and quarks in the &U(3),

3 284 XSU(2)xXU(1)y theory at scalé,. Threshold corrections

(477)4B§2)= §A2—6yfx+g§,(46yt2+ 20y§)— ?9‘31, to the_ gauge cogplings arise in the process of matching the
theories. We define

The two-loop contributions that we have included are

3 284 ~, 3 -
(4)*B5) = SN2 —By3N+05(20y7 +46y3) — —-03. ay =g (1=sifg,)a", (14)
©)

o , . a, t=sirf6,a7
The total beta function is the sum of these pieggs= 8"

+B%?) . Aside from the modifications due to the mirror =11
quarks, these are in agreement with the resultsl 8. 3 S
The Higgs self-coupling. is taken to be Then the gauge couplings &t are given by
1 -1_~-1
LOpPdTd— Ex(cb*cp)z. (10) a "=a; TEpy, (15

where thep, terms represent threshold corrections. To one-
With this definition, the tree-level Higgs boson massrig  loop order, these arg]
= v, wherev =246.22 Ge\= \/2(¢°). \ evolves accord-
ing to d\/dt=p,. We have calculated the one-loop and Pszi 2 In(ﬂ>
leading two-loop contributions tg, using the results of 3w M)’
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FIG. 1. Range ofag consistent with a 1% unification of the
gauge couplings plotted against the unification sdle.

1 M 2 m
smzd 1— 21|n(MZ) +;Z§ len(M—i”,
_ 3[1-sirfo,
P1=g W P2, (16)

where the sums run over=t,y,w,&. As shown in[6], the
tree-level masses of the mirror quarks are given by

m,=Mj;, m,=(Mi+Y3)¥

m:=M,, (17)
whereY,=(v/2)y,. These parameters are not completely
independent. As explained abovw,=0.7 M, [6] gives the
best fit to electroweak data, whilel,,M;=200 GeV are
needed to explain why these exotics have not yet been o
served at the Tevatrdri 9] (see Sec. V.

C. Numerical evolution
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FIG. 2. Region in then,-m, plane that is consistent with uni-
fication (shaded regionand precision electroweak dafaelow the
dashed and solid lings

ered here in the low energy spectrum. Instead, we will con-
centrate on additional issues regarding the renormalization
group evolution of the dimensionless couplings of the theory,
as well as on exploring general features of the low energy
phenomenology of this particular extension of the standard
model.

D. Stability and non-triviality of the Higgs boson

If the extrapolation of the model up to high scales is to be

self-consistent, it should remain stable and weakly coupled
up to the unification scale. The only source of trouble in this
regard is the Higgs self-coupling. Stability of the Higgs
sector requires.(Q)>0 for all Q<M while perturbative
consistency means that must not be too large. For con-
creteness we demanthat 0<\ <2 up to 137 GeV. This is
sufficient to guarantee that the effective potential is similarly
vell behaved 20]. The evolution of\ is largely determined

y the initial values ofy, and\. Only for a small subset of
initial values does\ remain well behavedi.e. 0<A<2) up
to Mg . This subset is shown in Fig. 2, where we have writ-

ten\ in terms of the(tree-level Higgs boson mass ang, in

The unification of gauge couplings was investigated byterms ofm, assumingY,=0.7M, [6].

fixing sinf6,(M5) and ae( M) according to their measured
values and varyings(M) until the gauge couplings unified

We compare the allowed region with the region favored
by precision electroweak data found[i®]. There is a small

to within 1%. GUT-scale threshold corrections were not con-overlap between the allowed band found here and the 1

sidered. Figure 1 shows the rangeasg{M7) obtained in this
way for 250 GeV=M,=<1000 GeV and all values of(M)
andy,(M;) consistent with unification(See the following

allowed region of [6] corresponding to 160 Ge¥m;
=180 GeV andm, =225 GeV (n,=275 GeV). We show
in Secs. IV and V that these mass ranges will be probed by

section) The range is plotted against the unification scale. Inrun Il at the Tevatron with 4—8 fb! of data.
general, the unification is quite insensitive to the input values Finally, we note that including thgs coupling [see Eq.

of M5, \, andy,. The scale of unification is quite high,

(1)] would tend to displace the shaded region in Fig. 2 down-

Mg=(2.80+=0.15)x 10* GeV, depending on the input val- wards, slightly increasing the preferred range of Higgs boson

ues, at which point the unified gauge coupling constant ha
the valueag'=35.11+0.05.

masses. This is because, to one loop order, the beta functions

are modified asy§—>(y§+ yé) by this inclusion, while the

The predicted range of the strong gauge coupling is irbest fit value ofY,/M, changes very littlgsee Sec. Il A.
excellent agreement with the values measured experimerthus, our bound o, obtained withys=0 translates into a

tally. This agreement is quite intriguing since the particular

completion of the standard model considered in this work is————

motivated by data and not by any model building consider- 2This upper limit on\ is somewhat arbitrary but fairly unimpor-
ation. We shall not attempt to construct a grand unifieckant in the present case sinegrows very quickly when it becomes
model leading to the appearance of the mirror quarks considarger than unity.
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bound ony/y3+y?Z in the more general case, leading to lowerwell in excess of the Super-Kamiokande bound «gp
values ofm, for a givenm. —m%e™)=5.3x10% yr [21].

