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Isosinglet-quark decays to Higgs bosons in multi-Higgs-boson models
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We examine the decays of heavy SU(2)L-singlet quarks to a Higgs boson and a light quark in a
class of E6 electroweak models with more than one Higgs multiplet. We calculate the branching
fractions for several scenarios involving different Higgs sectors and quark mixing. We find that the
enhanced couplings and decays to charged and pseudoscalar Higgs bosons can significantly increase
the overall branching fraction to Higgs bosons. The increased Higgs-boson production rate im-

proves the detection possibilities at hadron colliders of higher-mass Higgs bosons.

I. INTRODUCTION

In the minimal standard model' of the electroweak in-
teractions, experimental verification of the Higgs
symmetry-breaking mechanism has a high priority.
However, if the mass of the neutral Higgs boson is com-
parable to the gauge-boson masses, this goal may not be
accomplished until the next generation of hadron collid-
ers such as the Superconducting Super Collider (SSC) be-
come operational. On the other hand, new possibilities
for Higgs-boson discovery are present in many extensions
of the standard model. An interesting possible new
mechanism for producing the Higgs boson at a hadron
collider has recently been pointed out by del Aguila,
Kane, and Quiros, in which heavy SU(2)L-singlet charge

3 quarks, such as those present in E6 models, decay to
a Higgs boson and a light quark. In this particular model
there is one Higgs doublet leading to a single neutral
Higgs boson; subject to the value of the Higgs-boson
mass, an appreciable fraction of isosinglet-quark decays
may be into Higgs boson plus light quark.

In this paper we examine extensions of this scenario
with more than one Higgs multiplet which could occur,
for example, in E6 superstring-inspired models with extra
gauge bosons at the electroweak scale. The minimal
number of Higgs multiplets in such models is generally
three: two SU(2)L doublets to give masses to the u- and
d-type quarks, and an SU(2)L singlet to give mass to the
heavy isosinglet quarks (which we call D type). There
may also exist a further Higgs doublet and singlet which
can obtain vacuum expectation values (VEV's); see Table
I. Thus, the coexistence of isosinglet quarks and extra
Higgs multiplets is quite natural. We will examine two
possibilities for the Higgs sector where the symmetry is
broken by Higgs scalars in one 27 representation of E6..
when all five neutral Higgs bosons obtain a VEV [which
we will call case (I)], and when only the neutral members
of the minimal set of three Higgs multiplets obtain a
VEV [case (II)].

The philosophy taken in this model is that the light-

quark mass matrices are initially diagonal, ' the nontrivi-
al Cabibbo-Kobayashi-Maskawa (CKM) matrix then
arises from mixing of the light d-type quarks with one or
more heavy isosinglet D quarks. Before mixing, the
down-quark mass is very small, but through this mixing
it can become larger than the up-quark mass through a
seesaw mechanism. Details of this quark mixing and the
consequences for CKM phenomenology have been dis-
cussed in the literature for the case of one heavy D
quark. Mixing among light and heavy left-handed
quarks is necessarily small to avoid large Aavor-changing
neutral currents. We will examine two possibilities for
mixing between three generations of both light and heavy
quarks: when the mixing among light and heavy right-
handed quarks is small [case (a)], and when the mixing
among right-handed quarks is large [case (b)].

With five Higgs multiplets the pattern of D-quark de-
cays to Higgs bosons depends on the quark mixing
scenario, so we will present separate results for the two
possibilities (Ia) and (Ib). The pattern of decays in case
(II) with three Higgs multiplets does not depend on the
quark mixing scheme chosen. In all cases we find that
enhanced quark couplings to Higgs bosons and new de-
cay modes involving charged and pseudoscalar Higgs bo-
sons may significantly increase the total Higgs-boson
branching fraction of an isosinglet quark as compared to
the model with a single Higgs doublet. In the limit where
the lightest Higgs bosons are degenerate in mass or much
lighter than the D quarks we find simple expressions for
this enhancement factor which involve only ratios of the
Higgs-field VEV's.

In Sec. II we present the relevant portions of the La-
grangian necessary for determining the heavy-quark cou-
plings to Higgs bosons, quark mass matrices, and the
spectrum of Higgs-boson states for each of our scenarios.
We analyze the symmetry breaking to find the Higgs
fields that may be produced in D decays. In Sec. III we
use the results (Sec. II) to find expressions for the D-
quark branching fractions in each scenario. In Sec. IV
we discuss the implications of our results on the potential
discovery of Higgs bosons at hadron colliders. In the Ap-
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TABLE I. Higgs-boson and quark quantum numbers in the 27 representation of E6. The U(1)„,
U(1)~, and U(1)@couplings are normalized so that their couplings are the same as the U(1) z coupling.
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pendix we derive approximate expressions for the quark
masses and mixing angles and discuss the implications for
CKM mixing.

