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QCD corrections to scalar production via heavy quark fusion at hadron colliders
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We recently proposed that, due to the top-quark-mass enhanced Yukawa coupling, thes-channel production
of a charged scalar or pseudoscalar from heavy quark fusion can be an important new mechanism for discov-
ering nonstandard spin-0 particles. In this work, we present the completeO(as) QCD corrections to this
s-channel production process at hadron colliders, and also the results of QCD resummation over multiple
soft-gluon emission. The systematic QCD-improved production and decay rates at the Fermilab Tevatron and
the CERN LHC are given for the charged top pions in the top-color models, and for the charged Higgs bosons
in the generic two Higgs doublet model. The direct extension to the production of the neutral~pseudo!scalars

via bb̄ fusion is studied in the minimal supersymmtric standard model~MSSM! with large tanb, and in the
top-color model with a large bottom Yukawa coupling.@S0556-2821~99!05219-4#

PACS number~s!: 13.85.Ni, 12.60.Fr, 14.65.Ha, 14.80.Cp
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I. INTRODUCTION

The top quark~t!, among the three generations of ferm
ons, is the only one with a large mass as high as the e
troweak scale. This makes the top quark the most lik
place to discover new physics beyond the standard m
~SM!. In a recent study@1#, two of us proposed that, due t
the top-quark-mass enhanced flavor mixing Yukawa c
pling of the charm~c! and bottom~b! with a charged scala
or pseudoscalar (f6), the s-channel partonic proces
cb̄,c̄b→f6, can be an important mechanism for the produ
tion of f6 at various colliders. From the leading order~LO!
calculation@1#, we demonstrated that the Fermilab Tevatr
run II has the potential to explore the mass range of
charged top pions up to about 300–350 GeV in the top-co
models@2,3#. In this work, we compute the complete nex
to-leading order~NLO! QCD corrections to the proces
qq̄8→f6, which includes the one-loop virtual correction
and the contributions from the additionalO(as) processes:

qq̄8→f6g and qg→q8f6. ~1!

The decay width and branching ratio~BR! of such a
~pseudo-!scalar are also included up to NLO to estimate
event rates. The QCD resummation of multiple soft-glu
radiation is also carried out, which provides a better pred
tion of the transverse momentum distribution of the~pseudo-
!scalar particle. We shall choose the top-color model@2# as a
benchmark of our analysis. The generalization to the gen
type-III two-Higgs doublet model~2HDM! @4,5# is straight-
forward since the QCD corrections are universal.1 The direct
extension to the production of neutral~pseudo-!scalars via
bb̄ fusion is studied in the minimal supersymmetric S

*Electronic address: balazs@pa.msu.edu
†Electronic address: hjhe@pa.msu.edu
‡Electronic address: yuan@pa.msu.edu
1We note that the finite part of the counterterm to theq-q̄8-f0,6

Yukawa vertex is renormalization-scheme- and model-depende
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~MSSM! @6,7# with large tanb and in the top-color models
with U~1!-tilted large bottom Yukawa coupling@2,3#.

II. CHARGED SCALAR PRODUCTION
VIA CHARM-BOTTOM FUSION

A. Fixed-order analysis up toO„as…

We study charged~pseudo-!scalar production via the top
mass-enhanced flavor mixing vertexc-b-f6 @1#. The corre-
sponding Yukawa coupling can be generally defined asCLL̂

1CRR̂ in which L̂5(12g5)/2 andR̂5(11g5)/2. The total
cross sections for thef1 production at hadron colliders~cf.
Fig. 1! can be generally expressed as

s~h1h2→f1X!5(
a,b

E
t0

1

dx1E
t0 /x1

1

dx2

3@ f a/h1
~x1 ,Q2! f b/h2

~x2 ,Q2!1~a↔b!#

3ŝab~ab→f1X!, ~2!

where t05mf
2 /S, x1,25At0e6y, mf is the mass of

f6, AS is the center-of-mass energy of theh1h2 collider,
and f a/h(x,Q2) is the parton distribution function~PDF! of a
partona with the factorization scaleQ. The quantityŝab is
the partonic cross section and has the following LO con
bution for cb̄→f1 ~cf. Fig. 1a! @1#:

ŝLO
ab5dacdbb̄d~12 t̂ !ŝ0 , ŝ0[

p

12ŝ
~ uCLu21uCRu2!,

~3!

wheret̂5mf
2 / ŝ with ŝ the center-of-mass energy of the su

process, and the terms suppressed by the small mass
(mc,b /mf)2 have been ignored. Since we are interested
the inclusive production of the scalarf, it is natural to
choose the factorization scaleQ to be its massmf , which is
of O(102– 103), and much larger than the mass of charm
bottom quark. Hence, in this work, we will treatc andb ast.
©1999 The American Physical Society01-1
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FIG. 1. Representative diagrams for charg
or neutral~pseudo-!scalar ~dashed line! produc-
tion from quark-antiquark and quark-gluon coll
sions atO(as

0) andO(as
1): ~a! leading order con-

tribution; ~b–d! self-energy and vertex
corrections~with counterterm!; ~e! real gluon ra-
diation in qq̄8 fusion; ~f–g! s- and t-channel
gluon-quark fusions.
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massless partons inside proton or antiproton and perfor
NLO QCD calculation with consistent sets of PDFs@8,9,10#.

The NLO contributions are ofO(as), which contain three
parts:~i! the one-loop Yukawa vertex and quark self-ener
corrections~cf. Figs. 1b–d!; ~ii ! the real gluon emission in
the qq̄8-annihilations ~cf. Fig. 1e!; ~iii ! s- and t-channel
gluon-quark fusions~cf. Figs. 1f–g!. The Feynman diagram
coming from permutations are not shown in Fig. 1. Unli
the usual Drell-Yan type of processes~where the sum of the
one-loop quark–wave-function renormalization and ver
correction gives the ultraviolet finite result!, we need to in-
clude the renormalization for the Yukawa coupling (yj )
which usually relates to the relevant quark mass (mq j), i.e.,
we have to add the counterterm at the NLO~cf. Fig. 1d!
besides the contribution from the usual wave-function ren
malizationZq1q2f5 1

2 (Zq1
1Zq2

) ~cf. Fig. 1c!. This applies to
the Yukawa interactions of the SM and minimal supersy
metric standard model~MSSM! Higgs bosons as well as th
top-pions in the top-color models. It is clear that, for flavo
mixing vertexc-b-f6 in the top-color model@cf. Eq. ~10!
below#, the counterterm of the Yukawa coupling is equal
the top quark mass countertermdmt /mt , which we deter-
mine from the top-quark mass renormalization in the o
shell scheme so thatmt is the pole mass of the top quark. I
other cases such as in the general 2HDM~type-III! @5# and
11400
a

y

x
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-

-

the top-color models~with b-Higgs boson orb-pions! @11#,
some of their Yukawa couplings are not related to qu
masses or not of the above simple one-to-one corresp
dence, and thus have their independent counterte
(dyj /yj ). In addition to the virtual QCD-loop corrections
the contributions of the real gluon emission from the init
state quarks have to be included~cf. Fig. 1e!. The soft and
collinear singularities appearing in these diagrams are re
larized by the dimensional regularization prescription atD
5422e dimensions. After summing up the contributions
virtual gluon-loop and real gluon-radiation~cf. Figs. 1b–e!,
the ultraviolet and soft singularities separately cancel. T
collinear singularities are still left over and should be a
sorbed into the renormalization of the PDF@12#. @The modi-
fied minimal subtraction (MS) renormalization scheme i
used in our calculation.# Finally, the gluon-quark fusion sub
processes~cf. Figs. 1f, g! should also be taken into accou
and computed at general dimension-D. All these results are
separately summarized into the Appendix.