E. Proton decay IIl. FLAVOR MIXING

Grand unified models induce baryon number violating op- Extending the matter content of the SM also introduces
erators that lead to a proton decay rate that may be obsermew sources of flavor mixing. With mirror quarks, this pat-
able in the next generation of proton decay experiments. Thiern can be quite complicated, involving right-handed cou-
present bounds on the proton lifetifi2zl] already put rel- plings to theW and tree-level flavor-changing couplings to
evant bounds on grand unified scenarios. In four dimensionahe Z and Higgs boson. We consider first the generic case,
supersymmetric grand unified models, for instancetaking the most general set of Yukawa and mass terms pos-
dimension-5 operators may easily induce a proton lifetimesible. Next, we simplify our results, making use of the fact
shorter than the present experimental bo[@2]. This situ-  that, in the model under study, the mirror quarks couple only
ation may be avoided by a suitable choice of the low energyo third generation quarks and calculate explicitly the cou-
spectrum[23]. Heavy first and second generation sfermionsplings of the heavy quarks to the weak gauge bosons and
and light gauginos are preferred from these considerationsHiggs boson. In subsequent sections we shall use these re-

In the model under study there are no dimension-5 operasults to investigate the Higgs phenomenology, the collider
tors, so the dominant decay mode is expected topbe searches for mirror quarks, ar@P violation in B— ¢Kg
— ™. The high unification scale obtained above meanslecays.
that the proton will be long lived regardless of the details of Let A, and\4 be the flavor-space mass matrices describ-
the unification mechanism. If proton decay proceeds vidng the flavor mixing between gauge eigenstates. These ma-
SU(5) gauge bosons, the decay rate is giver] 4] trices will be 4x4 and 5< 5 respectively and will have con-

) tributions from Yukawa couplings and Dirac mass terms.

04\ TNy 5 2 Both matrices can be diagonalized by bi-unitary transforma-
I'p—m'e )Zﬁ(l'i‘D‘f'F) ay tions:
8f Mg :
_ T _ T
X[ARF(L+|Vyd??Al]  (19) M=UDMWy - Ra=UdDaWs, @)

. . _ where theU’s and W’'s are unitary, and, andDy are the
wheref,=0.131 GeV is the pion decay constapt=0.81 diagonalized mass matrices. The correspondingprimed

a.nd F=0.44 are choiral Lagrangian .factor&N is a coeffi- mass eigenstates are then related to @hemed gauge
cient related to_ ther”p operator matrix elgment, arfg anq eigenstates by the unitary transformations
Ag are correction factors due to the running of the couplings.

A recent lattice-QCD calculation gives[25] |ay] u'f=ULBuf, uR=W,Bug,
=0.015(1) GeV, where the uncertainty is purely statistical.
The systematic uncertainty is probably much larger; we take d’fz U(F;QdQ, d’EzW(';’QdS. (22)

it to be ~50% [23]. The correction factor&-R split into o
long and short distance pieces: g=A/I13_,A-R, whereA,  Here, the indicesA,B=1, .. .,4 correspond to{u,c,t,x},

comes from the renormalization group evolution belbly ~ While P,Q=1, ... 5refer to{d,s,b,w,£} respectively.
and A-R from that above. Heref\=1.3 is identical to the In terms of the physicalmass eigenstalefields, the
SM value, while the short distance pieces, to one-loop orde€harged currents become

are[26]

V234 = uPy*VECdR+ ugyVROdR
'a (M )'6/(3374n976)
AS=| =2 ~3.15=Af, I =k, (23

ag

) . where the &5 flavor-mixing matrices are given by
ay(M5) 27/(86- 16ny— 24)

As=—= =1.39=A%, 4
- aG - VEQ:IZ:L U:.,IB*UIan
[ y(M)] 696+ 80ng+24)
AE:_ o =1.14, VEQ= B4 AQ (24)
i 1= 33/(6+ 80n,+ 24) The matrix V| is analogous to the Cabibbo-Kobayashi-
AR= ay(Mz) ’ ~1.07. (19) Maskawa(CKM) matrix Vcky of the SM. It is nearly uni-
' ag | tary in the sense thdt/,_VE=]I4X4 and VEV,_=]I5X5—Vd,
where the matrixVy is defined below. The matri¥y de-
Using Mg=2.8x 10" GeV andag'=35.1, we find scribes right-handed couplings and has no analogue in the
SM.
(p—mle’)=3x10%*1 yr, (20) Similarly, the hadronic neutral current is
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2 A whereY;= (v/+2)y;, i=b,2,3. The phenomenologically in-
- §5'n29w)UR teresting regime i¥y,,Y3<Y,,M,M, [6]. Working to lin-
ear order in the small quantiti&g, /M, andY3/M,, the left-
and right-handed mixing matrices are

1 2

> 35|n2¢9w

uf‘-l-aéy“

cosGWJg‘:Uf\y"(

1 1
+afy”“<—§+§sinzﬂw df
CLEL SL CL’éL
1 1
+E;yﬂ<§sinzew dg+§(U§yﬂvf}Bug Ug=| —s. ¢ O (28)
- s 0 ¢
—dRy*Vg g +df y*V§dR) (25
~ and
where the matrice¥,,V4,Vq are given by
ck SR O
Wg=| Sk Cr O (29)
V,L’-I\BzwﬁA*WﬁB’ d . -

V(';’Qz ng* UgQ
wheresg=sin 6z, s, =sin6_, ands,_=siné, are given by

VER=wiP*wie. (26)
Y2
The off-diagonal elements of these matrices describe flavor- SR= (Y2+ M2)1/2’
changing neutral current$CNCS. Each is Hermitian and 2°
satisfiesvV?=V.
Y,Y,
S = DN
A. Heavy quark neutral and charged currents - (Mi-i— Y%
The expressions above can be simplified considerably by
using the fact that, in the model under study, flgauge ELZE (30)

eigenstate mirror quarks couple only to the quarks of the
third generatiorisee Eq(1)]. The mixing between the mirror
quarks and the first and second generation quarks is thuspplying the mixing matrices ta 4, theb-sector masses are
very small, and so will be neglected. Moreover, the mixing
between the SM quarks is given approximately by the usual
CKM description. The flavor violating effects among the mp=Yp
heavy quarks are then related to the mixing of the right-
handedSU(2) quark doublet with the third generation right- N
handed quarks, as well as the mixing of the left-handed m,=(M1+Y2)™, m=M,. 3D
SU(2) quark singlet with the left-handed bottom quark. , -