II. FORMALISM

A. Preliminaries

In general, electroweak models with n Higgs doublets
have n-1 charged Higgs bosons after the gauge symmetry
has been broken and one linear combination of charged
Higgs bosons has been absorbed by the 8'boson. If there
are in addition m neutral Higgs singlets, there will be
n+m —2 pseudoscalars and n+m scalars after the Z
and Z' neutral gauge bosons become massive. Not all of
these will remain light; some will be heavy with a mass on
the order of the Z' mass.

The 27 representation of E6 has five neutral fields

which can obtain VEV's; three are members of SU(2)z
doublets and two are singlets. The candidates for Higgs
fields in the 27 representation are given in Table I. The
4, and 42 multiplets are identical to those found in the
usual two-Higgs-doublet model, or in the minimal super-
symmetric model. The 43 singlet is present in the
minimal rank-5 Es model. The Q„, Qr, and Q& quan-

I

turn numbers come from different E6 breakdown
scenarios: the minimal rank-5 breakdown E6-+SU(3)
XSU(2)L XU(1)&XU(1)„, and the rank-6 breakdown

Es~ SO(10)XU(1)p, SO(10)~SU(5) X U(1)r, SU(5)
~SU(3) XSU(2)I XU(1)r. In principle, the rank-6 case
can have any linear combination of U(1)r and U(1)& sur-

vive to form an effective rank-5 model at electroweak en-

ergies. However, if the symmetry is broken by Higgs-
boson scalars in the 27 representation, only a subset of
linear combinations is allowed. In the table we also list
the quantum numbers of the up, down, and isosinglet
quarks for the left-handed fields q and q' (q =u, d, D)

B. Quark masses and Yukawa couplings

We mill consider two symmetry-breaking possibilities:
case (I), where the electroweak Lagrangian is invariant
under the full rank-6 group and all five neutral scalars in

the 27 achieve a VEV, and case (II), where the Lagrang-
ian is invariant under the minimal rank-5 group and only
the minimal rank-5 set of scalars (@,, 4&z, and 43) break
the symmetry.

In case (I) the allowed quark —antiquark —Higgs-boson
Yukawa coupling terms (which may be deduced from ex-
amining the quantum numbers in Table I) are

L = ~ (p, —ig, )dljd~k —
A, , p, ul~d„k+ ~ (p~ i/2)uL~usk A2 p2 dLJusk+ — (p3 i/3)DLJDqk—

&2 J J 1

+ —(p4 i /4)dl JD„k V4"$4+ uLJ. D~k + ——($~—i Qq)DLJd„k+ H. c. ,
2 J 1

where summation over the generation indices j and k is
assumed and P„has been replaced by its real and imagi-

nary parts:

(2)

the quark mass terms which arise from Eq. (1) are

L „,=dl (Md )d„+ul (M„)u„+DI (MD )Ds

+dL(m')D&+Dl (m)dz +H.c. (4)

With Higgs-field VEV's,

(3)

Here generation indices are suppressed and Md, M„, MD,
m ', and m are 3 X 3 mass matrices given by (again with
generation indices suppressed)
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A. (U) A2Vp A, 3U3
, Mao=

2 2 2
md 0 0 Mi 0 0

Md= 0 m, 0, MD= 0 M~ 0
A.4V4 A, gV g

v'2 ' v'2
0 0 m~ 0 0 M3

C. Quark mixing scenarios

The philosophy of the model is that the original light-
quark mass matrices M„and Md are diagonal. Without
loss of generality we can also assume that the heavy-
quark mass matrix MD is diagonal, since if it were not we
could diagonalize it without affecting Md (m and m'

would change, but they are arbitrary anyway). Thus we
have

m„' 0

0 m,' 0

0 m,'

m,' 0

M,'= 0 m,' 0

0 mb'

(6)

Mi 0

0 M', 0

0 0 M3

The up-quark mass matrix M„remains diagonal, i.e., the
physical charge —,'quark masses are m =m (q =u, c, t).
The 6X6 charge —

—,
' quark mass matrix is diagonalized

as follows:

UL WL Md

T; V, m MD g& V&
—

OR R D

where Md and MD are diagonal and contain the physical
light- and heavy-quark masses

In Eq. (5) we have used the same general notation as Ref.
3 for the different sectors of the quark mass matrices.
Note that if the full E6 symmetry exists and the 44 and

4& do not obtain a VEV, then the d-D mixing necessary
for the decays that we are studying will not occur.