The hadron cross sections become regular after renor
izing the Yukawa coupling and the PDFs in Eq.~2!, which
are functions of the renormalization scalem and the factor-
ization scalemF(5AQ2). The partonic NLO cross sectio
ŝNLO

ab (ab→f1X) contains the contributionsDŝqq̄8(qq̄8
→f1,f1g), Dŝqg(qg→f1q8), andDŝ q̄g(q̄g→f1q̄8):
~Dŝqq̄8 ,Dŝqg ,Ds̄ q̄g!5ŝ03
as

2p
~dqcd q̄8b̄Ds̄cb̄ , dqcDs̄cg , d q̄b̄Ds̄ b̄g!,

Ds̄cb̄5CFF4~11 t̂2!S ln~12 t̂ !

12 t̂ D
1

22
11 t̂2

12 t̂
ln t̂1S 2p2

3
222V D d~12 t̂ !12~12 t̂ !G12Pq←q

~1! ~ t̂ !ln
mf

2

Q2 ,

~4!

Ds̄cg,b̄g5Pq←g
~1! ~ t̂ !F ln

~12 t̂ !2

t̂
1 ln

mf
2

Q2G2
1

4
~12 t̂ !~327t̂ !,

Pq←q
~1! ~ t̂ !5CFS 11 t̂2

12 t̂ D
1

, Pq←g
~1! ~ t̂ !5

1

2
@ t̂21~12 t̂ !2#,
1-2



e
e

ni

al

e

ng

t

f

id

x
-

rk

e

via
c-
-

ou-

ars,
ss
or

-

e
ed

f
i-

of
di-

n-

x-

q.

ery
nd

QCD CORRECTIONS TO SCALAR PRODUCTION VIA . . . PHYSICAL REVIEW D60 114001
wheret̂5mf
2 / ŝ andCF54/3. The mass counterterm for th

Yukawa vertex renormalization is determined in the on-sh
scheme, i.e.,

dmt

mt
52

CFas

4p F3S 1

e
2gE1 ln 4p D1VG , ~5!

in the top-color model. Here, the bare massmt0 and the
renormalized massmt are related bymt05mt1dmt andmt
.175 GeV is taken to be the top-quark pole mass. The fi
part of the mass counterterm isV53 ln@m2/mt

2#14 in the
top-color model, whereV>0 for m>mte

22/3.90 GeV. In
the following, we shall choose the QCD factorization sc
mF ~set as the invariant massAQ2! and the renormalization
scale m to be the same as the scalar mass, i.e.,AQ25m
5mf , which means that in Eqs.~4! the factor ln(mf

2 /Q2)
vanishes and the quantityV becomes

V53 ln@mf
2 /mt

2#14. ~6!

For the case ofmf@mt , the logarithmic term ln(mf
2/mt

2)
becomes larger formf@mt , and its contributions to all or-
ders inas ln(mf

2 /mt
2) may be resummed by introducing th

running Yukawa couplingyt(m), or correspondingly, the
running massmt(m). In the above formula,mt is the pole
mass (mt

pol.175 GeV) and is related to the one-loop runni
mass via the relation@13#

mt~m!5mt~mt
pol!F12

3CF

4p
as~m!ln

m2

mt
polG ,

~7!

mt~mt
pol!5mt

polF11
CF

p
as~mt

pol!G21

.

Using the renormalization group equation, one can resum
leading logarithms to all orders inas @14# and obtain

mt~m!5mt~mt
pol!F as~m!

as~mt
pol!G

9CF /~3322nf !

, ~8!

with nf56 for m.mt . Thus, to include the running effect o
the Yukawa coupling, we can replace the (mt

pol)2 factor
~from the Yukawa coupling! inside the square of the
S-matrix element@up to O(as)# by the running factor

mt
2~m!H 112

CFas~m!

p F11
3

4
lnS m

mt
polD 2G J

5mt
2~m!F11

CFas~m!

2p
VG , ~9!

where the logarithmic term in the bracket@¯# is added to
avoid double-counting with the resummed logarithms ins
mt

2(m). It is clear that this@11„CFas(m)/2p…V# factor will
cancel theV term inside the NLO hard cross sectionDŝcb̄ in
Eq. ~4! at O(as), so that the net effect of the Yukawa verte
renormalization ~after the resummation of leading loga
11400
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rithms! is to replace the relevant tree-level on-shell qua
mass~related to the Yukawa coupling! by its MS running
mass@cf. Eq. ~8!# and remove theV term in Eq.~4!. When
the physical scalem ~chosen as the scalar massmf! is not
much larger thanmt , the above running effect is small sinc
the ln(m /mt) factor in the Yukawa countertermdmt /mt is
small. However, the case for the neutral scalar production
the bb̄ annihilation can be different. When the loop corre
tion to the f02b2b̄ Yukawa coupling contains the loga
rithm ln(m /mb), which is much larger than ln(m /mt), these
large logarithms should be resummed into the running c
pling, as we will do in Sec. IV.

In the top-color model, there are three pseudo-scal
called top pions, which are predicted to be light, with a ma
of O(100– 300) GeV. The relevant Yukawa interactions f
top pions, including the largetR-cR flavor mixing, can be
written as2 @1#

LY
p t52

mt tanb

v
@ iK UR

tt KUL
tt* tLtRp t

01&KUR
tt* KDL

bb tRbLp t
1

1 iK UR
tc KUL

tt* tLcRp t
01&KUR

tc* KDL
bb cRbLp t

11H.c.#,

~10!

where tanb5A(v/v t)
221;O(4 – 1.3) with the top-pion de-

cay constantv t;O(60– 150) GeV, and the full vacuum ex
pectation value (VEV)v.246 GeV ~determined by the
Fermi constant!. The analysis from top-quark decay in th
Tevatront t̄ events sets a direct lower bound on the charg
top-pion mass to be larger than about 150 GeV@15,2#. The
existing low energy CERNe1e2 collider LEP and SLAC
Large Detector~SLD! measurement ofRb , which slightly
lies above the SM value by about 0.9s @16#, also provides an
indirect constraint on the top-pion Yukawa couplingCR

tb

5(&mt /v)tanb due to the one-loop contribution o
charged top pions toRb . However, given the crude approx
mation in estimating the top-pion loops~with all higher order
terms ignored! and the existence of many other sources
contributions associated with the strong dynamics, the in
rect Rb constraint is not conclusive@2#. For instance, it was
shown that the 3s Rb bound from the one-loop top-pion
correction can be fully removed if the top-pion decay co
stant v t is increased by about a factor of 2~which is the
typical uncertainty of the Pagels-Stokar estimate! @2,17#;
also, the nonperturbative contributions of the coloron e
changes can shift theRb above its SM value@2# and tend to

2As pointed out in Ref.@1#, an important feature deduced from E
~10! is that the charged top pionp t

6 mainly couples to the right-
handed top (tR) or charm (cR) but not the left-handed top (tL) or
charm (cL), in contrast to the standardW-t-b coupling which in-
volves onlytL . This makes the top-polarization measurement v
useful for further discriminating the signal from the backgrou
events.
1-3
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CSABA BALÁZS, HONG-JIAN HE, AND C.-P. YUAN PHYSICAL REVIEW D60 114001
cancel the negative top-pion corrections. Due to these
sons, it is clear that the inconlusiveRb-bound in the top-
color models should not be taken too seriously. Neverthel
to be on the safe side, we will impose the roughly estima
Rb-constraint in our current analysis of the top-color mod
by includingonly the ~negative! one-loop top-pion contribu-
tion as in Ref.@17#.3 As shown in Fig. 2a, the current 3s
Rb-bound requires a smaller top-pion Yukawa coupling,CR

tb

;1.3– 2 ~or, tanb;1.3– 2!, for the low mass region o
mp

t
6;200– 500 GeV. Since the top-pion decay constantv t

is related to tanb, this also requiresv t to be around 150–100
GeV for mp

t
6;200– 500 GeV~cf. Fig. 2b!. For comparison,

the usual Pagels-Stokar estimate ofv t ~by keeping only the
leading logarithm but not constant terms!, v t

2

5(Nc /8p2)mt
2 ln L2/mt

2, gives v t;64– 97 GeV for the top-
color breaking scaleL;1 – 10 TeV, where a typical facto

3However, it is important to keep in mind that such a rou
Rb-bound is likely to overconstrain the top-pion Yukawa coupli
since only the negative one-loop top-pion correction~but nothing
else! is included in this estimate. A weakerRb-bound will less
reduce the top-pion Yukawa coupling and thus allow larger prod
tion rates of charged top pions at colliders which can be obtai
from our current analysis by simple rescaling.

