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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 couplggh#mnel 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 complgig) 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 ripseatgscalars
via bb fusion is studied in the minimal supersymmtric standard mésiSSM) with large tang, and in the
top-color model with a large bottom Yukawa couplif§0556-282(99)05219-4

PACS numbgs): 13.85.Ni, 12.60.Fr, 14.65.Ha, 14.80.Cp

. INTRODUCTION (MSSM) [6,7] with large tan3 and in the top-color models
with U(1)-tilted large bottom Yukawa couplin®,3].

The top quark(t), among the three generations of fermi-
ons, is the only one with a large mass as high as the elec-
troweak scale. This makes the top quark the most likely
place to discover new physics beyond the standard model
(SM). In a recent study1], two of us proposed that, due to A. Fixed-order analysis up to O(a)

the top-quark-mass enhanced flavor mixing Yukawa cou- . .
; . We study chargegpseudoy}scalar production via the top-
pling of the charm(c) and bottom(b) with a charged scalar mass-enhanced fiavor mixing vertesb- = [1]. The corre-

or pseudoscalar &), the s-channel partonic process ) ) . -
cEEb—mbi, can be an important mechanism for the produc-SponAd'_ng ngavya coupling can b? generally defined;ds
tion of ¢~ at various colliders. From the leading orde0) T CrR in which L=(1-1ys)/2 andR=(1+ ys)/2. The total
calculation[1], we demonstrated that the Fermilab TevatronCross sections for the¢* production at hadron collider&f.
run Il has the potential to explore the mass range of théi9- 1) can be generally expressed as

charged top pions up to about 300—350 GeV in the top-color 1 1

models[2,3]. In this work, we compute the complete next- 0(h1h2—>¢+x)=2 f dxlf dx,

to-leading order(NLO) QCD corrections to the process a,B Jrg To/Xq

qq’ — ¢=, which includes the one-loop virtual corrections x[fa,hl(xl,QZ)fﬁ,hz(xz,Q2)+(a<_>,3)]
and the contributions from the addition@l «s) processes:

Il. CHARGED SCALAR PRODUCTION
VIA CHARM-BOTTOM FUSION

X5*P(aB—¢"X), 2
q9 —¢"g and qg—q' ¢~ D)
where 7o=mj/S, X;,=Vme™Y, m, is the mass of
The decay width and branching ratiBR) of such a ¢, VS is the center-of-mass energy of theh, collider,
(pseudo)scalar are also included up to NLO to estimate theandf ,n(x,Q?) is the parton distribution functiotPDP of a
event rates. The QCD resummation of multiple soft-gluonpartona with the factorization scal®. The quantitys*# is
radiation is also carried out, which provides a better predicthe partonic cross section and has the following LO contri-
tion of the transverse momentum distribution of theeudo-  bution forcb— ¢* (cf. Fig. 19 [1]:
)scalar particle. We shall choose the top-color m¢@ghs a
benchmark of our analysis. The generalization to the generic
type-lll two-Higgs doublet model2HDM) [4,5] is straight- FEB= 0,001~ 75y, o= l(IC,_|2+ Cal2),
forward since the QCD corrections are univers@he direct 125
extension to the production of neutrgdseudo}scalars via 3
bb fusion is studied in the minimal supersymmetric SM
whereT= mfﬁlé with § the center-of-mass energy of the sub-
process, and the terms suppressed by the small mass ratio

*Electronic address: balazs@pa.msu.edu (mc,b/m(b)2 have been ignored. Since we are interested in
TElectronic address: hjne@pa.msu.edu the inclusive production of the scalap, it is natural to
*Electronic address: yuan@pa.msu.edu choose the factorization scagto be its massn,, which is

\We note that the finite part of the counterterm to the’-¢%*  of O(10°—10%), and much larger than the mass of charm or
Yukawa vertex is renormalization-scheme- and model-dependent.bottom quark. Hence, in this work, we will treatandb as

0556-2821/99/6(11)/11400116)/$15.00 60114001-1 ©1999 The American Physical Society



CSABA BALAZS, HONG-JIAN HE, AND C.-P. YUAN PHYSICAL REVIEW D60 114001

FIG. 1. Representative diagrams for charged
or neutral (pseudo)scalar (dashed ling produc-
© (d) tipn from quoark-antiqu?rk and qu.ark-gluon colli-
sions atO(«,) andO(«sg): (a) leading order con-

(b)
tribution; (b—d self-energy and vertex
corrections(with counterterny (e) real gluon ra-
diation in qq’ fusion; (f-g) s and t-channel
=== \
\
\
)

gluon-quark fusions.