The mixing in the top sector must be very small to avoid 10 Obtain good agreement between the predictions of the
a conflict with the B(b—sy) predictions[27]. We shall model and precision eIecFroweak data the angle in the right-
therefore assume, for simplicity, a vanishing mixing in theanded sector must be sizable,
top sector y,=0). The top-sector mass matrix is then diag-

-1/2

2
2
1+ —
1

onal, withm,=(v/+/2)y, andm =M. tandr=Y,/M,=0.7, (32)
Following [6] we takeys=0 as well. The bottom-sector o~
mass matrix, in the basid(,0’,&’), is then given by while s, should be small,
Y, 0 Y sin§, =0.09. (33
Ng=| Y2 M1 0 @7 Note that Eq(32) fixes s, in terms of theb-quark mass.
0 0 M; In this approximation, the relevant neutral currents read

2 2 ~>
_ sg sifly| — Cr sifOy| — SRCR  — Cr sirfby
COSGWngbR’y’ubR< - ?"‘ T +wR’y“wR( - ?"‘ 3 —(bR’y'“wR-i- H.C.)T"‘bL’y’ubL - ?‘f‘ 3
—_ 2 sifey| — S — 1 sirfly| — Sirt 6y
+E&vHEL 5t 3 + (b y*é + H-C-)T"‘wL?’”wL 5T 3 +Ery*ERr 3 (34)
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Within the same approximation, the charged currents read o —EL(Mb+hNb)d§+(H.c.) 37)
I+ =t y*(CLbL+ s +SLE) + XLy (wL—SLby) with d| g=(b{ r.®{ r.¢ &)' and
+ XR7*(CroR— SRDR), (39) Yo 0 Y
Np=| Y2 O O [. (38
where we have neglected terms of ordej/M? . 0 0 0

In the above we have neglected the effects. We have
verified that even large values g produce a negligible Transforming to the mass eigenstate basis, the Higgs cou-
effect in the relevant right-handegbb coupling, while in-  plings become
ducing only a very small change in the left-hand#ab cou-
pling (which can be compensated for by a minor change of
y3), and soY,/M=0.7 still gives the bit fit to electroweak
data. On the other hand, singe induces a mixing between
the two heavy mirror quarks, th2 couplings and the mass m,— ms.  — ~—
spectrum of the mirror quarks are modified by this coupling. _SRCRhTwLbR_ Th(bL+SL§L)§R+(H-C-)-
In particular, for non-vanishing values wf there is always a
mirror quark state in thé sector with mass smaller than (39
mo=(M{+Y3)*2 Therefore, for any given value oh,,
mg, provides an upper bound on the lightest mass of th‘%'Ne find that thehbb coupling is reduced by a factor
down-type mirror quarks. WithY,/M;=0.7 and M, of c2~2/3
<250 GeV as required by precision electroweak {latathe R '

lightest down-type mirror quark can not be heavier than 300
GeV. IV. HIGGS PHENOMENOLOGY

mb — m — mb_
,C:) - Cé?thbR_ SéTwthwR_ SRCRthLwR

Using the value tadg=Y,/M;=0.7 favored by the model,

A. Higgs boson production and decay

B. Higgs couplings This scenario modifies the phenomenology of the Higgs

One of the most important immediate goals of high en-boson in two ways. First, by reducing théb coupling by a
ergy physics is to understand the mechanism of electrowedlactor ofcﬁ, the partial widthl"(h— bb) is attenuated by the
symmetry breaking. In the standard model and its supersymsquare of this factoc§~ 4/9. Since this channel is dominant
metric extensions, this symmetry is broken spontaneousl§or Higgs boson masses belaw,= 130 GeV, the reduction
through the vacuum expectation value of one or more scalasf the partial width for this mode increases the branching
Higgs bosons. The same is true for the model under studjtactions of the other modes in this range. Secandjuark
and it is therefore quite relevant to understand the possiblgop effects increase the partial width(h—gg). This in-
modification of the Higgs boson search channels at the Tevareases both the branching fraction of this mode and the
tron and the LHC. Higgs boson production cross section by gluon fusion.

In addition to introducing new sources of flavor mixing, et us consider the effect of the quark in a bit more
mirror quarks also modify the couplings to the Higgs bosondetail. The presence of this quark in a loop connecting the
The Dirac mass terms for the mirror quarks mean that thejiggs boson to two gluons modifies the-gg partial width.
Higgs-boson—quark couplings need no longer be flavor diagneglecting light quark contributions and keeping only the

onal in the basis of mass eigenstates or be proportional to theffects of the dominant Yukawa coupling,, the partial
quark masses. We find that the coupling of the Higgs bosogidth becomes

to theb quark is reduced relative to the SM. This, along with

the contribution of the heavy quarks in loops, has interesting aa§ mﬁ )
consequences for the detection of the Higgs boson. I'(h—gg)= Toesio. | M2, |Fua )+ SgF 1 7,) 2
As in the previous section, we will assume that the mirror 128m7sin 6y, \ My

quarks mix almost exclusively with the third generation (40)

quarks and takg,,ys~0. This implies that the only Higgs-

boson—quark coupling that is significantly modified from the
SMis that of theb quark. The relevant terms in the Lagrang- Fom— 27714 (1—7)f 41
ian are therefore 12 Tl 1+ (1= 7g)T(7g)], 41

where the functiorF5(7,) is given by[28]

—, — —, with 74=4(mq/m;,)? and
LD = (YpQL+ Y2V [ )br® —y3Q g
[sin"Y(17)]3 =1,

~M W WL~ M Eh+(H.c). (36) .
f(r)=1 = zln(y. /9 —im]? (42)
After symmetry breakingd =(1/y/2) (,%,) in the unitary
gauge. These couplings can then be written as <1, 7n+=1%x\1-7.