FIG. 2. Estimated current 3s-bounds in the top-color model an
2HDM-III: ~a! the 3s upper bound on the top-pion Yukawa co
pling CR

tb ; ~b! the 3s lower bound on the top-pion decay consta
@here, in~a! and~b!, the solid curves are derived from the combin
LEP/SLD data ofRb

Exp50.2165660.00074 while dashed curves a
from the same 3s combined experimental error but with the centr
Rb-value equal toRb

SM50.2158#; ~c! the Rb-predictions of 2HDM-
III with coupling j tt51.0 and 1.5 ~solid curves! and the 3s
Rb-bounds~dashed lines!.
11400
a-

s,
d

l,

of 2–3 uncertainty in the calculation ofv t
2 is expected@2,18#.

This estimate is slightly lower than theRb-constrained values
of v t in Fig. 2b, but is still in reasonable consistency~given
the typical factor of&–) error in the leading logarithmic
Pagels-Stokar estimate ofv t!.

In Eq. ~10!, KUL,R andKDL,R are defined from diagonal
izing the up- and down-type quark mass matricesMU and
MD : KUL

† MUKUR5MU
dia, KDL

† MDKDR5MD
dia, with

MU
dia5diag(mu , mc , mt) and MD

dia5diag(md , ms , mb).
For the class-I top-color models@11#, we have constructed
@1# a realistic and attractive pattern ofKUL andKDL so that
the well-constrained Cabibbo-Kobayashi-Maskawa~CKM!
matrix V(5KUL

† KDL) can be reproduced in the Wolfenste
parametrization@19# and all potentially large contributions t
the low energy data~such as theK-K̄, D-D̄ andB-B̄ mix-
ings and theb→sg rate! can be avoided@1#. We then found
that the right-handed rotation matrixKUR is constrained such
that its 33 and 32 elements take the values as@1#

KUR
tt .0.99– 0.94,KUR

tc <A12KUR
tt 2.0.11– 0.33,~11!

which show that thetR-cR flavor mixing can be naturally
around 10–30 %.

For the current numerical analysis we consider a ben
mark choice@1# based upon the above top-color model:

CR
tb5CR

tb~Rb constrained!,

CR
cb5CR

tbKUR
tc .CR

tb30.2, ~12!

CL
tb5CL

cb50.

It is trivial to scale the numerical results presented in t
paper to any other values ofCL,R when needed. Unless spec
fied otherwise, we use CTEQ4M PDF@20# to calculate the
rates. Note that CTEQ4M PDFs are consistent with
scheme used in the current study which treats the initial s
quarks as massless partons in computing the Wilson co
cient functions. The only effect of the heavy quark mass is
determine at which scaleQ this heavy quark parton become
active.4 In our case, the scaleQ5mf@mc ,mb .

In Fig. 3, we present the total cross sections for
charged top-pion production as functions of its mass, at
Tevatron~a pp̄ collider at 1.8 and 2 TeV! and the LHC~a pp
collider at 14 TeV!. We compare the improvements by in
cluding the complete NLO results@cf. ~4!# and by including
the resummed running Yukawa coupling or running ma
@cf. ~8!#. For this purpose, we first plot the LO total cro
sections with the tree-level Yukawa coupling@dash-dotted
curves, cf. Eqs.~3! and~12!# and with the resummed runnin
Yukawa coupling or running mass@dotted curves, cf. Eqs
~3! and ~8!#; then we plot the NLO cross sections with th
one-loop Yukawa coupling@dashed curves, cf. Eq.~4!# and
with the resummed running Yukawa coupling or runni
mass@solid curves, cf. Eqs.~4!, ~8!, and~9!#. We see that at

-
d

4This is the Collins-Wilczek-Zee~CWZ! scheme@21#.
1-4
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QCD CORRECTIONS TO SCALAR PRODUCTION VIA . . . PHYSICAL REVIEW D60 114001
the LHC there is a visible difference between the pure
results with tree-level Yukawa coupling~dash-dotted curves!
and other NLO and/or running-coupling improved resu
But at the Tevatron, the LO results with running Yukaw
coupling ~dotted curves! are visibly smaller than the result
in all other cases formf.300 GeV. This shows that withou
the complete NLO calculation, including only the runnin
Yukawa coupling in a LO result may not always warran
better improvement. Finally, the comparison in Fig. 3 sho
that the resummed running Yukawa coupling or top mass@cf.
Eq. ~8!# does not generate any significant improvement fr
the one-loop running. This is because the top mass is la
and as ln(mf

2 /mt
2) is small for mf up to 1 TeV. Thus, the

improvement of the resummation in Eq.~8! has to come
from higher order effects ofas ln(mf

2 /mt
2). However, as to be

shown in Sec. IV, the situation for summing over powers
as ln(mf

2 /mb
2) is different due tomb!mt , mf .

Figure 4 is to examine the individual NLO contribution
to the charged top-pion production via theqq̄8 andqg sub-
processes, in comparison with the full NLO contribution5

The LO contributions are also shown as a reference.6 ~Hereq
denotes the heavy charm or bottom quark.! In this figure,
there are three sets of curves for the charged top-pion
duction cross sections: the highest set is for the LHC (AS
514 TeV), the middle set is for the upgraded Tevatr

5Unless specified,qg includes bothqg and q̄g contributions.
6With the exception of Figs. 3, 8, and 12, we only show o

numerical results with the resummed running Yukawa coupling
running mass.

FIG. 3. Top-pion production cross sections at the present Te
tron, upgraded Tevatron, and the LHC. For each collider we sh
the NLO cross section with the resummed running Yukawa c
pling ~solid!, and with one-loop Yukawa coupling~dashed!, as well
as the LO cross section with resummed running Yukawa coup
~dotted! and with tree-level~dash-dotted! Yukawa coupling.
11400
.

s

ge

f

o-

(AS52 TeV), and the lowest set is for the Tevatron R
I (AS51.8 TeV). The LO cross sections are plotted as d
ted lines while the NLO cross sections as solid ones. T
dashed lines show the contributions from theqq̄8-fusion sub-
processes, and the dash-dotted lines describe the cont
tions from theqg-fusion subprocesses. Theqg-fusion cross
sections are negative and are plotted by multiplying a fac
of 21, for convenience. For a quantitative comparison of
individual NLO contributions versus the full NLO results
we further plot, in Fig. 5, the ratios~calledK-factors! of the
different NLO contributions to the LO cross section by usi
the same set of CTEQ4M PDFs. The solid lines of Fig
show that the overall NLO corrections to thepp,pp̄
→f6X processes are positive formf above ;150 ~200!
GeV and lie below;15 ~10!% for the Tevatron~LHC! in the
relevant mass region. This is in contrast with the NLO c
rections to theW6 boson production at hadron collider
which are always positive and as large as about 25% at
Tevatron@22#. The reason of this difference originates fro
the differences in theDsqq̄8 and Dsqg,gq̄ for f6 and W6

production. While in the case ofW6 production the positive
Dsqq̄8 piece dominates, in the case off6 production the
size of negativeDsqg,gq̄ piece becomes comparable wi
that of the positiveDsqq̄8 such that a nontrivial cancellatio
occurs.