(e) (@

massless partons inside proton or antiproton and perform the top-color modelgwith b-Higgs boson omb-pions [11],
NLO QCD calculation with consistent sets of POBs9,10. some of their Yukawa couplings are not related to quark
The NLO contributions are dd(«,), which contain three masses or not of the above simple one-to-one correspon-
parts:(i) the one-loop Yukawa vertex and quark self-energydence, and thus have their independent counterterms
corrections(cf. Figs. 1b—d; (ii) the real gluon emission in (dy;/y;). In addition to the virtual QCD-loop corrections,
the qq’ -annihilations (cf. Fig. 18; (iii) s and t-channel the contributions of the real gluon emission from the initial
gluon-quark fusionsgcf. Figs. 1f—g. The Feynman diagrams state quarks have to be includéd. Fig. 18. The soft and
coming from permutations are not shown in Fig. 1. Unlike collinear singularities appearing in these diagrams are regu-
the usual Drell-Yan type of process@shere the sum of the larized by the dimensional regularization prescriptiorDat
one-loop quark—wave-function renormalization and vertex=4—2e dimensions. After summing up the contributions of
correction gives the ultraviolet finite resylive need to in-  virtual gluon-loop and real gluon-radiatidief. Figs. 1b—¢
clude the renormalization for the Yukawa coupling;)(  the ultraviolet and soft singularities separately cancel. The
which usually relates to the relevant quark masg;}, i.e.,  collinear singularities are still left over and should be ab-
we have to add the counterterm at the NIE. Fig. 19 sorbed into the renormalization of the PDE2]. [The modi-
besides the contribution from the usual wave-function renorfied minimal subtraction M_S) renormalization scheme is
malizationZg o, 4= %(Zq1+ Zqy,) (cf. Fig. 19. This applies to  used in our calculatiohFinally, the gluon-quark fusion sub-
the Yukawa interactions of the SM and minimal supersym-rocessescf. Figs. 1f, g should also be taken into account
metric standard modéMSSM) Higgs bosons as well as the and computed at general dimensionAll these results are
top-pions in the top-color models. It is clear that, for flavor- separately summarized into the Appendix.
mixing vertexc-b-¢= in the top-color mode[cf. Eq. (10) The hadron cross sections become regular after renormal-
below], the counterterm of the Yukawa coupling is equal toizing the Yukawa coupling and the PDFs in E@), which
the top quark mass counterterfm,/m,, which we deter- are functions of the renormalization scaleand the factor-
mine from the top-quark mass renormalization in the ondzation scaleu(=1/Q?). The partonic NLO cross section
shell scheme so tha, is the pole mass of the top quark. In &3 o(@B— ¢ X) contains the contributions\ o4 (4Q’
other cases such as in the general 2HDpe-1Il) [5] and  —¢*,¢7Q), Adqg(dg—¢'q’), andAdge(ag— ¢ q'):

J— ~ a A — —_— A ——
(Mg Adgg Mogy) = 50X 5 (83c0qA Tch, Oqcdeg, Sl g,

— -2 In(1—7) 1+7 2 ) ) o e
AO’cb:CF 4(1+ ) 1—7 +—2 1_3_In T+ 3 2—-Q 5(1—T)+2(]_—7-) +2pq9q(7)|n62_'
4
N N ¢ Sk myl 1 A
AO’chbg_Pqu(T) In = +In62- —Z(l—T)(3—7T),
(1) ~ 1+’7\'2 (1) ~ 1 ~ a2
Pqu(T):CF 1—%7/ ° Pqeg(T)ZE[Tz'f'(l_T) 1