For case (II), where the Lagrangian is invariant under
the minimal rank-5 group, the 44 and 45 multiplets have
identical quantum numbers to the 4i and 43 multiplets,
respectively; i.e., they are redundant and need not obtain
VEV's. Thus 44 could be replaced by 4& and 4~ by 43 in

Eq. (I). The U~ and U5 in the quark mass terms of Eq. (5)
would then be replaced by v, and v3, respectively. In
principle, no degrees of freedom in the mass matrices are
lost since the A. couplings are not related, but if we as-
sume natural-sized couplings the scales of some of the
quark mass terms would then be similar, i.e., Md-m'
and MD -m.

The 3X3 left-handed mixing matrices obey the unitarity
relations

UL UL + WL WL = 1, UL UL + TL TL = 1,
UL TL + WL, Vi. —0, UL, WL + TL, VL,

—0,
TL TL + VL VL = 1, WL WL + Vl Vl = 1 .

(9)

The right-handed mixing matrices obey similar relations.
In this section we present only the general characteris-

tics of the quark mixing. A more detailed analysis of
these results is given in the Appendix. The mixing be-
tween light and heavy charge —

—,
' quarks raises the d-

quark mass via a seesaw mechanism. The origin of this
mechanism can be understood by considering the one-
generation equivalent of Eq. (7). If MD is large and

M&MD && mm', then the resulting light-quark mass is ap-
proximately m'm/MD, where MD is the physical heavy-
quark mass. For three generations md ((m, , mb, and
only the scale of the d-quark mass is changed
significantly. There are two possible scenarios depending
on the scale of m.

Case (a). m, m', Md «MD. This scenario leads to
small mixing between light and heavy quarks. Thus the
3 X3 mixing matrices WL, TL, WR, and TR are all small.
The only mass in Eq. (8) that is shifted by the mixing
from its original value in Eq. (6) is md, which obtains a
value equal to an element in the matrix m'(MD) 'm (for
details, see the Appendix). If the heavy D-quark masses
are of the order of 100 GeV, then the product of m and
m' must be of order (I GeV) to give the proper scale for
the d-quark mass.

Case (b). m', Md «m -MD. This scenario has small

mixing between light and heavy left-handed quarks
(which is required by the absence of significant fiavor-
changing neutral currents), but large right-handed quark
mixing. Therefore WL and TI are small, but all of the
3 X 3 mixing matrices in the right-handed sector are of
order unity (in the absence of special conditions on the
mixing terms). All of the charge —

—,
' quark masses are

shifted, but only the scale of md is changed significantly
from its original value [by the same kind of seesaw mech-
anism that was operative in case (a)]. In this case, since
the scale of both MD and m is 100 GeV, the scale of m'

must be 10 GeV if the seesaw mechanism is to give the
proper mass to the d quark.

Each of these quark mixing cases can be realized in the
two Higgs sector cases (I) and (II) (although not always
naturally). In the minimal standard model with no D
quarks, the CKM mixing matrix is the product of up-
and down-quark mixing matrices. In this model, because
there is no mixing in the up-quark sector, the usual CKM
matrix becomes the 3 X3 mixing matrix among the light
d quarks, which in our notation is UL. Because 8'L and
TL are always small, we see from Eq. (9) that the CKM
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matrix UI will be approximately unitary in all of our
scenarios.

D. Higgs sector

We will now discuss the spectrum of Higgs bosons ex-
pected in E6 models when the symmetry is broken by sca-

I

lars in the 27 representation. Much work has been done
in specific models on the Higgs-boson masses and mix-
ings. In this paper we do not confine ourselves to a par-
ticular model, but instead discuss the general properties
of the Higgs-boson spectrum and Higgs-boson couplings
to fermions. The gauge-covariant Higgs-boson Lagrang-
ian is

L= BP, +igz —,'(1—2xa)Z —Q x~gIZ'+ A P, i— W
Sz

+ ayi —igz(-,'Z+QxwgIZ')yi —
r W+((t;

2

+ B$2+ ig—z —,'(1 —2xw)Z+Qxa, gzZ'+ A $2+ —i
gz 2

+ dye ig —( ,'Z+—Q—x Q,'Z')P, i—
2

2

+ IB$3 igz 1/ x~Q 3Z'p3 + ( 44 and 4s terms, if present ) (10)

where QJ are the Higgs-boson quantum numbers under

the extra U(1)' gauge group, gL=e /si nOa gz=gL, /
cos8~, and xi=sin 8~. The 44 and 45 terms in Eq.
(10},which will be present in case (I), are identical to the
4, and 43 terms, respectively, with Q', replaced by Q4
and Q3 by Q5.