While it is reasonable to take the renormalization and
factorization scales to bemf for predicting the inclusive pro-
duction rate off1, it is desirable to estimate the uncertain
in the rates due to different choices of PDFs. For that p
pose, we examine a few typical sets of PDFs from CTEQ

r
r

a-
w
-

g

FIG. 4. Cross sections for the charged top-pion production in
top-color model at the present Tevatron, upgraded Tevatron and
LHC. The NLO~solid!, theqq̄8 ~dashed! andqg ~dash-dotted! sub-
contributions, and the LO~dotted! contributions are shown. Sinc
theqg cross sections are negative, they are multiplied by21 in the
plot. The cross sections atAS51.8 TeV are multiplied by 0.1 to
avoid overlap with theAS52 TeV curves.
1-5
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which predict different shapes of charm, bottom and glu
distributions. As shown in Table I and Fig. 6, the uncerta
ties due to the choice of PDF set are generally within620%
for the relevant scalar mass ranges at both the Tevatron
the LHC.

FIG. 5. TheK-factors for thef1 production in the top-color
model are shown for the NLO (K5sNLO /sLO , solid lines!, qq̄8
@K5sqq̄8 /sLO5(sLO1Dsqq̄8)/sLO , dashed lines#, and qg (K5
2Dsqg /sLO , dash-dotted lines! contributions, at the upgrade
Tevatron~a! and the LHC~b!.
11400
n
-

nd

B. Analysis of multiple soft-gluon resummation

The as corrections to the~pseudo-!scalar production in-
volve the contributions from the emission of virtual and re
gluons, as shown in Figs. 1~b!, ~c!, and~e!. As the result of
the real gluon radiation, the~pseudo-!scalar particle will ac-
quire a nonvanishing transverse momentum (QT). When the

FIG. 6. The ratios of NLO cross sections computed by fo
different sets of CTEQ4 PDFs relative to that by the CTEQ4M
charged top-pion production at the upgraded Tevatron~a! and the
LHC ~b!.
aded
he LO
op
TABLE I. Cross sections in fb for charged top-pion production in the top-color model at the upgr
Tevatron and the LHC are shown, by using four different CTEQ4 PDFs. They are separately given for t
and NLO processes, and for theqq̄→f1X andqg→f1X subprocesses. At the upgraded Tevatron the t
number is formf5200 GeV, the middle is formf5300 GeV, and the bottom is formf5400 GeV. At the
LHC the top number is formf5400 GeV, the middle is formf5700 GeV, and the lowest is formf

51 TeV.
1-6
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emitted gluons are soft, they generate large logarithmic c
tributions of the form ~in the lowest order!:
as lnm(Q2/QT

2)/QT
2, where Q is the invariant mass of the

~pseudo-!scalar, andm50,1. These large logarithms spo
the convergence of the perturbative series, and falsify
O(as) prediction of the transverse momentum whenQT
!Q.

To predict the transverse momentum distribution of
produced ~pseudo-!scalar, we utilize the Collins-Soper
Sterman~CSS! formalism @23#, resumming the logarithms
of the type as

n lnm(Q2/QT
2)/QT

2, to all orders n in
as(m50, . . . ,2n21). The resummation calculation is pe
formed along the same line as for vector boson productio
Ref. @22#. Here we only give the differences from that give
in Ref. @22#. But for convenience, we also list theA(1), A(2),
and B(1) coefficients of the Sudakov exponent, which ha
been used in the current analysis:
n-
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A~1!~C1!5CF , B~1!~C15b0 ,C251!52
3

2
CF ,

~13!

A~2!~C15b0!5CFF S 67

36
2

p2

12DNC2
5

18
nf G ,

whereCF54/3 is the Casimir of the fundamental represe
tation of SU~3!, NC53 is the number of SU~3! colors, andnf
is the number of light quark flavors with masses less thanQ.
In the above we used the canonical values of the renorm
ization constantsC15b0 , andC251.

To recover theO(as) total cross section, we also includ
the Wilson coefficientsCia

(1) , among whichCi j
(1) differs from

the vector boson production~here i denotes quark or anti
quark flavors, anda5qi or gluong!. Explicitly,
Cjk
~0!~z,b,m,C1 /C2!5d jkd~12z!, Cjg

~0!~z,b,m,C1 /C2!50,

Cjk
~1!~z,b,m,C1 /C2!5d jkCFH 1

2
~12z!2

1

CF
lnS mb

b0
D Pj←k

~1! ~z!1d~12z!F2 ln2S C1

b0C2
e23/4D1

V
4

1
9

16G J , ~14!

Cjg
~1!~z,b,m,C1 /C2!5

1

2
z~12z!2 lnS mb

b0
D Pj←g

~1! ~z!,
lu-

on

ns-

olid
al-

e
um-
e of
ic-
ls.

to
V

m

where Pj←g
(1) is the O(as) gluon splitting kernels@24,25#

given in the Appendix. In the above expressions,V5VDY5
281p2 for the vector boson production@22#, and V5VF

5p2 for the ~pseudo-!scalar production, when using the ru
ning mass given in Eq.~8! for the Yukawa coupling. Using
the canonical values of the renormalization consta
ln(mb/b0) vanishes, becausem5C1 /b5b0 /b.

The only remaining difference between the resumm
formulas of the vector boson and~pseudo-!scalar production
is in the regular~Y! terms, which comes from the differenc
of the O(as) real emission amplitude squares@cf., the defi-
nitions ofTqq̄

21 andTqg
21 in Appendix C of Ref.@22# and Eqs.

~A1! and ~A4! of this paper#. The nonperturbative sector o
the CSS resummation~the nonperturbative function and th
related parameters! is assumed to be the same as that in R
@22#.

As described in Ref.@22#, the resummed total rate is th
same as theO(as) rate, when we includeCia

(1) andY(1), and
switch from the resummed distribution to the fixed order o
at QT5Q. When calculating the total rate, we have appli
this matching prescription. In the case of the~pseudo-!scalar
production, the matching takes place at highQT;Q values,
and the above matching prescription is irrelevant when
culating the total rate because the cross sections there
negligible. Thus, as expected, the resummed total rate dif
from theO(as) rate only by a few percent. Since the diffe
ence of the resummed and fixed order rate indicates the
s,

d

f.

e

l-
are
rs

ize

of the higher order corrections, we conclude that for inc
sive ~pseudo-!scalar production theO(as

2) corrections are
likely much smaller than the uncertainty from the part
distribution functions~cf. Fig. 6!.

In Fig. 7, we present the numerical results for the tra
verse momentum distributions of the charged top-pions~in
top-color model! and the charged Higgs bosons~in 2HDM!
produced at the upgraded Tevatron and the LHC. The s
curves show the resummation prediction for the typical v
ues ofmf . The dashed curves, from theO(as) prediction,
are irregular asQT→0. The large difference of the transvers
momentum distributions between the results from the res
mation and fixed-order analyses throughout a wide rang
QT shows the importance of using the resummation pred
tion when extracting the top-pion and Higgs boson signa
We also note that the average value ofQT varies slowly as
mf increases and it ranges from 35 to 51 GeV formf be-
tween 250 and 550 GeV at the 14 TeV LHC, and from 23
45 GeV for mf between 200 and 300 GeV at the 2 Te
Tevatron.