+
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where7= mi/é andCg=4/3. The mass counterterm for the rithms) is to replace the relevant tree-level on-shell quark
Yukawa vertex renormalization is determined in the on-shelmass(related to the Yukawa couplindy its MS running
scheme, i.e., mass[cf. Eg. (8)] and remove thd) term in Eq.(4). When
the physical scalg. (chosen as the scalar massg) is not
much larger tham,, the above running effect is small since
' (5) the In(w/m) factor in the Yukawa counterterddm,/m; is
small. However, the case for the neutral scalar production via
in the top-color model. Here, the bare masg and the the bb annihilation can be different. When the loop correc-
renormalized massy, are related bymo=m+6m; andm;  {ion to the ¢°—b—b Yukawa coupling contains the loga-
=175GeV is taken to be the top-quark pole mass. The finitq,ithm |n(/.L/I'T]3), which is much |arger than |m(/m[)' these

part of the mass counterterm =3 In[u?/n{]+4 in the large logarithms should be resummed into the running cou-
top-color model, wheré)=0 for u=me ?*=90GeV. In  pling, as we will do in Sec. IV.

the following, we shall choose the QCD factorization scale In the top_co|0r model, there are three pseudo_sceﬂars,
we (set as the invariant masgQ?) and the renormalization called top pions, which are predicted to be light, with a mass
scale u to be the same as the scalar mass, \&Q?=u  of 0O(100—-300) GeV. The relevant Yukawa interactions for
=my, which means that in Eqg4) the factor In(nf,)/QZ) top pions, including the largés-cg flavor mixing, can be
vanishes and the quantify becomes written ag [1]

5mt CFaS
Wt_ 4

+Q

1

Q=3 In[m3/m]+4. (6)

- mytang *— * —
For the case ofn,>m, the logarithmic term In¢?/mp) LT=—— y [IKE K b trm + V2K KB teby 77"
becomes larger fom,>m;,, and its contributions to all or-

ders in as In(ng, /) may be resummed by introducing the KIS KUt crmd +VIKSRK R crby i + H.cl,
running Yukawa couplingy;(«), or correspondingly, the

running masan,(u«). In the above formulam, is the pole (10

mass (MP°=175GeV) and is related to the one-loop running

mass via the relatiofl3]
where tang=/(v/v,)2—1~0(4-1.3) with the top-pion de-
pol 3Ce u? cay constant;~O(60-150) GeV, and the full vacuum ex-
my(p) =m(m™)| 1= Z—as(p)In -5/, pectation value (VEW=246GeV (determined by the
! ) Fermi constant The analysis from top-quark decay in the
-1 Tevatrontt events sets a direct lower bound on the charged
top-pion mass to be larger than about 150 Gé&%,2]. The
existing low energy CERNe"e™ collider LEP and SLAC
Large Detector(SLD) measurement oR,, which slightly
fies above the SM value by about 0.916], also provides an
indirect constraint on the top-pion Yukawa couplimﬁ’
9C /(33— 2ny) =(v2m;/v)tanB due to the one-loop contribution of

C
1+ — ag(mf)
o

mt( mFO|) — m{)ol

Using the renormalization group equation, one can resum th
leading logarithms to all orders iag [14] and obtain

m(u)= mt(m{’o') &’lggr , (8) charged top pions t&,,. However, given the crude approxi-
ag(mg™) mation in estimating the top-pion loopsith all higher order

. . i terms ignoredl and the existence of many other sources of
with ng=6 for u>m;. Thus, to include the running effect of contriputions associated with the strong dynamics, the indi-
the Yukawa coupling, we can replace the?)? factor  yect Ry, constraint is not conclusivi?]. For instance, it was
(from the Yukawa coupling inside the square of the shown that the @ R, bound from the one-loop top-pion

S-matrix elemenfup to O(as)] by the running factor correction can be fully removed if the top-pion decay con-
) stantv, is increased by about a factor of (@hich is the
m2( ) 1+20Fas(ﬂ) 1430 H typical uncertainty of the Pagels-Stokar estimaft2,17];
s 4 m_["" also, the nonperturbative contributions of the coloron ex-
Cras) changes can shift thR, above its SM valué¢2] and tend to
o
=mi(u) 1+F2—j7“0] ©)