053001-7



D. E. MORRISSEY AND C. E. M. WAGNER PHYSICAL REVIEW 39, 053001 (2004

o (gg—>h)
o (sg—>h)

log;o (Branching Fraction)

G (VBF) g(h—>VV)
05 - o (VBF) B, (h->VV) N

i I ). e I el 1 I ‘ | | ‘ | | ‘
1 0
100 150 200 250 300 350 400 450 500 55 150 200 250 300 350 400 450 500 550

my, (GeV)

my, (GeV)

FIG. 3. Higgs branching ratios with mirror quarks, far,

=250 GeV andY,/M;=0.7. FIG. 5. Enhancement of intermediate mass Higgs boson modes

for m,=250 GeV,Y,/M,=0.7.

The corresponding expression in the SM is obtained by set-
ting sg=0. Since the new term interferes constructively, the
effect is to increase the decay width. While tihe:gg mode

is not directly observable at hadron colliders, this deca)}
width is nevertheless important because it determines th

cross section for Higgs boson production by gluon fusion:~’ 1
99 P y 9 Higgs boson is produced by other means, such as vector

o(gg—h)=I'(h—gg), up to soft gluonic effects. Thé X ; .
—»yy decay width is similarly modified by a@ loop. In this boson qumn, are very slightly attenuated due to Higgs boson
decays into mirror quarks.

case, the new contribution interferes destructively with the : .
y We have checked that including has only a small effect

SM terms, the dominant parts of which come frafhand . - L
. on these results. Like th&bb couplings, thehbb coupling is
Goldstone boson loops. However, the chang&'th—yy) o diohiy modified byys. The additional mixing due to

is very small for any reasonable input parameter values. Fi has a larger effect on the mirror quark couplings, increas
ure 3 shows the dominant Higgs boson decay branching ra-> : . . ’ i
99 y 9 ing theh&é& coupling while decreasing that férww. These

tios in the model under study. Additional next-to-leading Or-changes brecisely cancel each other in @) to the extent
der (NLO ti to thén d included . e
er ) corrections to —0g mode were included as thatF,(7,) =F 17, which holds to within 7% for quark

well, following [29]. han the Hi b
Figures 4 and 5 show the enhancement of a few Higg§nasses greater than the Higgs boson mass.

boson discovery modes relative to the SM, which is mostly

due to the increase in the gluon fusion cross section. Forlow g Higgs boson searches at the Tevatron and LHC

Higgs boson masses), <150 GeV, there is an additional . ) .
enhancement of certain modes as a result of the decrease in 1 "€ €nhancement of Higgs boson detection signals de-

= . . creases the collider luminosity needed to find the Higgs bo-
theh—bb pranchlng ratio. It should be noteq, however, t.hé.nson. We have translated the above results into collider units
such low Higgs boson masses worsen the fit to the precisio

clectroweak data in this model Using detector simulation results frd®2—-34 for the Teva-

' tron and[34,35 for the LHC. Figure 6 shows the minimum
luminosity per detectofwith CDF and DOdata combined
needed for a 3 signal at the Tevatron. Figure 7 shows the

If the Higgs boson mass exceeds 150 GeV, the process
h—VV, whereV is a real or virtual vector boson, becomes
he primary Higgs boson discovery mode at both the Teva-
on and the LHJ30,31]. The inclusive modes are enhanced
y the increase in gluon fusion, while modes in which the

25 I W | luminosity needed for a & discovery at the LHC. All chan-

' s 8870 B, ) nels displayed in this plot are for CMS alone except for the
,L Z(E—§31> | WW and ZZ modes, which are for ATLAS. These plots cor-
___________ s O osest respond to inclusive searches unless stated otherwise:

15+ SV Bl ) —h—X denotes weak boson fusion channels, whitt
N T (V1) By (h51 ) —X andW/Zh—X denote associated production channels.
i S 1 For the inclusive channels, we have assumed that gluon fu-
sion accounts for 80% of the total Higgs boson production.
o5 i The model significantly improves the likelihood of ob-
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ serving the Higgs boson at the Tevatron for a Higgs boson
%0 105 10 15 10 125 130 135 40 W45 150 mass between 120 and 180 GeV. Note thgt-h— 7" 7~
myp, (GeV) becomes the dominant discovery channel at the Tevatron col-

lider in the low Higgs boson mass region.
FIG. 4. Enhancement of low mass Higgs boson production and The predictions of the model for the LHC are less dra-
detection modes fom,=250 GeV,Y,/M;=0.7. matic, although the improvement in tgg— h— yy process
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FIG. 6. Minimum luminosity needed for ac3Higgs boson sig- FIG. 7. Minimum luminosity needed for ac5Higgs boson dis-
nal at the Tevatron fom,=250 GeV,Y,/M;=0.7. covery at the LHC fom, =250 GeV,Y,/M;,=0.7.

will make a light Higgs boson much easier to see. For interbound on a possible sequential top quark, we conservatively
mediate Higgs boson masses, the inclusiveWW channel  assume equal acceptance and detection rates forybatid
becomes competitive with the#V—h—WW channel. For top events. The fraction gf events in the top-quark sample
masses larger than the ones displayed in Fig. 7, searches f@ill be 40%—10% for 206: m, <250 GeV.(In practice, the

the Higgs boson at the LHC can proceed via the goldenrietection efficiency for’s will be slightly better since the

modeh—ZZ. b-tagging efficiency improves with je®+.) Comparing the
run | value for the top-quark production cross section with
V. MIRROR QUARK COLLIDER SIGNALS the theoretical predictiofi37], we get that the cross section

for any new sequential top quark should be lower than 2.9
b, at the 2r level. This method, based just on counting,
eads to a bound of about

If the model is to improve the electroweak fits, the mirror
quarks must not be too heavy. In particular, this require
m,=250 GeV, which [using Eq. (17)] implies m,
=300 GeV as well. On the other han, is largely uncon- m.=200 GeV. (43)
strained. These relatively low masses suggest that the Teva- X
tron may be able to see mirror quarks by the end of run ll-qpis in turn impliesm, =250 GeV, well in excess of the’
Previous searches for exotic quarks have concentrated on@ g from[19]. ¢ '
possible fourth generatioh’ quark. In the most recent of At run II, the goal is to determine the top-quark produc-
these, CDF has put a lower bound on the mass ofMy  tion cross section to an accuracy of 7%—98] with a few
>199 Gey [19], prpwded the branching ratib’—bZ is fo~! of data. Assuming that this goal is achieved and con-
100%. This bound is relevant to our model as well.  gjgering that the uncertainty is mostly due to systematic ef-