III. HADRONIC DECAYS OF CHARGED
SCALARS TO O„as…

In the top-color models, the current Tevatron data fro
the top quark decay into charged top pion (p t

6) andb-quark
already requires the mass ofp t

6 to be above;150 GeV
@2,15#. In the current analysis, we shall considermp t

.mt
1-7



.
he

d
,

m-

in-

ox
te

nt

u-

op

o

e
ce
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1mb , so that its dominant decay channels arep t
6→tb,cb.

The decay width of p t
6(5f6), including the

O(as) QCD corrections, is given by@26,27#:

GNLO~Q!5GLO~Q!F11
asCF

2p
RG ,

GLO~Q!5
3

16p
Q~ uCLu21uCRu2!~12r !2,

R5
9

2
~12r !21~12r !~327r 12r 2!ln

r

12r

1F3 ln
Q2

mt
2 142VG22~12r !2

3F ln~12r !

12r
22Li2S r

12r D2 ln~12r !ln
r

12r G ,

~15!

in which Q5AQ2 is the invariant mass off6. The small
bottom and charm masses are ignored so thatr[(mt /mf)2

for tb final state andr 50 for cb final state. Thus, forf6

→cb, the quantityR reduces toR517/22V. In Fig. 8, we
present the results for total decay widths off1 and branch-
ing ratios off1→tb̄ in the top-color model and the 2HDM
For the 2HDM, we also show the branching ratios of t
W1h0 channel, which is complementary to thetb̄ channel.
The NLO ~solid! and LO ~dashed! curves differ only by a
small amount. In the same figure, theK-factor, defined as the
ratio of the NLO to the LO partial decay widths, is plotte
for the f1→tb̄ ~solid! and →cb̄ ~dashed! channels. Here

FIG. 7. Transverse momentum distributions of charged t
pions produced in hadronic collisions. The resummed~solid! and
O(as) ~dashed! curves are calculated formf5200, 250, and 300
GeV at the upgraded Tevatron~a!, and formf5250, 400, and 550
GeV at the LHC~b!.
11400
the sample results for the 2HDM are derived for the para
eter choice:a50 and (Mh ,MA)5(100,1200) GeV.

With the decay width given above, we can study the
variant mass distribution of tb for the s-channel
f1-production:

ds

dQ2 @h1h2→~f1X!→tb̄X#

5s@h1h2→f1~Q!X#
~Q2Gf /mf!BR@f1→tb̄#

p@~Q22mf
2 !21~Q2Gf /mf!2#

,

~16!

whereGf and BR@f1→tb̄# are the total decay width off1

and the branching ratio off1→tb̄, respectively, which are
calculated up to the NLO. We note that the one-loop b
diagrams with a virtual gluon connecting the initial sta
quark and final state quark~from the hadronic decay off!
have vanishing contribution atO(as) because the scalarf is
color-neutral. In Fig. 9a and Fig. 10a, we plot the invaria
mass distribution fort-b̄ and t̄ -b pairs fromf6 ~top-pion
signal! and W6* ~background! decays in the top-color
model. In these plots, we have included the NLO contrib
tions, as a function ofQ, to theW6* background rate at the
Tevatron and the LHC. The overallK-factor ~after averaging
over the invariant massQ! including both the initial and final

- FIG. 8. Total decay widths off1 and BRs off1→tb̄ in the
top-color model and 2HDM.~For the 2HDM, the BR of theW1h0

channel is also shown, which is complementary to thetb̄ channel.!
In ~a! and~b!, the NLO ~solid! and LO~dashed! curves differ only
by a small amount. In~c!, theK-factor, which is defined as the rati
of the NLO to the LO partial decay widths, is shown for thef1

→tb̄ ~solid! and→cb̄ ~dashed! channels. The sample results for th
2HDM in this figure are derived for the parameter choi
(j tt

U , j tc
U )5(1.5, 1.5),a50, and (mh , mA)5(120, 1200) GeV.
1-8
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state radiations is about 1.4~1.34! for the Tevatron~LHC!
@28#. The total rate ofW6* up to the NLO is about 0.70
@0.86# pb and 11.0 pb at the 1.8@2# TeV Tevatron and the 14
TeV LHC, respectively.

Before concluding this section, we discuss how to gen
alize the above results to the generic 2HDM~called type-III
@5#!, in which the two Higgs doubletsF1 andF2 couple to
both up- and down-type quarks and thead hocdiscrete sym-
metry @29# is not imposed. The flavor-mixing Yukawa cou
plings in this model can be conveniently formulated unde
proper basis of Higgs doublets so that^F1&5(0, v/&)T and
^F2&5(0, 0)T. Thus, the diagonalization of the fermio
mass matrix also diagonalizes the Yukawa couplings ofF1 ,
and all the flavor-mixing effects are generated by Yuka
couplings (Ŷi j

U and Ŷi j
D! of F2 which exhibit a natural hier-

archy under the ansatz@4,5#

Ŷi j
U,D5j i j

U,DAmimj/ ^F1& ~17!

with j i j
U,D;O(1). This ansatz highly suppresses the flav

mixings among light quarks and identifies the largest mix
coupling as the one from thet-c or c-t transition. A recent
renormalization group analysis@30# shows that such a sup
pression persists at the high energy scales. The rele
Yukawa interactions involving the charged Higgs bosonsH6

are @1#

LY
CC5H1@ tR~ŶU

† V! tbbL2tL~VŶD! tbbR

1cR~ŶU
† V!cbbL2cL~VŶD!cbbR#1H.c.

.H1@ tRŶtt
U* bL1cRŶtc

U* bL#1H.c.

1~small terms!, ~18!

whereŶtt
U5j tt

U3(&mt /v).j tt
U , and

Ŷtc
U 5j tc

U 3~A2mtmc/v !.j tc
U 39%,

in which j tc
U;O(1) is allowed by the current low energ

data@5,32#. As a result, the Yukawa counter term in Fig. 1
involves bothdmt and dmc . Consequently, we need to re
place the NLO quantityV in the finite part of the Yukawa
counterterm@cf. the definition below Eq.~4!# by

V~2HDM!53 ln@mf
2 /~mtmc!#14, ~19!

for the type-III 2HDM. In the relevantf6-c-b coupling of
this 2HDM, we note that, similar to the case of the top-co
model, only the right-handed charm is involved@1#, i.e.,

CL
tb5CL

cb50, CR
tb5j tt

U~&mt /v !, CR
cb.j tc

U 39%.
~20!

where the parameters (j tt
U ,j tc

U ) are expected to be naturall
aroundO(1). We have examined the possible constraint
j tt

U from the currentRb data and found that the values
j tt

U;1.0– 1.5 are allowed formH6*200 GeV~cf. Fig. 2c!.7

7Our calculation ofRb in the 2HDM-III is consistent with those in
11400
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The production cross section ofH6 in this 2HDM can be
obtained by rescaling the result of the top-color mod
according to the ratio of the coupling-squa
@CR

tc~2HDM! / CR
tc~top-color!#2; @0.09j tc

U /0.2CR
tb~top-color!#2,

which is about 1/7 forj tc
U 51.5 and the charged scalar ma

around 400 GeV.
Finally, we note that there are three neutral Higgs bos

in the 2HDM, theCP-even scalars (h0, H0) and theCP-odd
pseudoscalarA0. The mass diagonalization forh0 and H0

induces the Higgs mixing anglea. The low energy con-
straints on this model require@5,32# mh ,mH<mH6<mA or
mA<mH6<mh , mH . For the case ofmH6.mh01MW , the
H6→W6h0 decay channel is also open. Taking, for e
ample, a50 and (mh , mA)5(120, 1200) GeV, we find
from Fig. 8b that thetb andWh0 decay modes are comple
mentary at low and high mass regions of the charged Hi
bosonH6. In Figs. 9b, c and 10b, c, we plot the invaria
mass distributions oftb̄ and t̄ b pairs fromH6 ~signal! and
W6* ~background! decays in the 2HDM at the 2 TeV Teva
tron and the 14 TeV LHC, with the typical choice of th
parameters: (j tt