. . . . 2As pointed out in Ref[1], an important feature deduced from Eq.
where the logarithmic term in the bracket-] is added to (10) is that the charged top pion; mainly couples to the right-

av20|d dou_ble-countlng v_\nth the resummed logarithms _'ns'dehanded top ) or charm €g) but not the left-handed topt,() or
mg(w). Itis clear that thig 1+ (Cras(u)/2m)€] factor will  charm ¢,), in contrast to the standai¥-t-b coupling which in-
cancel the) term inside the NLO hard cross sectid@., in  volves onlyt, . This makes the top-polarization measurement very
Eqg. (4) atO(as), so that the net effect of the Yukawa vertex useful for further discriminating the signal from the background
renormalization (after the resummation of leading loga- events.
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A S A P o of 2—3 uncertainty in the calculation of is expected2,18].
35 ] TopColor This estimate is slightly lower than tl&,-constrained values
: of v, in Fig. 2b, but is still in reasonable consister(gyven
ﬂauowed 1'% the typical factor ofv2—v3 error in the leading logarithmic
1 & Pagels-Stokar estimate of).
> In Eq. (10), Ky, g andKp g are defined from diagonal-

izing the up- and down-type quark mass matridég and
Mp: K MyKyr=M{?, KL MpKpr=M3?,  with
= M&e=diag(m,, m., m) and M32=diag(my, ms, my).
1000 For the class-I top-color mode[41], we have constructed
I " [1] a realistic and attractive pattern Kf,, andKp, so that
S N the well-constrained Cabibbo-Kobayashi-Maska(@KM)

N 1 matrix V(= KLLKD,_) can be reproduced in the Wolfenstein
0216 F. el L : parametrizatiofi19] and all potentially large contributions to

3L

RE®—30

RM—307"._

0.5

0.22 T

Re L the low energy datésuch as th&-K, D-D and B-B mix-
o218 1 ings and théo— s+ rate can be avoide@il]. We then found
0212 i that the right-handed rotation mati is constrained such

2HOM Il ] that its 33 and 32 elements take the value§las
0.21 ‘ 2(;0 — 4(‘)0 — G(IJO — 8(‘)0 — 1000 tt

K{jg=0.99-0.94,K{§z=< y1—K{|5?=0.11-0.33,(11
Mass of Charged Higgs (GeV) UR UR UR D
which show that theg-cg flavor mixing can be naturally
around 10—30 %.

For the current numerical analysis we consider a bench-
mark choice[1] based upon the above top-color model:

FIG. 2. Estimated current@@bounds in the top-color model and
2HDM-III: (a) the 3 upper bound on the top-pion Yukawa cou-
pling Cg’; (b) the 3 lower bound on the top-pion decay constant
[here, in(a) and(b), the solid curves are derived from the combined
LEP/SLD data oR5*"=0.21656 0.00074 while dashed curves are
from the same @ combined experimental error but with the central
Ry-value equal taR;"™=0.2158; (c) the Ry-predictions of 2HDM-

Il with coupling &,=1.0 and 1.5(solid curve$ and the 3 CEP=CPK I =% 0.2, (12)
Rp-bounds(dashed lines

CP=C®(R, constrained,

a’=c"=0.

cancel the negative top-pion corrections. Due to these redl is trivial to scale the numerical results presented in this
sons, it is clear that the inconlusiv®,-bound in the top- Paper to any other values 6f r when needed. Unless speci-
color models should not be taken too seriously. Nevertheles§i€d otherwise, we use CTEQ4M POEQ] to calculate the

to be on the safe side, we will impose the roughly estimated@tes: Note that CTEQAM PDFs are consistent with the
R,-constraint in our current analysis of the top-color model scheme used in the current study which treats the initial state

by includingonly the (negative one-loop top-pion contribu- guarks as massless partons in computing the Wilson coeffi-
tion as in Ref.[17].> As shown in Fig. 2a, the currents3 cient functions. The only effect of the heavy quark mass is to

R,-bound requires a smaller top-pion Yukawa coupliﬁﬁ, determine at which scal®@ this heavy quark parton becomes

ad —
~1.3-2 (or, tanB~1.3-2), for the low mass region of active.’ In our case, the scal@=m,>mc,m, .