Case (I). For three doublets and two singlets, the
physical Higgs sector after the symmetry is broken can be
deduced from Eq. (10). Following the procedure of Ref.
9, we find that after some linear combinations of Higgs
fields are absorbed by the 8'+—, Z, and Z', the original
gauge eigenstates may be expressed as

(t —, ~sinO, H*, +sinP cos8,H 2

Pz ~cosPHz

(('r4 ~—cosO, H*, +sinP sinO, H2

and

P, ~sinO, P, +sinP cosO, Pu2,

g2 ~cosPP z,
f3~sin 83P 3

P4~ —cosO, P, +sinP sinO, P2,
i/5 + COS83P 3

where HJ* and PJ are charged and pseudoscalar Higgs
bosons, respectively, that survive symmetry breaking,
and the mixing angles are defined by

and

+, ~H +sinP, Pz ~H—cosP, — (14)

g, ~P sinP, Pr~P cosP, $3~0, (15)

where tanp=v2/v, and H +and P are mas—s eigenstates
(for u3 large, P3 is absorbed by the Z'). There are also
the three neutral scalars Pr in this case which may mix
with each other. Since P3 provides a large VEV, the po-
tentially light neutral-scalar states are P, and Pz.

TABLE II. Higgs bosons which may be produced in D-quark
decays.

boson potential to arrive at the actual mass eigenstates.
In addition, there are five scalar fields (t, , one from each
multiplet, which can mix with each other. In one realiza-
tion of the two-Higgs-doublet —one-Higgs-singlet model,
the field associated with the Higgs multiplet that has a
large VEV (giving the Z boson and D quarks their heavy
masses) is heavy, i.e., of the order of the Z' mass. There-
fore, in our examples we correspondingly assume that P3
and P3 are heavy in case (I), and in case (Ib), where m is

large, we assume that Ps is also heavy since m is propor-
tional to v5.

Case (II). For two doublets and one singlet, there will
be one charged, one pseudoscalar, and three scalar physi-
cal Higgs bosons. The original gauge eigenstates written
in terms of these states are

tanp= u2/(u, + v 4
)'

tan8&=v4/v&, tan83=v5/v3 .
(13}

These states may undergo further mixing in the Higgs-

Case

Ia
Ib
II

Higgs fields in D decays

0 O + +
4r 44.0s, Pr, Pr, H, ,Hr——

0 0 + +
Pi, 44 Pr»r»r»r

P H



2124 V. BARGER AND K. %'HISNANT 41

Because $2 couples only to charge —,
' quarks, it will not

be involved in D decays. A summary of the potentially
light Higgs bosons in each scenario that could provide
decay modes for the D quarks is given in Table II.

III. ISOSINGLET QUARK DECAYS

A. Lagrangian

We are now ready to study the isosinglet-quark decays
to gauge and Higgs bosons. The Lagrangian for the
charged-current couplings of the quarks is

gL
LCC = —W"+(uL y„TLDL+uLy„ULdL )+H.c. , (16)

2

where generation indices are suppressed. The flavor-
changing neutral-current interactions of the Z (we as-
sume the Z' is too heavy to add significantly to D-quark
decays) are

LFCNC zgZZ"(dL UL TI yIJDL )+H. c.

The gauge couplings in Eqs. (16) and (17) are similar to
those found in Ref. 3, but generalized here to three
species of heavy D quarks.

The Lagrangian for D decays to Higgs bosons can be
deduced by substituting the relations in Eqs. (11}, (12),
(14), and (15) into Eq. (1). After dropping terms which
are small in all quark-mass scenarios, and writing the re-
sults in terms of the physical quark masses and mixing
angles, we find, for case (I),

2M~

cos8,$4+i cos 8|P t i si—nP sin8, cos8&PO~
dL ( UL TL MD )DR

cos sin8, cos8,

—cos8&$4+ sin8&p& iPi —
gL

+dL(Md UR TR )DR . + dR(UR TRMD —Md ULTL)DLcos sin8, cos8, fV u5

cos 8,H,+ —sinP sin8, cos8,H2+ H i+—
uL( TLMD )DR 8 8 +uL(ULMdUR TR }DR ~ +H c

2Mw cos sin8, cos8, cos sin8, cos8,

(18)

+ — uL ( TL MD )DR +H. c.
—H+sinP

2Mw cos
(19)

The results of the model with just one neutral Higgs bo-
son (Ref. 3) can be obtained from Eq. (19) by setting

=0.