At the Tevatron, mirror quarks are produced mostlyjoy  fects(in particular, the proper determination of theagging
annihilation, with a smaller contribution from gluon fusion. efficiency and therefore weakly dependent on small lumi-
Previous calculations of the top-quark pair-production crossosity variations, the Tevatron run Il will be sensitive enough
section apply to mirror quarks as well. These indicaty  to rule out the presence of a sequential top quark with a mass
=3.0-0.5 pb, foom,=200-300 GeV at the center of mass smaller than 230 GeV. This will imply an indirect bound on
energy/s=2.0 TeV [36,37. This is small, but comparable m_>285 GeV. On the other hand, the Tevatron might see
to the top-quark production cross section in ruw};=6.1  evidence of g¢ quark with mass smaller than 220 GeV at the
+1.1 pb, where we have averaged the results @f Bnd 30 level.

CDF [18]. That they— bW vertex is Y +A), Eqg.(35), makes they
The up-typey quark is most strongly constrained in the somewhat easier to find. This is becauseWigs emitted in
model. It decays almost entirely byg—bgW due to a large  yr—bgW™' have positive or zero helicity, whereas those

tree-level right-handedlV coupling, Eq.(35). This will pro-  from t,—b, W™ have negative or zero helicifyLeptons
duce a signature very similar to that of the top quark. Indeedemitted by positive helicity\’s tend to be harder than those
top quark decays present a nearly irreducible backgroundrom longitudinal or negative helicityV’s. Thus, a slightly
Searching for they therefore reduces largely to a counting higher leptonP+ cut will increase the relative acceptance of
experiment in which one compares the number of measured
top events to the number expected. Searches at run | of the——
Tevatron have already put interesting limits i) since the 3Correspondingly, thaV~’s emitted in the charge conjugate de-
top-quark production cross section measured there agreesys have negative or zero helicity ford- A) vertex and positive
well with SM predictiong 37]. (See, however, the comments or zero helicity for a ¥ — A) vertex. We shall refer to both positive
in [38].) helicity W*’s and negative helicityv~'s as “positive helicity” W's

In order to make a quantitative estimate of the presenand so on.
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FIG. 9. Branching ratios for decays of thiequark with m,

FIG. 8. Branching ratios for decays of the quark with my
=170 GeV(andys=0).

=170 GeV.

X's, although the improvement will be small since the ma-massive Higgs bosons decay mostly ikt pairs(see Fig.
jority of W's emitted are longitudinal. CDF has looked for 3), S0, for instanceww—bZbh could be distinguished by
positive helicityW's in top decays. They find a positive he- l00king for events with four jets, at least two of which dre
licity fraction of F, =0.11*+0.15[40], consistent with both ~ tagged, accompanied by a pair of higk leptons and large
the SM, and ay of mass above about 200-250 GeV, for MissiNgEr+.
which we predict a value af, =0.08—0.02. In order to estimate the possibility of observing an
Run Il at the Tevatron will also cover part of the massduark at the Tevatron using the CIiF search strategy, we
range of thew quark by direct searches for this particle. The shall assume that the Higgs boson maswsyjs-170 GeV and
strongwb mixing leads to tree-levéd Zw andbhw vertices,  that this search strategy has no sensitivity to the-bh
Egs. (34), (39), with the same?(1) flavor-mixing factors. Modes and a detection efficiency of 13&6 in run | for large
The dominant decay modes are thwis—bgZ and w—bh ~ Mp). The most important background comes frafhevents
provided the Higgs boson is not heavier than theOther associated with hadronic jets. To reduce the background, one
modes are suppressed by loops, small flavor-mixing factor&an impose a cut on the total transverse energy of the jets
and in the case ab— YW, phase space. Indeed, this decay[19]. Form,>250 GeV, a cut oEE;>150 GeV will elimi-
is forbidden for almost all of the model parameter spacehate most of the background without reducing the signal in a
consistent with precision electroweak df€d. If the Higgs  Significant way. The number of observable signal events
boson is heavier than the, the CDF bound applies directly Scales with the luminosity and is approximately equal to

to ww—bbZZ modes and constrains the mass to be
greater than 199 GeV.

Things are more interesting if the Higgs boson is lighter
than thew. In this case, the ratio of the decay widths of the
Higgs boson and@ modes ig41]

N,,=1.5-7.0C [fb~1], (45)

for anw mass varying from 300 GeV to 250 GeV. As a result
of the smallness of the background, a simple requirement for
evidence of a signal is that at least five events be observed.
Therefore the Tevatron run Il should cover the whole mass
(44  range of the modelm,<300 GeV, if the luminosity is
above 4 fb!. For a luminosity of 2 fb!, a signal may be
B s , observed up to masses of about 280 GeV.
wherer,=(m,/m,)%, rz=(Mz/m,)°. Figure 8 shows the The isosinglet¢é decays predominantly bg, —b, Z, &
branching ratios for these modes for a Higgs boson mass of L AR fhrac