o ~ . o In Fig. 3, we present the total cross sections for the
Mo 200-500GeV. Since the top-pion decay constant charged top-pion production as functions of its mass, at the

is related to tar, this also requires;t to be around 150.—100 Tevatron(app collider at 1.8 and 2 Te)and the LHC(app
GeV form=~200—-500 GeMcf. Fig. 2b. For comparison,  collider at 14 TeV. We compare the improvements by in-
the usual Pagels-Stokar estimatevgf(by keeping only the cluding the complete NLO resulfsf. (4)] and by including
leading logarithm but not constant terms vZ  the resummed running Yukawa coupling or running mass
=(N¢/87%)m? In A%n¢, givesv,~64—97 GeV for the top- [cf. (8)]. For this purpose, we first plot the LO total cross

color breaking scale\ ~1—10TeV, where a typical factor S€ctions with the tree-level Yukawa couplifigash-dotted
curves, cf. Eqs(3) and(12)] and with the resummed running

Yukawa coupling or running magslotted curves, cf. Egs.
3 o o (3) and (8)]; then we plot the NLO cross sections with the
However, it is important to keep in mind that such a rough one-loop Yukawa couplinfdashed curves, cf. E¢4)] and
Rp-bound is likely to overconstrain the top-pion Yukawa coupling with the resummed running Yukawa coupling or running

since only the negative one-loop top-pion correctibnt nothing :
else is included in this estimate. A weaké®,-bound will less mass{solid curves, cf. Eqs4), (8), and(9)]. We see that at

reduce the top-pion Yukawa coupling and thus allow larger produc-
tion rates of charged top pions at colliders which can be obtained
from our current analysis by simple rescaling. “This is the Collins-Wilczek-Ze¢CWZ) schemd21].
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o) o) K>
e Top—pion Production G . Top—pion Production
) 1 b 1
102 (CTEQ4M) ,: 102k (CTEQ4M) |
+ ] + ]
10 P ) pp%(b X N 10 :‘-‘ . pp%‘t‘ X N
i i, VS = 14 TeV ] \ e VS = 14 TeV ]
A N
10_1; . Tevatron . 10_15 "% Tevatron 7
SN ot | HAN ot
2| B 2] - |
10 Fvs = 1.84 pp—> ¢~ X . 10 VS = 1.8V pp—> ¢~ X .
F 5 x0.1 VS =2TeV ] L ox 0N :/S =2TeV
10'3_.”‘m".\H.‘--m..‘.m"."aul‘.‘.lu.‘mumuu 10‘37.‘”\.”.\\..&.1 ..... LY
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
m, (GeV) m, (GeV)

FIG. 3. Top-pion production cross sections at the present Teva- FIG. 4. Cross sections for the charged top-pion production in the
tron, upgraded Tevatron, and the LHC. For each collider we showop-color model at the present Tevatron, upgraded Tevatron and the
the NLO cross section with the resummed running Yukawa coudlHC. The NLO(solid), theqq’ (dashedlandqg (dash-dottefisub-
pling (solid), and with one-loop Yukawa couplingashed, as well  contributions, and the LQdotted contributions are shown. Since
as the LO cross section with resummed running Yukawa couplindhe qg cross sections are negative, they are multiplied-Hdyin the
(dotted and with tree-leveldash-dotte Yukawa coupling. plot. The cross sections afS=1.8 TeV are multiplied by 0.1 to

] o ) avoid overlap with the/S=2 TeV curves.
the LHC there is a visible difference between the pure LO

results with tree-level Yukawa couphr(gash-dotted curves (yS=2TeV), and the lowest set is for the Tevatron Run
and other NLO and/or running-coupling improved results.I JS=1.8TeV). The LO .’ lotted as dot
But at the Tevatron, the LO results with running Yukawateé Iin;s 'whi(lae )the I\(IELO c?gc;SsSsS:ciilc?nnss :sresgl?d %nSSS 'IPh_e
coupling (dotted curvepsare visibly smaller than the results dashed lines show the contributions from (& -fusion sub-

in all other cases fom,,>300 GeV. This shows that without processes, and the dash-dotted lines describe the contribu-

the complete NLO calculation, including only the running tions from theqg-fusion subprocesses. Thgfusion cross

Yukawa coupling in a LO result may not always warrant @sections are negative and are plotted by multiplying a factor
better improvement. Finally, the comparison in Fig. 3 shows 9 P y plying

: : of —1, for convenience. For a quantitative comparison of the
that the resummed running Yukawa coupling or top mass individual NLO contributions versus the full NLO results,