B. Partial widths

The Yukawa interactions involving a light quark q,
heavy quark Q with mass M&, vector bosons W and Z,
and scalar S with mass Mz, are

gL 1+y5+ CRHq M&Q+H. c. ,
fV 2

(20)

where the C, are coupling-strength factors. The partial
widths for Q decay (in the limit mq —+0) are'

gL Mg Mv Mv2 3 2 '2 2

I (Q ~q V) =Cv 1 — 1+2
128m M~2 Mg~

( V= W, Z),

where u =u, +u2+u4 is the usual standard-model VEV;
for case (II) the result is

$1 i sinPP—
LH 2M dL( UL TLMD }DR

fV cos

1+3sin 8, +3 sin Pcos 8,R~= z, Case( Ib),
cos Pcos 8,

(22)

1+3sin j8

cos P

2 gL MQ Ms2 3 2 2

r(Q-qS) =C,' 1— (21}
1287T M~2 M2

From Eqs. (16) to (21) we see that the W+— and charged-
Higgs-boson partial widths are larger by a factor of 2
than the corresponding neutral-boson modes. "

We will now consider the decays of the heavy quark D
into the kth generation of light quarks. In Eq. (18) the
terms involving Md are usually small. Of the remaining
terms with the physical heavy-quark mass matrix Mz, all
but the $5 term in case (Ia) have the same mixing factor
Tz, I, . Since UL is close to the identity matrix, the mixing
factors of the charged and neutral decay modes of the D
quarks will be identical. Thus, except for the P~ term in

Eq. (18), the enhancement of the total Higgs-boson par-
tial width in the multi-Higgs-boson models can be ex-
pressed as a function of just the angles P and 8„plus
phase-space factors. In the limit that the light Higgs bo-
son in Table II are much lighter than the D quarks, or in
the limit that they are all degenerate in mass, the
enhancement of the total Higgs-boson partial width in
the multi-Higgs-boson model compared to the single-
Higgs-boson model is

1+3cos 8, +3sin Psin 8,
~H=

2
+R ~, Case(Ia),

cos Psin 8,
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The R~ term comes from D ~qkP~ and scales like

~(umk~ )l(u&mj'k )~, which comes from the ratio of
~ TR k~.

to /T~, „f'
The sources of the enhancements in Eq. (22) are easy to

understand. The denominator comes from the usual fac-
tors present in the Higgs-boson couplings to fermions in
multi-Higgs-boson models, and the terms involving the
factor of 3 in the numerator come from the additional
modes available (1 from pseudoscalar-Higgs-boson and 2
from charged-Higgs-boson modes). Taking, for example,
tanP=tan8, =1 and ignoring R5, we get RH =13 in cases
(Ia) and (Ib), and RH =5 in case (II). Specific models tend
to prefer tanP&1 (Ref. 12), since u2 & u, is required to
give a heavy top-quark mass; this would increase RH

I

even further. Thus, the Higgs-boson modes could easily
dominate in D decays.

C. Higgs-boson branching fractions

The partial widths for the Higgs- and gauge-boson
modes can be calculated from Eq. (21) using the cou-
plings in Eqs. (16)—(19). From Eqs. (16)—(19) we see that
except for D~qg5, the dominant terms in the decays
D~q8', D~qZ, and D~qH are all proportional to

~ TL~k ~
. Therefore the total Higgs-boson branching frac-

tion can be written as a function of the quantity RH
defined in Eq. (22). If all Higgs bosons participating in D
decays are degenerate in mass and M~, Mz, MH &MD,
then

8 (D ~qH) =

RH 1—MH +2 1—
MD2

RH 1—

M~2
'2'

MD

MH

MD2

M~1+2 + 1—
MD

Mz

MD

M
1+2

(23)
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FIG. 1. Branching ratio of the isosinglet D quark to Higgs
bosons vs the common Higgs-boson mass MH in case (I) with

RH = 13, case (II) with RH =5, and the single-Higgs-boson mod-
el (RH=1), for (a) MD =100GeV and (b) MD=150 GeV.

The result for the single-Higgs-boson model is recovered
by setting RH =1.

To show the effects of phase-space suppression, we give
an illustrative example. In Fig. 1 we show the total
Higgs-boson branching fraction in D-quark decays versus
the Higgs-boson mass for case (I), case (II), and the
single-Higgs-boson model. In the figure we have assumed
tanP = tan8, = 1, R 5

=0 and that all of the light Higgs bo-
sons available for the decays (listed in Table II) have the
same mass. We have also ignored the effects of a non-
negligible top-quark mass (which tend to enhance the Z-
and Higgs-boson modes since D~tW is suppressed ).
The results are shown for MD =100 GeV and MD =150
GeV.