2° e 251, W, andé—bh [see Eqs(34), (35) and(39)]. All three
170 GeV. In theirb” search, CDF looked fob'b’—bbZZ  of these go at the tree level. Figure 9 shows the correspond-
events in which on& decayed into jets while the other de- ing branching ratios for these decays. The-bZ mode is
cayed into a pair of high transverse momentuPq)(leptons  dominant form,<400 GeV, although the&—tW quickly
[19]. They only accepted events in which the reconstructethecomes important above th/-production threshol42].
mass of the lepton pair lay within the range 75-105 GeV andror relatively lighté’s, of mass less than 250 GeV, the search
at least two jets were tagged b'%. For low Higgs boson  strategies are similar to those for the The CDFb’ search
masses, below 150 GeV, this search strategy is sensitive {8 thus sensitive to a lighf. Theirb’ mass bound also ap-
bothww—bZbZandww—bZbhevents, since in the latter, plies in this case, although this limit may be weakened some-
the Higgs boson decays predominantly intblapair which ~ what depending on the mass of the Higgs boson.
mimics the hadronic decay of 2 This also lends itself to In the preceding discussion we have takgy=0. We
modifying the search strategy to include fooirtags[41]. have checked that including has only a small effect on the
Even more search strategies become possible if the Higge and » decay signatures. The most significant change for
boson mass exceeds 150 GeV as favored by the model. Sutese decays is that the relationship between the masses of

F(w—>bh)_ (1—rp)?
I(0—b2)  (1-r,)%(1+2r,)
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the x and w quarks, Eq.(17), need no longer hold, as dis- can explain the apparent difference betwégp andSJ,wK
cussed at the end of Sec. lll A. The branching fractions offo simplify the analysis, we have assumed that the mixing of

the » are changed only slightly. Keepings has a larger the mirror quarks with the SM quarksther than theb) is
effect on¢ decays and tends to decrease the branching fraarery small. In particular, we have neglected all right-handed

tion for £&—tW relative to the other modes. W couplings and all FCNC couplings other than those con-
necting theb and s quarks.|Vs? and [V will also be
VI. CP VIOLATION IN B%— K, DECAYS treated as small parameters whose size we will bound below.

o . These assumptions imply that the three generation CKM de-
The value of theCP-violation parameter sinf@ mea-  scription of flavor mixing in the SM is correct up to small
sured inB%— ¢K ¢ decays appears to disagree with the valuemodifications and that we can ignore the loop contributions

extracted fromB°— J/yK decayq43—43: of mirror quarks to the effectiveb vertex.
+0.735-0.054, B%—J/yKs, A. Constraints from semi-leptonic decays
sin(28) = —0.39+0.41, B%— oK. (46) The strongest constraints on these couplings come from

semileptonidb— s moded47]. At energies much below ,,

This discrepancy is particularly interesting because théhe SM decay amplitudes can be written as the matrix ele-
B— ¢K¢ mode is loop mediated, making it much more sen-ments of an effective Hamiltonian:
sitive to new physics than the— J/ /K, mode, which goes Gr
at the tree level. We investigate whether this discrepancy can _
be explained by the FCNCs which arise in the model. Het=Het(b—sy)— \/— N(Cs Q9v ClOAQloA)

It is not sin(2B) that is measured directly, but rather the (51)
time- dependenCP asymmetryacp(t). For decays of the

B°(=bd) meson into &CP eigenstatd, this is defined to be Where Qq = (D) v-n (11 |)V and Q19,= (sb) v—n)(1)4 are

[46] four-quark operatorsh,=Ve,, Vi, and |=pu.e. [See
. [48] for a definition ofHeff(beSy) ] The FCNC couplings
2l (1): r(B%t)—f)-T'(B%t)—f) contribute t0Qq, and Qy,, and generate the new (- A)
T E () H+TE%(1)— 1) operatorsQg = (sb) v a)(11)v and Qi = (sb) v+ wy(1a-
We neglect the contribution of mirror quarks #®.¢:(b
=C;cog AMt) — Stsin(AMt) (47 —sy), since these only arise from loops, which become

_ . ~negligible fory,=0, contrary to the dominant tree-level ef-
whereAM is the mass difference between the mass eigenfects included in our analysis. The effective Hamiltonian thus

states, and;, C; are given by becomes
1-&l? 21Imé& Het1=Herr(b—sY)
C= 5 S= (48)
1+|&

GF ! !’ ! !
2 M(C9Qg,+ C10Q10, T CoQq, T C14Q10,)-
with &; given by (for the B system

(52)
~A(BY—T) In terms of 7:=V3%\, and " :=—V3\,, the Wilson coef-
&=e z'ﬁm- (49 ficients are now given by
1
- _ —OSMy [T o

In the SM, theB— ¢K amplitude has the form=\;A,, Co,=Co,t 2 2 sza"") K
whereA, is CP invariant and\t:VtCS‘EMVthKM . The phase of 1
\ is very small[46], so to a good approximatiofi,x =0 ch :<__2 szgw) 7
and Syc=sin(28). This result applies to thé—J/yKg 2
mode as well. For this reason, the valuesSpfmeasured in 1 1
the pK4 andJ/ K, modes are sometimes quoted as si)(2 ClOA:C%\:_ 57 CioA: -3 7. (53)

as we have done in E@46).
Physics beyond the SM can change the vaIueSd,Qf and Since -2 sirf4,~0.05, to a good approximation we need
Sy, by adding additionaCP-violating terms to the decay only consider the shift in th€ 14, coefficients. We have ex-

amplitudes. We have investigated whether the new tree-leve|mined the effect of mod|fy|ng the o, coefficients on the
FCNC Z couplings

branching ratios of the inclusivB— X, I I~ mode, as well
1 as the two exclusiv8—KI*I~ and B K11 decays.
“D—(gLy“VﬁbbL—gRWV/ﬁbbRH(H-C-) (50) The constraint orb.—>s FCNCs from theB— X4l "1~
2 cosb mode has been considered previouélyg., [48-51]). We
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TABLE I. Experimental results and SM predictions. All errors were combined in quadrature, and the SM

predictions were averaged ovgrande modes.