U , j tc
U )5(1.5, 1.5) in Eq.~20!, (mh , mA)

5(120, 1200) GeV, anda50 or p/2. @A larger value ofj tt
U

will simutaneously increase~reduce! the BR of tb (Wh0)
mode.# We see that, due to a smallerc-b-H6 coupling @cf.
Eq. ~20!#, it is hard to detect such a charged Higgs bos
with massmH6.250 GeV at the Tevatron Run-II. We the
examine the potential of the LHC for the high mass range
H6. Similar plots are shown in Figs. 9b, c fora50 anda
5p/2, respectively. When cosa is large ~e.g., a50!, the
branching ratio of thetb-channel decreases asmH6 increases
~cf. Fig. 8b!, so that the LHC does not significantly improv
the probe of the largemH6 range via the single-top mode~cf.
Fig. 10b!. In this case, theW6h0 channel, however, become
important for largemH6, as shown in Fig. 11~cf. Fig. 8b, for
its decay branching ratios!, since theH6-W7-h0 coupling is
proportional to cosa @5#. On the other hand, for the param
eter space with small cosa ~e.g.,a5p/2!, the W6h0 chan-
nel is suppressed so that the single-top mode is impor
even for large mass region ofH6.8 This is illustrated in Fig.
10c at the LHC fora5p/2. In order to probe the whole
parameter space and largermH6, it is important to study both
tb andWh0 ~or WH0! channels.

IV. GENERALIZATION TO NEUTRAL SCALAR
PRODUCTION VIA bb̄ FUSION

The QCD corrections are universal so that the general
tion to the production of neutral scalar or pseudoscalarf0

Ref. @31# and Ref.@32# after using the same inputs.~Note that a
larger value ofj tt

U than ours was chosen for the solid curve in F
3 of Ref. @32#.! We thank L. Reina for clarifying the inputs of Re
@32# and for useful discussions.

8Note that theH6-W7-H0 coupling is proportional to sina and is
thus enhanced for small cosa. In this case, theWH0 mode may be
important provided thatH0 is relatively light. We will not further
elaborate this point here since it largely depends on the mass ofH0.
1-9
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via the bb̄ fusion is straightforward, i.e., we only need
replace Eq.~19! by

V~f0bb̄!53 ln@mf
2 /mb

2#14, ~21!

in which mf is the mass off0. The finite piece of the
Yukawa renormalization@cf. the quantityV in Eq. ~5!# is
scheme-dependent. We can always define thef0-b-b̄
Yukawa coupling as&mb /v times an enhancement factorK
so that the Yukawa counterterm is generated bydmb /mb .9

After resumming the leading logarithmic term
@as ln(mf

2 /mb
2)#n, via the renormalization group techniqu

the net effect of the Yukawa renormalization is to change
Yukawa coupling or the related quark-mass into the co
spondingMS running coupling or mass, as discussed in
previous section.

The bb̄ decay branching ratios of the neutral Hig
bosons in the MSSM with large tanb are almost equal to on
@34#. The same is true for theb-Higgs boson orb-pion in the
top-color model@2#. It has been shown that at the Tevatro
the bb̄ dijet final states can be properly identified@35#. The
same technique developed for studying the resonance o

9This specific definition works even if the Yukawa coupling is n
related to any quark mass. For instance, the bottom Yukawa
plings of the b-Higgs boson andb-pion in the top-color model
@2,33# are independent of quark masses because theb-Higgs boson
does not develop VEV.

FIG. 9. Invariant mass distribution oft-b̄ and t̄ -b pairs from
f6 ~signal! andW6* ~background! decays at the Tevatron Run-
for the top-color model~a!, and 2HDM with Higgs mixing angles
a50 ~b!, anda5p/2 ~c!. We show the signal formf5200, 250,
300 and 350 GeV. The solid curves show the results from the N
calculation, and the dashed ones from the LO analysis.
11400
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coloron or techni-r in the bb̄ decay mode@35# can also be
applied to the search of the neutral Higgs bosons with la
bottom Yukawa coupling. When the neutral scalar or ps
doscalar f0 is relatively heavy, e.g., in the range o
O(250– 1000) GeV, the QCD dijet backgrounds can be
fectively removed by requiring the twob-jets to be tagged
with large transverse momenta (PT) because thePT of each
b-jet from thef0 decay is typically at the order ofmf /2.
Hence, this process can provide complementary informa
to that obtained from studying thef0bb̄ associate production
@36,33,37#.

We first consider the production of the neutral Higgs b
son f0, which can be eitherA0, h0, or H0, in the MSSM
with large tanb, where the corresponding Yukawa couplin
to bb̄ andt1t2 are enhanced relative to that of the SM sin
yD /yD

SM is equal to tanb, 2sina / cosb, or cosa /cosb, re-
spectively, at the tree-level. In the large tanb region, the
MSSM neutral Higgs bosons dominantly decay intobb̄ and
t1t2 final states, which can be detected at the hadron
liders. In comparison with the recent studies on thef0bb̄
@33# and f0t1t2 @38# associate production, we expect th
inclusive f0 production via thebb̄-fusion would be more
useful for mf being relatively heavy ~e.g., mf
>200– 300 GeV! because of the much larger phase space
well as a better suppression of the backgrounds in the h
PT region. The total LO and NLO cross sections for t
inclusive production processpp,pp̄→A0X at the Tevatron
and the LHC are shown in Figs. 12a and 12b, in paralle
Figs. 3 and 4 for the case of charged top-pion producti

u-

O

FIG. 10. Invariant mass distribution oft-b̄ and t̄ -b pairs from
f6 ~signal! and W6* ~background! decays at the LHC for the
top-color model~a!, and for the 2HDM with the Higgs mixing
anglesa50 in ~b!, anda5p/2 in ~c!. Here the charged pseudo
scalar or scalar mass are chosen as the typical values ofmf5250,
400, and 550 GeV. The solid curves show the results by the N
calculation, while the dashed ones come from the LO analysis.
1-10
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Here, we have chosen tanb540 for illustration. The cross
sections at other values of tanb can be obtained by multi
plying the scaling factor (tanb /40)2. From Fig. 12a, we see
a significant improvement from the pure LO results~dash-
dotted curves! by resumming over the large logarithms
mf

2 /mb
2 into the running Yukawa coupling. The good agre

ment between the LO results with running Yukawa coupl
and the NLO results is due to a nontrivial, and proce
dependent, cancellation between the individualO(as) con-
tributions of thebb̄ and bg subprocesses. In contrast to th
production of the charged top pion or Higgs boson via
initial statecb̄ or c̄b partons, the neutral Higgs boson pr
duction involves thebb̄ parton densities. TheK-factors for
the ratios of the NLO versus LO cross sections ofpp̄/pp
→A0X are presented in Fig. 13 for the MSSM with tanb
540. The main difference is due to the fact that the in
vidual contribution by theO(as) bg fusion becomes more
negative as compared to the case of the charged top-
production shown in Fig. 5. This makes the overallK-factor
of the NLO versus LO cross sections range from ab
2~16–17!% to 15% at the Tevatron and the LHC. In para
lel to Table I and Fig. 6, we have examined the uncertain
of the CTEQ4 PDFs for theA0 production at the Tevatron
and the LHC, and the results are summarized in Table II
Fig. 14. We also note that, similar to the charged Hig
boson production, the resummed total rate for the neu
Higgs boson production is not very different from its NL
rate.