IV. DETECTION AT HADRON COLLIDERS

The detection of the minimal standard-model Higgs
boson in hadron colliders can be problematical because of
backgrounds from other standard-model processes. The
merit of isosinglet quark decays to Higgs bosons is an in-
creased production rate with a distinctive signature. A
discussion of Higgs-boson production and detection via
isosinglet quark decays is given in Ref. 3. We review the
highlights here and discuss the effects of the multi-
Higgs-boson scenarios on the possibilities for detection.

The main production mechanism for isosinglet quarks
in hadron colliders is through gluon fusion, g +g
~D+D. The D quarks subsequently decay to a light
quark plus boson (W +—

, Z, or Higgs boson). The Higgs
boson generally decays into the heaviest available fer-
mion pair. For MH & 10 GeV most of the neutral-Higgs-
boson decays will be to bb pairs, which will be difficult to
distinguish from the QCD background. A possible signa-
ture is when one D quark decays to a gauge boson and
the other decays to a Higgs boson. If the gauge boson
subsequently decays leptonically, the signature will be a
hard electron or muon plus missin~ transverse momen-
tum plus two to four jets (when W ~ev or pv) or two
hard electrons or muons plus two to four jets (when
Z~ee or pp, ). The number of jets depends on whether
the light quarks in the primary D decay have sufficient
transverse momentum to be seen. In order to distinguish
the two Higgs-boson decay b jets from ordinary jets, ver-
tex detectors will be necessary. The Higgs-boson mass
can be reconstructed from the two-jet mass peak in these
events. Identifying the charged Higgs-boson events
[which constitute 46% of the signal in case (I) and 40%
in case (II) in our illustrative examples] will be difficult
since the dominant decay is H+ ~cs.

Well above the decay thresholds, the ratio of the Z to
8'* branching fractions in D decays is
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I'(D ~Zq)
I (D~ Wq)

(MD Mz) (MD+2Mz)
(MD )Mz),

2(M2 M2 )2(M2 +2M2 )

=0 (MD ~Mz) . (24)

Assuming that Higgs-boson modes make up the
remainder of the D decays, the fraction of D+D pairs
which will give the (W, Z)+H signature will be

F 8 8 )
0.44+0. 12r

0 H (25)

where BH is the D-quark branching fraction to all Higgs-
boson modes and we have taken the gauge-boson branch-
ing fractions to leptons to be 8(W~ve)=0. 11 and
8(Z~ee)= 0. 03. The quantity r depends only on the

D-quark mass, while BH varies with the Higgs-boson
mass and the enhancement factor RH. We see that if the
Higgs-boson modes totally dominate D decays (8H~1),
we lose the signature since there are not enough events
with D~qW or D~qZ. For a given value of MD, the
signal will have its maximum value at BH =

—,'.
0. 11+0.03r

m~& 1+r (26)

The function F,„varies from 0.11 when MD=Mz to
0.083 when MD is very large, so we can say that no more
than about one-tenth of the D+D events can provide a
distinctive signature, irrespective of the Higgs-boson
scenario.

In Fig. 2 we show F versus Higgs-boson mass in case
(I), case (II), and the single-Higgs-boson model, for
MD = 100 GeV and MD =150 GeV. As in Fig. 1, we take
tanP=tan8, =1, R ~

=0 and assume a common mass for
all of the light Higgs bosons. In the single-Higgs-boson
model F approaches its maximum value at low MH where
the phase-space suppression of the Higgs-boson mode is

0.12
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FIG. 2. Fraction of D +D pairs which decay into (8',Z)+H
with subsequent gauge-boson decay to leptons (8'~ev or pv,
Z~ee or pp), shown vs the common Higgs-boson mass in the
three cases described in Fig. 1 for (a) MD =100 GeV and (b)
MD = 150 GeV.

not severe. At higher MH, 8(D~qH) goes down and
the signal decreases. On the other hand, in the multi-
Higgs-boson models the enhancement factor RH causes
the D~qH decays dominate at low Higgs-boson mass,
thereby suppressing the gauge-boson decays which are
essential to the signal. The signal reaches its peak at
higher Higgs-boson mass, where the enhancement factor
compensates for the phase-space suppression of the
Higgs-boson modes.

The actual discovery limit for the Higgs boson in the
( W, Z)+Imode will depend on the production cross sec-
tion for D +D pairs as well as the value of F. We take as
an example the Fermilab Tevatron and assume the
present integrated luminosity of 4.7 pb ' at Vs =1.8
TeV. The cross section for producing three generations
of D +D pairs is about 300 pb for MD =100 GeV and 30
pb for MD=150 GeV (Ref. 13). If we assume that ten
events (before efficiency factors are included) are neces-
sary to confirm the signal, then the minimum value of F
needed to find the Higgs-boson signal is F;„=0.0067 for
MD=100 GeV and F;„=0.067 for MD=150 GeV.
From Fig. 2 we see that for MD =100 GeV Higgs bosons
below about 90 GeV may be detectable in all Higgs-boson
scenarios, even though F is somewhat suppressed at low
Higgs-boson mass in the multi-Higgs-boson models. The
upper discovery limit on M& is a little higher in multi-
Higgs-boson models than for the single-Higgs-boson
model, but in all cases it is close to MD.