Mode Be*P(1075) BSM(1079) 20 allowed range (10°)
B—Xd "1™ 6.1715[52,53 4.2+0.7[54] —1.1<AB*<55
B—KI*I~ 0.76" 513 55,56 0.35+0.12[54] —0.09<ABK<0.91
B—K*I*~ 1.68" 558+ 0.28[56] 1.39+0.31[54] —1.3<ABX <21

repeat the analysis for this particular model using updated

experimental results. Frofd8], modified to include the new

(V+A) operators and neglecting lepton masses, the shift in

the branching ratio relative to the SM is

ABYs=B—BM
a’2 VtS 2 ~ ~ ~
— Y Vs B 2 (B 12— [BSM)2
872(2)x(2) | Vb (IC10,|*+[C1g,|*=[C,|)
XB(b—cev), (54)

where C,:=(27/a)C;, f(z)=0.54+0.04 is a phase space
factor_, k=0.879-0.002 is a QCD correction, and(b
—cer)=0.109:0.005. We have also takenCiy'=

—Yo(x)/sirtl,~=—4.2, a” }(m,) =129, and|V,s/V p|?=1

in our analysis. The measured branching ratio and the SM

prediction for this mode are listed in Table |, as is the 2

2 2.5
_ Gpa'mg

ABK=———
1536m°

78I\ 1 (|C10,+ Ci, [*— IC3g11 ),

(56)
where 75=1.60=0.05 ps is the totaB lifetime, andl is an
integral of form factors. Explicitly,l=f§1d§kﬁ/2(§)f2+(§),

0
where 0=4mZ/m3<s<(mg—my)%m3 and \y(s)=1+r2
+82—25—2rs with rg=(mg/mg)?. We have evaluated
the integrall numerically using the form factors 1] and
find | =(0.056 §05). Again, Table | lists the relevant input
data.
Figure 10 shows they and ' values consistent with all

three semileptonic decay mode constraints taken at the 2
level. Note that points within the two regions are correlated.

B. Range ofS
As for the semi-leptonic modes, the non-leptoric

allowed shift in the branching ratio based on these values. — #Ks decay amplitude can be written in terms of an effec-

The inclusive mode8—KI*l~ and B—K*| |~ have
been considered if60,51. The result for the latter mode,
neglecting lepton masses,[50]

ABK =(4.1759)x1078(|Cyg, ~ Cig, |~ /1D
+(0.9582) X 1078(|Cy, + C1o |*— [CTa1>)-

(59

tive Hamiltonian. In the SM, this is given Hp7]

G
HSM=7g Nu(C1QY+C,QY)

10

"')\c(Cng"'Cng)—)\tZs CiQi|, (7

Where)\q=V%fMV%k,’<M are products of CKM factorsQ;(u)
are four-fermion operatorsC;(u) are the Wilson coeffi-

Table | lists the experimental results, the theoretical SM precients, andu is the renormalization scafeThe operators

diction, and the correspondingr2allowed range forA BK* .
For theB—KI*I~ mode, the shift in the branching ratio
is [50]

0.02 T T T T T T T T T
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Imn,n ofF
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-0.01 -

-0.015 -

0.2 I ) I I I I I I I
-0.03 -0025 -0.02 -0015 -0.01 -0.005 [i] 0005 001 0015 002

Re M1

FIG. 10. 2o allowed ranges ofy and ’.

Q1,Q,, Qz,....,Q, and Qy, ..., Qqo are the usual SM
current-current, QCD penguin, and electrowd&k\V) pen-

guin operators respectively, as defined%7]. Note that the
four-quark operator®q andQ, are different from the semi-
leptonic operatorf)g,, and Quo, considered above.

If we include the FCNC couplings from the mirror quarks,
the tree-level contribution t@{.¢; at scaleM,y is

G

AHesi=+ —=N¢ U(;b)(va)Z gg,L(aq)(VtA)
V2 q

+ n'@b)wwg 9% () (v ) (58)

4In writing He¢s in this form, we have made use &f+\.+\;
=1. This is also approximately true when mirror quarks are in-
cluded.
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where the sum runs overq=u,d,s,c,b, gg,Lz(Tg
—eqsinzﬁw) is the Z(qq),_ r coupling, and7;=vf‘,b/)\t and
7' = —T/f,bn\t are the same as above. The first operator, mul-
tiplied by 7, can be written as a linear combination of
Qs, ..., Q0. The second operator, multiplied by, has no
SM counterpart. We introduce a newV(+ A)” operator ba-
sis Qq, ... ,Qqp related toQq, . .. ,Q1q by the interchange
(V—A)<—(V+A) wherever these appear.

We incorporate the newM— A) operator contribution by
modifying the Wilson coefficients at scal¢,,. The changes
are

1 ;
C3"(Mw) —CS (M) + £ 7, B10")

FIG. 11. Range of5,« accessible by the model plotted against
the branching ratio for two choices of the renormalization scale.
The vertical dotted lines indicate theo2allowed region for the
branching ratio.

2_
CIM(My) = C7M (M) + 3 si 6,7,

2
CSM(Mw)HCSM(Mw)—5(1—Sin20w)7l- (59 where Ag=—2Ggf myFF(m3)(e*-pc) is a CP-
invariant product of form factors and constants, and ahe
For the (/+A) operators, C°™)'(M\y)=0, while the are functions of the Wilson coefficients. To leading order,
FCNC contribution gives they are [60] ay—1=Cypi—1+(1/MNe)Cpi and ay=Cy
+(1/Ngt1) Coi _1, WhereNgy; is an effective number of col-
, 1 ors. In writing Eq.(61), we have neglected annihilation con-
Cs(My)= 67 tributions. While these may be significant, they do not intro-
duce any new weak phases and are less than 25% of the SM
2 penguin contribution to the amplitudé1]. We find that the
Ci(Mw)=— 5(1—5ir‘29w) 7', variation of the penguin coefficients witR. is consider-
ably larger than this.