FIG. 11. Invariant mass distributions ofW1-h0 and W2-h0

pairs fromf6 ~s-channel resonance! andW6* ~s-channel nonreso-
nance! decays at the Tevatron Run-II, and at the LHC, for t
2HDM with Higgs mixing anglesa50. We show the signal for
mf5200, 250, and 300 GeV at the Tevatron~a!, and for mf

5250, 400, and 550 GeV at the LHC~b!. The solid curves show the
results of the NLO calculation, and the dashed ones of the
analysis.
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The transverse momentum (QT) distributions ofA0, pro-
duced at the upgraded Tevatron and at the LHC, are sh
in Fig. 15 for variousA0 masses (mA) with tanb540. The
solid curves are the result of the multiple soft-gluon resu
mation, and the dashed ones are from theO(as) calculation.
The shape of these transverse momentum distribution
similar to that of the charged top pion~cf. Fig. 7!. The fixed
order distributions are singular asQT→0, while the re-
summed ones have a maximum at some finiteQT and vanish
at QT50. WhenQT becomes large, of the order ofmA , the
resummed curves merge into the fixed order ones. The a
age resummedQT varies between 25 and 30~40 and 60!
GeV in the mass range ofmA from 200 to 300~250 to 550!
GeV at the Tevatron~LHC!.

We also note that for large tanb, the SUSY correction to
the runningf0-b-b̄ Yukawa coupling is significant@39# and
can be included in a way similar to our recent analysis of
f0bb̄ associate production@33#. To illustrate the SUSY cor-
rection to theb-Yukawa coupling, we choose all MSSM
soft-breaking parameters as 500 GeV, and the Higgs mix
parameterm56500 GeV. Depending on the sign ofm, the

O

FIG. 12. LO and NLO cross sections for the neutral HiggsA0

production in the MSSM with tanb540, at the Tevatron and the
LHC. ~a! For each collider we show the NLO cross sections w
the resummed running Yukawa coupling~solid! and with one-loop
Yukawa coupling~dashed!, as well as the LO cross sections wit
resummed running Yukawa coupling~dotted! and with tree-level

Yukawa coupling ~dash-dotted!. ~b! The NLO ~solid!, the bb̄
~dashed!, andbg ~dash-dotted! subcontributions, and the LO~dot-
ted! contributions are shown. Since thebg cross sections are nega
tive, they are multiplied by21 in the plot. The cross sections a
AS51.8 TeV are multiplied by 0.1 to avoid overlap with theAS
52 TeV curves.~c! The NLO cross sections with QCD runnin
Yukawa coupling~solid curves! and those with additional SUSY
correction to the running coupling are shown~upper dashed lines
for the Higgs-mixing parameterm51500 GeV and lower dashed
lines for m52500 GeV!.
1-11
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SUSY correction to thef0-b-b̄ coupling can either take th
same sign as the QCD correction or have an opposite
@33#. In Fig. 12c, the solid curves represent the NLO cro
sections with QCD correction alone, while the results inclu
ing the SUSY corrections to the running bottom Yukaw
coupling are shown form51500 GeV ~upper dashed

FIG. 13. TheK-factors for theA0 production in the MSSM with

tanb540 are shown for the NLO (K5sNLO /sLO , solid lines!, bb̄
@K5sbb̄ /sLO5(sLO1Dsbb̄)/sLO , dashed lines#, and bg (K5
2Dsbg /sLO , dash-dotted lines! contributions, at the upgrade
Tevatron~a! and the LHC~b!.
11400
gn
s
-

curves! and m52500 GeV ~lower dashed curves!. As
shown, these partial SUSY corrections can change the c
sections by about a factor of 2. The above results are for
inclusive production of theCP-odd Higgs bosonA0 in the
MSSM. Similar results can be easily obtained for the oth
neutral Higgs bosons (h0 andH0! by properly rescaling the
coupling strength. We also note that in the large tanb region,
there is always a good mass-degeneracy between eitheh0

FIG. 14. The ratios of NLO cross sections computed by fo
different sets of CTEQ4 PDFs relative to that by the CTEQ4M
neutralA0 production in the MSSM with tanb540, at the upgraded
Tevatron~a! and the LHC~b!.
en for

on
TABLE II. Cross sections in fb for neutral Higgs boson production in the MSSM with tanb540, at the
upgraded Tevatron and the LHC, are shown for four different CTEQ4 PDFs. They are separately giv

the LO and NLO processes, and for thebb̄→A0X andbg→A0X subprocesses. For the upgraded Tevatr
the top number is formA5400 GeV, the middle is formA5300 GeV, and the lowest is formA5400 GeV.
For the LHC the top number is formA5400 GeV, the middle is formA5700 GeV, and the lowest is for
mA51 TeV.
1-12
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and A0 ~in the low mass region withmA&120 GeV! or H0

and A0 ~in the high mass region withmA*120 GeV!, as
shown in Figs. 10 and 11 of Ref.@33#.

We then consider the large bottom Yukawa coupling
the neutralb-Higgs boson (hb

0) andb-pion (pb
0) in the top-

color model @2,11,33#. The new strong U~1! force in this
model is attractive in thê t̄ t& channel but repulsive in the

^b̄b& channel. Thus, the top but not the bottom acquires
namical mass from the vacuum. This makes thet-Yukawa
coupling (yt) supercritical while theb-Yukawa coupling
(yb) subcritical, at the top-color breaking scaleL, i.e.,
yb(L)& ycrit5A8p2/3 &yt(L), which requiresyb being
close toyt and thus naturally large. Our recent renormaliz
tion group analysis@33# shows that the relationyb(m)
;yt(m) holds well at any scalem below L. For the current
numerical analysis, we shall choose a typical value
yb(mt).yt(mt)'3, i.e., uCL

bbu5uCR
bbu.3/&. In Fig. 16, we

plot the production cross sections ofhb
0 or pb

0 at the Tevatron
and the LHC. This is similar to the charged top-pion produ
tion in Fig. 4, except the nontrivial differences in th
Yukawa couplings~due to the different tree-level values an
the running behaviors! and the charm versus bottom parto
luminosities.

V. CONCLUSIONS

In summary, we have presented the completeO(as) QCD
corrections to the charged scalar or pseudoscalar produ
via the partonic heavy quark fusion process at hadron co
ers. We found that the overall NLO corrections to t
pp̄/pp→f6 processes are positive formf above;150~200!

FIG. 15. Transverse momentum distributions of pseudoscalaA0

produced via hadronic collisions, calculated in the MSSM w
tanb540. The resummed~solid! and O(as) ~dashed! curves are
shown formA5200, 250, and 300 GeV at the upgraded Tevat
~a!, and formA5250, 400, and 550 GeV at the LHC~b!.
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GeV and lie below;15~10!% for the Tevatron~LHC! in the
relevant range ofmf ~cf. Fig. 5!. The inclusion of the NLO
contributions thus justifies and improves our recent L
analysis@1#. The uncertainties of the NLO rates due to t
different PDFs are systematically examined and are foun
be around 20%~cf. Table I and Fig. 6!. The QCD resumma-
tion to include the effects of multiple soft-gluon radiation
also performed, which provides a better prediction of t
transverse momentum (QT) distribution of the scalarf0,6,
and is important for extracting the experimental signals~cf.
Fig. 7!. We find that the resummed total rate differs from t
O(as) rate only by a few percents whch indicates that t
size of the higher order corrections may be small. We th
conclude that for inclusive production of the charged or n
tral scalar particle theO(as

2) corrections are likely much
smaller than the uncertainty from the parton distributi
functins ~cf. Figs. 6 and 14!. We confirm that the 2 TeV
Tevatron~with a 2–10 fb21 integrated luminosity! is able to
explore the natural mass range of the top pions up to ab
300–350 GeV in the top-color model@2,11# for the typical
tR-cR mixing of KUR

tc ;0.2– 0.33@cf. Eq. ~11!#. Measuring
the top polarization in the single-top event will further im
prove the signal identification. On the other hand, due t
possibly smallerf6-b-c coupling in the 2HDM, we show
that to probe the charged Higgs boson with mass above
GeV in this model may require a high luminosity Tevatro
~with a 10–30 fb21 integrated luminosity!. The LHC will
further probe the charged Higgs boson of the 2HDM up
about O(1) TeV via the single-top andW6h0 ~or W6H0!