Eq. (8)] does not generate any significant improvement from e further plot, in Fig. 5, the ratioalled K-factor of the

?nedon?r-]l(onc])zp/r:%n ?;ngmgn'?;frsecuauis tlh(_ar;c\>/p .T:j: |t§hl}arg ifferent NLO contributions to the LO cross section by using
antl s 4 ¢ UP ' ’ the same set of CTEQ4M PDFs. The solid lines of Fig. 5
improvement of the resummation in E) has to come show that the overall NLO corrections to thep.pp

from higher order effects af; In(n%, /nt). However, as to be . 4" X processes are positive fon, above ~150 (200
shown in Se(?. I\(, the situation for summing over powers OfGeV and lie below-15 (10)% for the ?I'evatroriLHC) in the
asln_(nﬁ,/mg)_ is different due tan,<m;, m,,. _ relevant mass region. This is in contrast with the NLO cor-
Figure 4 is to examine the individual NLO contributions yections to thew™ boson production at hadron colliders,
to the charged top-pion production via the andqg sub-  \yhich are always positive and as large as about 25% at the
'FIJ'LOeCiSC’)S?:(S)}] g}bﬁgﬁggﬁggl‘ggzrﬁagﬂg Nal_r(e)fecrzarr](t;?e?sgns. Tevatron[22]. The reason of this difference originates from
denotes the heavy charm or bottom quiik. this figure, thrid(ﬂgﬁgin%\e}ﬁnlg i;hﬁg Césznsi,égqr%%qufcct)i;f th: nc(i)\sl}{{ive
there are three sets of curves for the charged top-pion progo _ iecé dominates. in the caze of roducti%n the
duction cross sections: the highest set is for the LHES ( sizgq;)fpnegativer _ piece becomes cF;)omparabIe with
: : 49,99
=14TeV), the middle set is for the upgraded Tevatroniat of the positiveA o-; such that a nontrivial cancellation
occurs.
While it is reasonable to take the renormalization and the
SUnless specifiedyg includes bothgg andqg contributions. factorization scales to k@, for predicting the inclusive pro-
Swith the exception of Figs. 3, 8, and 12, we only show our duction rate ofp™, it is desirable to estimate the uncertainty
numerical results with the resummed running Yukawa coupling orin the rates due to different choices of PDFs. For that pur-
running mass. pose, we examine a few typical sets of PDFs from CTEQA4,
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FIG. 5. TheK-factors for the¢* production in the top-color FIG. 6. The ratios of NLO cross sections computed by four
model are shown for the NLOK(= o0/, solid lines, qq’ different sets of CTEQ4 PDFs relative to that by the CTEQ4M for
[K=04g /0.0=(00+Aogg)/oLo, dashed lines and qg (K= charged top-pion production at the upgraded Tevateprand the

—Aoggloo, dash-dotted lingscontributions, at the upgraded LHC (b).
Tevatron(a) and the LHC(b). . . .
B. Analysis of multiple soft-gluon resummation
which predict different shapes of charm, bottom and gluon The ag corrections to theépseudo}scalar production in-
distributions. As shown in Table | and Fig. 6, the uncertain-volve the contributions from the emission of virtual and real
ties due to the choice of PDF set are generally with20%  gluons, as shown in Figs(H), (c), and(e). As the result of
for the relevant scalar mass ranges at both the Tevatron aride real gluon radiation, th@seudo)scalar particle will ac-
the LHC. quire a nonvanishing transverse momentupyX. When the

TABLE I. Cross sections in fb for charged top-pion production in the top-color model at the upgraded
Tevatron and the LHC are shown, by using four different CTEQ4 PDFs. They are separately given for the LO
and NLO processes, and for thg— ¢+ X andqg— ¢* X subprocesses. At the upgraded Tevatron the top
number is form,=200 GeV, the middle is fom,=300 GeV, and the bottom is fon,=400 GeV. At the
LHC the top number is fom,=400 GeV, the middle is fom,=700GeV, and the lowest is fam,