2 The a; coefficients were calculated numerically by taking
Co(My) = §sin20W77’, (600  as input the 2 allowed values ofy and ' from the previ-
ous section and running the Wilson coefficients dowruto
with all others zero. =2.5,5.0 GeV. From these we calculat, and the B

The renormalization groufRG) evolution of these opera- — #Ks branching ratio. This helps to reduce the theoretical
tors proceeds much like in the SM since thé—(A) and uncertainty due to the sensitivity of the amplitude to varia-
(V+A) operators evolve independently. The anomalous ditlons Of Nert. Using Eq.(61) and the input parametefs,
mension matrix that determines running of both the ( =0-233 GeV, F;7=0.39£0.03, m,=1019.4 MeV, my
—A) and (V+A) operators is the same as in the SM. This =497.7 MeV, mg=5279.3 MeV, 7go=1.54+0.02 ps, N
follows from our definition of the Y+ A) operators and the = 0-040+0.003, the branching ratio is
fact that these are renormalized by parity-invariant gauge
interactions. We calculated the Wilson coefficients at scale B(B°— ¢K2)=(5.13+0.15 x 103
u=2.5,5.0 GeV at one-loop order in both the QCD and
QED corrections using the results [&8]. To this order, the

agt+as+as

2
corresponding initial values of the Wilson coefficients are — 1(a7+ ag+agg) — 1(a§+a§+ al)| -
taken at the tree level in the QCD corrections, although we 2 2
have included the one-loop electroweak corrections which (62
give a large contribution t&€4(M5). (This agrees with the
conventions of57-59.) The range ofS,x obtained foMNg¢=2,3, . .. ,10 isshown in

Hadronic matrix elements for thB— ¢K, transition at Fig. 11 and is plotted against the branching ratio. CLEO,
scale u=2.5,5.0 GeV were estimated using factorization.BABAR, and BELLE have recently measured this branching
Following [60,61], the amplitude is given by ratio [62—64, and the average of their results B(B°

— ¢pK%)=(7.71.1)x 10 ©.
We find that a range 02S5,¢=1.0 can be explained by
FCNCs in this model while simultaneously accommodating
semi-leptonid3 decay andB— ¢K branching fraction data at
61) the 20 level. While the shift inS,, from FCNCs is not large
enough to completely explain the current experimental value,

- 1
A(B—) ¢K):AO)\t a3+ a.4+ a.5_ E(a7+ a.g+ a.lo)

1
! ! !
- E(a7+ag+a10)

053001-13



D. E. MORRISSEY AND C. E. M. WAGNER PHYSICAL REVIEW 39, 053001 (2004

it is still significant and reduces the discrepancy to belowguestion of gauge coupling unification. We find that the
20. A strong phase’ in the new physics relative to the SM gauge couplings unify aMg=(2.80+0.15)x 10'® GeV.
would only decrease the range 8f,« [65]. Settingd=m  Perturbative consistency and stability of the model restrict
gives a result similar to that displayed in Fig. 11. The resulthe possible values of the masses of the Higgs boson and
shows a strong dependence on the renormalization seale, mirror quarks. The allowed rangey,= 170+ 10 GeV, over-
as well as the effective number coloM ¢, due to sensitive laps with the range of values of these parameters which give
cancellations between terms in the amplitude. While thighe best fit to precision electroweak d46d.
situation would be improved by adding higher order correc- Flavor mixing due to the mirror quarks leads to right-
tions, we do not expect such terms to change these generadndedZ couplings, a very small loss of unitarity of the
conclusions. CKM matrix, and FCNCs. The flavor mixing also modifies
The above result is more constraining than the one obthe coupling of théo andw quarks to the Higgs boson, while
tained in Ref[66], in which the effect of a vector-like pair of the couplings of the other quarks to the Higgs boson are not
singlet down quarks ois,«x was considered. As we have changed significantly. This has some interesting implications
done here, these authors investigate the rangg,ethat can  for Higgs boson searches at the Tevatron. In particular, the
be obtained from theZb vertex that is induced by vector- required luminosity for a Tevatron or LHC Higgs boson dis-
like down quarks. Our results should reduce to theirs in theovery in thewwWdecay mode, as well as in thé 7~ mode
limit »"—0, which corresponds to considering only the fla-at the Tevatron and they mode at the LHC, is greatly
vor mixing effects due to the singlets. By the same reasonreduced within this model. We have analyzed the search for
ing, the range o0&,k should be greater in the present modelmirror vector quarks at the Tevatron collider and have found
since even more flavor mixing is possible. Instead, these auhat run Il with a total integrated luminosity of about 4 th
thors find a larger range f&¥, than we have obtained. One will be able to test all of the mirror quark mass range con-
of the possible sources of the discrepancy between our analgistent with electroweak precision data. Finally, the:s
sis and the one in Ref66] resides in our use of a more FCNCs which arise in this model can help explain the dis-
stringent quantitative analysis of the constraints coming frontrepancy between the values of sif(2neasured in thé
the semileptonicB decays. Another source appears to be— K andB—J/ K decays.
th_eir inclusE)n of the *“color-suppressed” operators Note addedAs this work was being completed, RE&7]
(S8b4) (v—n)(S4Sp) (v ) at the tree level. While such opera- appeared, in which the effect of tree-lev®l£ A) sZb cou-
tors do arise from QCD corrections to tisZb vertex, all  plings onS,« was calculated. The modifications to the elec-
tree-level effects may be described by the “color allowed” troweak scale Wilson coefficients as well as the final result in
operators@bﬁ)(v,A)(isa) Ve - thig paper agree with our analysis. After this work appeared,
revised experimental values o, were reported by the
Babar and Belle experiments. The new world average is still
more than two standard deviations away ffﬁﬂ’l)wKS, al-

We have investigated the phenomenological properties ohough there is also a 2rldiscrepancy between the two
beautiful mirrors, an extension of the standard model ConSibeperimental resultf68]. A related work,[69] has also re-
ing of additional vector-like “mirror” quarks with the same cently appeared, in which the search &= —1/3 vector-

quantum numbers as th@U(2) quark doublet and down jike quarks is investigated. The conclusions of these authors
quark singlet in the standard model. These exotic quarks miyor the Tevatron are similar to ours.

with the bottom quark, resulting in a modified value of the

right-handed bottom quark coupling to tAegauge boson, in

agreement with indications coming from the precision elec- ACKNOWLEDGMENT
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