n

FIG. 16. Cross sections for the neutralb-pion pb
0 or b-Higgshb

0

production via thebb̄-fusion in the top-color model at the Tevatro
and the LHC. The NLO~solid!, the qq̄8 ~dashed! and qg ~dash-
dotted! subcontributions, and the LO~dotted! contributions with
resummed running Yukawa coupling are shown. Since theqg cross
sections are negative, they are multiplied by21 in the plot. The
cross sections atAS51.8 TeV are multiplied by 0.1 to avoid over
lap with theAS52 TeV curves.
1-13
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production. The complementary roles of thetb and W6h0

channels in the different regions of the Higgs boson m
and the Higgs mixing anglea are demonstrated. We hav
also analyzed a direct extension of our NLO results to
neutral ~pseudo!scalar production via thebb̄-fusion for the
neutral Higgs bosons (A0, h0, H0) in the MSSM with large
tanb, and for the neutralb-pion (pb

0) or b-Higgs boson (hb
0)

in the top-color model with U~1!-tilted large bottom Yukawa
coupling. In comparison with thef0bb̄ associate production
@33#, this inclusive f0-production mechanism provides
complementary probe for a neutral Higgs boson~with rela-
tively large mass!, whose decay products, e.g., in thebb̄ or
tt channel, typically have high transverse mome
(;mf /2) and can be effectively detected@35#. This is par-
ticularly helpful for the discovery reach of the Tevatron. Fu
ther detailed Monte Carlo analyses at the detector le
should be carried out to finally conclude the sensitivity of t
Tevatron Run-II and the LHC via this process.

At the final stage of writing up this manuscript, we b
came aware of a new paper@40# which studied the QCD
corrections for the neutral Higgs productionbb̄→H0 within
the SM, and partially overlaps with our Sec. IV as the pu
NLO QCD correction is concerned. The overlapped part is
general agreement with ours except that we determine
counterterm of the Yukawa coupling~expressed in terms o
the relevant quark mass! by the on-shell scheme~cf. Refs.
@26,27#! while Ref. @40# usedMS scheme. After resumming
the leading logarithms into the running mass or Yukawa c
pling, the two results coincide. Note that the apparent la
O(as) correction derived in Ref.@40# is due to the fact tha
it only includes the contribution from thebb̄ subprocess,
which is part of our completeO(as) contribution. The inclu-
sion of the NLO contribution from thebg subprocess, which
turns out to be negative and partially cancels thebb̄ contri-
bution, yields a typical size ofO(as) correction to the pro-
duction rate of a neutral Higgs boson produced via he
quark fusion. The bg subprocess is identified a
O(1/ln@mH /mb#) instead ofO(as) correction in Ref.@40#.

ACKNOWLEDGMENTS

We thank C. T. Hill for discussing the top-pion signatu
at the Fermilab Tevatron, H. E. Haber for discussing
charged Higgs production, W. K. Tung for discussing t
heavy quark parton distribution functions, and J. Huston
discussing the CDF Run-Ib analysis on the new part
searches via thebb̄ dijet mode@35#. We also thank the au
thors of Ref.@40# for confirming our comparison with thei
results, and explaining how they included thebg subprocess.
This work is supported by the U.S. NSF under grant PH
9802564.

APPENDIX

In this appendix, we present the individual NLO part
cross sections computed atD5422e dimensions. We note
that, unlike the usual Drell-Yan type processes, the one-l
virtual contributions~cf. Figs. 1b–d! are not ultraviolet~UV!
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finite unless the new counterterm from Yukawa coupling~re-
lated to the quark-mass renormalization, cf. Fig. 1e! is in-
cluded.

1. Partonic processescb̄˜f1X

The spin- and color-averaged amplitude-square for
cb̄→f1g process is

uMu25
2pCF

3
as~ uCLu21uCRu2!m2e

3F ~12e!S t̂

û
1

û

t̂
12D 12

ŝmf
2

t̂ û
G . ~A1!

The individual contributions~from the virtual loop and
real gluon emission! to the NLO partonic cross section are

Dŝ loop
virtual5ŝ0

asCF

2p S 4pm2

Q2 D e G~12e!

G~122e! F2
2

e2 1
2p2

3
22G

3d~12 t̂ !,

Dŝcount
virtual5ŝ0

asCF

2p
~4p!e

G~12e!

G~122e! F2
3

e
2VGd~12 t̂ !,

~A2!

Dŝ
cb̄

real
5ŝ0

asCF

2p S 4pm2

Q2 D e G~12e!

G~122e!

3F 2

e2 d~12 t̂ !1
3

e
d~12 t̂ !2

2

e
Pq←q

~1! ~ t̂ !CF
21

14~11 t̂2!S ln~12 t̂ !

12 t̂ D
1

22
11 t̂2

12 t̂
ln t̂12~12 t̂ !G ,

Pq←q
~1! ~ t̂ !5CFS 11 t̂2

12 t̂ D
1

5CFF 11 t̂2

~12 t̂ !1
1

3

2
d~12 t̂ !G ,

where the standard plus prescription (¯)1 is given by

E
0

1

daj~a!@x~a!#15E
0

1

dax~a!@j~a!2j~1!#.

~A3!

In Eq. ~A2!, the infrared 1/e2 poles cancel betweenDŝ loop
virtual

andDŝ
cb̄

real
. The termDŝ loop

virtual from the virtual loop actually
contains two types of 1/e poles inside@¯#: 3/eUV13/e IR
with eUV52e IR[e5(42D)/2.0. Also, the23/e pole in-
side the Yukawa counterterm contributionDŝcount

virtual is ultra-

violet while the13/e pole insideDŝ
cb̄

real
is infrared~IR!. We

see that the contributionDŝcount
virtual from the counterterm of the

Yukawa coupling is crucial for cancelling the UV divergen
1-14
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from Dŝ loop
virtual ~which is absent in the usual Drell-Yan typ

processes!, while the soft 1/e divergences betweenDŝ loop
virtual

andDŝ
cb̄

real
cancel. Finally, the 1/e collinear singularity inside

Dŝ
cb̄

real
will be absorbed into the redefinition of the PDF v

the quark-quark transition functionPq←q
(1) ( t̂). All the finite

terms are summarized in Eq.~4!.

2. Partonic processesgc, gb̄˜f1X

The spin- and color-averaged amplitude-square for
gc,gb̄→f1X process is

uMu25
pas

3~12e!
~ uCLu21uCRu2!m2e

3F ~12e!S ŝ

2 t̂
1

2 t̂

ŝ
22D 22

ûmf
2

ŝt̂
G . ~A4!
At

ys

g,

,

n
,
in
M,
A

11400
e

The O(as) partonic cross section for the quark-gluon f
sions is given by

Dŝ
cg,b̄g

real
5ŝ0

asCF

2p S 4pm2

Q2 D e

3F S 2
1

e

G~12e!

G~122e!
1 ln

~12 t̂ !2

t̂ D Pq←g
~1! ~ t̂ !

1
1

4
~2317t̂ !~12 t̂ !G ,

Pq←g
~1! ~ t̂ !5

1

2
@ t̂21~12 t̂ !2#, ~A5!

where it is clear that the collinear 1/e singularity will be
absorbed into the redefinition of the PDF via the gluo
splitting function Pq←g

(1) ( t̂). The final result is finite and is
given in Eq.~4!.
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