The situation at higher D mass is more interesting.
For example, at MD =150 GeV (where F;„=0.067) the
signal may be detectable in the single-Higgs-boson model
for a Higgs-boson mass up to about 45 GeV. In the
multi-Higgs-boson models it may be observable for
Higgs-boson masses as high as 130 GeV for case (I) and
115 GeV for case (II) for the parameters used in Fig. 2,
although in case (I) a Higgs boson lighter than about 80
GeV will not be seen because the Higgs-boson branching
fraction is then high enough to choke off the 8'and Z de-
cay modes. Thus, for higher D masses, the discovery lim-
it for Higgs bosons is higher in the multi-Higgs-boson
models as compared to the single-Higgs-boson models, al-
though sensitivity to lighter Higgs-boson masses may
sometimes be lost.

In Fig. 3 we show the discovery region in MD vs MH at
the Tevatron for integrated luminosities of 4.7 pb ' and
100 pb ' using the criteria discussed above. We use the
results of Ref. 13 for the production cross section of
D+D pairs. We see that the potential limit for the D
mass is similar for the multi-Higgs-boson and single-
Higgs-boson models, but that the potential search limit
on the Higgs-boson mass is significantly higher in the
multi-Higgs-boson model. With 100 pb ' at the Tevat-
ron, a D quark with mass up to 250 GeV may be detect-
able with this signal, while the realizable search limits for
Higgs bosons are about 200 GeV in the multi-Higgs-
boson models (for R+=5 to 13) and 150 GeV in the
single-Higgs-boson model (RH=1). In the limit of very
large RH, the search limit on the Higgs-boson mass ap-
proaches that of the D-quark mass, about 250 GeV for in-
tegrated luminosity of 100 pb '. If the charged-Higgs-
boson modes cannot be distinguished from background,
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FIG. 3. Possible search region in MD vs MH for the three
cases described in Fig. 1 at a proton-antiproton collider with
&s =1.8 TeV and integrated luminosity of {a) 4.7 pb ' and {b)
100 pb

then the D quark and Higgs-boson search limits are re-
duced by about 20 GeV in these examples.

The Higgs-boson branching-ratio formula in Eq. (23) is
accurate only when M~, Mz, and MH are all less than

MD. If M~, Mz & MD & MH the gauge-boson modes
dominate, and there is no signal. Similarly, if
MH &MD &M~, Mz the Higgs-boson modes dominate,
and although Higgs bosons are copiously produced in D
decays, the necessary leptonic signature of an accom-
panying gauge-boson decay is lost. If
MD & M pr Mz MH then both the gauge and Higgs bo-
sons in D decays are virtual; however, because the
Higgs-boson couplings to fermions is suppressed by the
fermion-to —gauge-boson mass ratio, the Higgs-boson
branching fraction will be small. Thus the region shown
in Fig. 3 is the most likely one for detection of the Higgs
boson through isosinglet quark decays.

The D-quark diagonal couplings to Higgs bosons are
suppressed (in some cases by d Dmixing an-d in others by
a factor proportional to Mz/Mz) so that gluon fusion
through a D-quark loop will not be a significant Higgs-
boson production mechanism in this model.

APPENDIX

In this appendix we will analyze in more detail the two
quark mixing scenarios discussed in the main text. Our
main goal here is to show (i) how md achieves its mass
from the quark mixing, (ii) what determines the scale of
the mixing between light and heavy quarks, and (iii) what
the implications for the CKM matrix are in each case.

Case (a). m, m', Md &(MD The .eigenvalues in Eq. (8)
can written as an expansion in inverse powers of the M .
After some lengthy algebra, we find that the first two
terms for the light-quark masses are

0 0 0md=md —p», m, =m, —
p22, mb =mb —

p33

where we have defined the 3 X 3 matrix

p=m'(MD) 'm .

(A1)

(A2)

Since md is supposed to be very small in this model, the
physical d-quark mass md must be generated by p»
through an extended seesaw mechanism. If the Mk are of
order 100 GeV, then the product of m and m' must be of
order (1 GeV) . Since m, and mb are much bigger than
the scale of p, these masses are nearly unaffected. The ei-
genvalues for the heavy D quarks are almost unchanged,
i.e., M =M .