=1TeV.
Collider Upgraded Tevatron (2 TeV) LHC (14 TeV)
Process\PDF 4A1 M 4A5 4H) 4Al 4M 4AS 4HJ
367 382 376 387 5380 5800 6060 5890
LO 426 43.7 41.5 46.6 863 901 896 906
6.88 7.05 6.56 8.38 235 240 232 241
370 402 412 407 5430 6080 6510 6170
NLO 45.6 48.6 479 51.6 912 976 997 981
7.70 8.21 7.89 9.56 255 266 264 268
551 584 585 590 7530 8290 8740 8400
q7—d*X 64.5 674 65.5 71.7 1210 1280 1290 1290
10.6 11.1 105 13.0 331 341 335 343
~180 —-181 -174 -183 -2100 —2200 —2240 —-2230
qg—d*X -19.2 -18.9 -17.5 -19.9 -299 -302 —293 -303
-2.94 —2.86 -2.59 -3.34 -76.0 -74.7 —-70.6 -75.0
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emitted gluons are soft, they generate large logarithmic con- 3
tributions of the form (n the lowest order AY(C))=Cg, BW(C;=by,Co=1)=— 5Cr.
as IN(QYQ3)/Q2, where Q is the invariant mass of the

(pseudo)scalar, andm=0,1. These large logarithms spoil (13
the convergence of the perturbative series, and falsify the(z) 67 2 5

O(as) prediction of the transverse momentum wheg A (C1=D0)=Ce|| 35— 75 |Nc— 5Nt |,

<Q.

To predict the transverse momentum distribution of the
produced (pseudojscalar, we utilize the Collins-Soper- whereCg=4/3 is the Casimir of the fundamental represen-
Sterman(CS9 formalism [23], resumming the logarithms tation of SU3), Nc=3 is the number of S(B) colors, anch;
of the type ol In™(QYQ3)/Q% to all orders n in is the number of light quark flavors with masses less @an
ag(m=0,...,2n—1). The resummation calculation is per- In the above we used the canonical values of the renormal-
formed along the same line as for vector boson production ifzation constant€; =by, andC,=1.
Ref.[22]. Here we only give the differences from that given  To recover theD(«s) total cross section, we also include

in Ref. [22]. But for convenience, we also list thé?, A®),  the Wilson coefficient€(;), among whichC{" differs from
and B® coefficients of the Sudakov exponent, which havethe vector boson productiotherei denotes quark or anti-
been used in the current analysis: quark flavors, andv=qi or gluong). Explicitly,

Cio/(z,b,1,C1/Cy) =8 8(1~2), CiJ(z,b,1,C;/C5)=0,

(1) _ 1 1 [#b) )
Cik'(z,b,u,C1/C3) = 6;Cr 5(1—2)—C—F|n —|Piik(2)+8(1-2) : (14

j—k
be/ !~

C Yy 9
2| 2 s Z T
In(bocze )+4+16

1 ub

where P{2) is the O(as) gluon spliting kemnel24,25  of the higher order corrections, we conclude that for inclu-
given in the Appendix. In the above expressiolis; Vpy= sive (pseudo}scalar production thé)(ag) corrections are
—8-+ 72 for the vector boson productiof22], and V="V, likely much smaller than the uncertainty from the parton
= 72 for the (pseudo)scalar production, when using the run- distribution functions(cf. Fig. 6).

ning mass given in Eq8) for the Yukawa coupling. Using In Fig. 7, we present the numerical results for the trans-
the canonical values of the renormalization constantsY€rse€ momentum distributions of the charged top-pins
In(ub/by) vanishes, becauge=C, /b=by/b. top-color model and the charged Higgs bosoftis 2HDM)

The only remaining difference between the resummecproduced at the upgraded Tevatron and the LHC. The solid

formulas of the vector boson aridseudo}scalar production curves show the resummation prediction for the ty_pi_cal val-
is in the regularY) terms, which comes from the difference ues'ofmq}. The dashed curves, from t@(as) prediction,
of the O(a) real emission amplitude squarfs., the defi- are irregular a®+— 0. The large difference of the transverse

" f7L and -1 di ¢ Ref q momentum distributions between the results from the resum-
nitions of 7,5 and7g" in Appendix C of Ref{22] and ES.  mation and fixed-order analyses throughout a wide range of