Using the eigenvalues given above, the eigenvectors
can be determined. To leading order in powers of M,
the 3 X 3 matrix UL introduced in Eq. (7) is

UL = —P&2/m,

p, 2/m, Pi3™b
m, p32+ mbp23

mb ms
2 2 [Case(a)] . (A3)

P32+ bP23—P &3/mb
mb —m,

Equation (A3) is a straightforward generalization of the
single heavy-quark scenario discussed in Refs. 3 and 4. It
is evident that the o8'-diagonal elements of UI are all
small as required for CKM mixing. Since UI is close to
the identity matrix, the unitarity of the full 6X6 left-
handed mixing matrix implies that VL is approximately
unitary and the matrices WL and TL are both small in

U, (M,'m '+ m—'MDO')(MD )

TI = &z (MD) (mMd +MDm' ) [Case(a)] .
(A4)

The form of the matrix Vl which determines the mix-

magnitude. From Eqs. (7) and (9) we find that the ap-
proxirnate forms for 8'I and TL are
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m& m, mbM, M2M3 = —p»m, mbM, M2M30 0 0 0 0 (A5)

which is in fact the same as for case (a). However, be-
cause m has the same scale as MD, the heavy masses are
shifted away from their original values, i.e., M AM, .
This also causes shifts in the strange- and bottom-quark
masses, i.e., m, Am, and m&Xmb (these shifts will be dis-
cussed in a little more detail below). Nevertheless, the
scales of these masses will remain the same. The down
quark will still get its mass by an extended seesaw mecha-
nism, and that mass will have the same scale as p„.
Thus, since m -MD —100 GeV, we must have m'-10
GeV. For the down-quark mass seesaw mechanism to

ing among the heavy quarks depends upon the original
heavy masses M, . If they are nondegenerate, then VI is
approximately equal to the identity matrix (with correc-
tions of order M ) and TL in Eq. (A4) simplifies
to just —O'L. If the heavy quarks are degenerate
(M, =Mz=M3), then by squaring Eq. (7) and keeping
only the leading terms, one can show that VL is such that
Vt (m m) VL is diagonal. Thus, although remaining ap-
proximately unitary, VL can have large off-diagonal
terms. Regardless of the form of VL, both O'L and TL
are small in magnitude.

The analysis and results for the right-handed sector
3X3 matrices (U~, Ws, T„,V~) are similar to those for
the left-handed sector. The only difference is that one
must make the substitutions m~m', M&~M&, and
MD ~MD to derive the right-handed results from the
left-handed ones. Thus, UR is close to the identity ma-
trix, Vz is nearly unitary (and close to the identity if the
heavy quarks are not degenerate), and WR and TR are
small in magnitude.

Case (b). m', M& (&m -MD. If mz is very small (once
again, assuming the down-quark must get its mass from
mixing), then the product of the six masses of the charge—

—,
' quarks is approximately

work then imposes the further constraint m' ((M&.
Because both MD and m are large, there is large d„-D~

mixing. Therefore none of the 3 X 3 mixing matrices U&,
8'z, Tz, and Vz are in general small, i.e., all are of order
unity, and they obey unitarity relations analogous to
those in Eq. (9). This will not affect the standard elec-
troweak phenomenology because the dz and D„charge
and weak isospin are the same, and there is a generalized
Glashow-Iliopoulos-Maiani (GIM) mechanism' in effect.
Therefore we do not give the details of the right-handed
mixing.

In the left-handed sector, one can derive from Eqs. (7)
and (9) the approximate expressions

W'= —UMm(mm+M )

T~ = VL (mm +MD ) 'mM& [Case(b)] .
(A6)

From Eq. (A6) we see that IVI and Tl are small and
therefore UI and VL must be approximately unitary. By
squaring Eq. (7), using Eq. (A6), and keeping only the
leading terms one can show that

UI M&[1—m (mm +M ) 'm]M& Ul"=M
(A7)

VL[mm +MD ] VL =MD [Case(b)] .

Since m is in general the same scale as MD, Eq. (A7)
shows that all of the eigenvalues are shifted, and that UL

and VL diagonalize the left-handed light- and heavy-
quark sectors, respectively. Although we do not give the
details here, the b-d and s-d mixing are small in the limit
that m& is very small, and b-s mixing is proportional to
m, /m~. Thus UL (which is the CKM matrix) will have
small off-diagonal terms in this case, and the CKM mix-
ing can agree with observed phenomenology. The mixing
in the heavy-quark sector, determined by VL, could be
large unless there are further constraints on the matrix
m.
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