(A1) and (A4) of this pape}. The nonperturbative sector of q_ shows the importance of using the resummation predic-
the CSS reSUmmatiOﬁhe nonperturbative function and the tion when extracting the top-pion and H|ggs boson Signa|s_
related parameterss assumed to be the same as that in Refyye also note that the average value@jf varies slowly as
[22]. m,, increases and it ranges from 35 to 51 GeV fioy, be-

As described in Refl22], the resummed total rate is the tween 250 and 550 GeV at the 14 TeV LHC, and from 23 to
same as th®( ) rate, when we includ€(}) andY®), and 45 GeV form, between 200 and 300 GeV at the 2 TeV
switch from the resummed distribution to the fixed order oneTevatron.
at Qt=Q. When calculating the total rate, we have applied
this matching prescription. In the case of {lpseudo)scalar IIl. HADRONIC DECAYS OF CHARGED
production, the matching takes place at high~Q values, SCALARS TO O(ay)
and the above matching prescription is irrelevant when cal-
culating the total rate because the cross sections there are In the top-color models, the current Tevatron data from
negligible. Thus, as expected, the resummed total rate differ§ie top quark decay into charged top pian () andb-quark
from theO(«) rate only by a few percent. Since the differ- already requires the mass af; to be above~150 GeV
ence of the resummed and fixed order rate indicates the siZ@,15]. In the current analysis, we shall consider, >m;
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FIG. 7. Transverse momentum distributions of charged top- FIG. 8. Total decay widths of* and BRs of¢* —tb in the
pions produced in hadronic collisions. The resumniealid) and  top-color model and 2HDM(For the 2HDM, the BR of thav* ho
O(as) (dashed curves are calculated fan,=200, 250, and 300 channel is also shown, which is complementary totthehannel)
GeV at the upgraded Tevatrea), and form,=250, 400, and 550 In (a) and(b), the NLO (solid) and LO (dasheyl curves differ only

GeV at the LHC(b). by a small amount. Iric), theK-factor, which is defined as the ratio
of the NLO to the LO partial decay widths, is shown for tié¢
+my, so that its dominant decay channels age—tb,ch. —tb (solid) and— cb (dashedichannels. The sample results for the
The decay width of 7, (=¢*), including the 2HDM in this figure are derived for the parameter choice
O(ag) QCD corrections, is given by26,27: (&7, &D)=(1.5, 1.5),a=0, and fm,, m,)=(120, 1200) GeV.
aC
Inio(Q)=T'Lo(Q)| 1+ ZSWF R, the sample results for the 2HDM are derived for the param-

eter choicex=0 and M},,M,)=(100,1200) GeV.
3 With the decay width given above, we can study the in-
- 2 2 _r\2 ’
I'o(Q)= 167 Q(ICLI*+|CrIF(1=1)%, variant mass distribution oftb for the s-channel
9 ; ¢ " -production:
=—(1—r)2 — — 2\ ——
R 2(1 r+(1-r)(3—=7r+2r )Inl_r (15 do

o2 ozl Nih— (¢ X)—tbX]
+ 3Inmz+49}2(1r)2 , _
=og[hh,— X
y In(l—r)_ZL_( r )—| 1t othshz—¢7(Q) ]w[(QZ—mg)2+(er¢/m¢>2]'
1r 2| 7= | ~In(A=Ding— ), (16)

wherel", and BR ¢ " —tb] are the total decay width ap*

and the branching ratio ap* —tb, respectively, which are
calculated up to the NLO. We note that the one-loop box
. ) diagrams with a virtual gluon connecting the initial state
—cb, the quantityR reduces tav=17/2-Q. In Fig. 8, We 4, .3 ang final state quarirom the hadronic decay o)
present the results for total decay widths¢f and branch- have vanishing contribution @(«.) because the scalaris

ing ratios of¢* —tb in the top-color model and the 2ZHDM.  color-neutral. In Fig. 9a and Fig. 10a, we plot the invariant
For the 2HDM, we also show the branching ratios of themass distribution fot-b and t-b pairs from ¢* (top-pion

W*h® channel, which is complementary to thie channel. signa) and W** (backgroundl decays in the top-color
The NLO (solid) and LO (dashed curves differ only by a model. In these plots, we have included the NLO contribu-
small amount. In the same figure, tkefactor, defined as the tjons, as a function o, to theW** background rate at the
ratio of the NLO to the LO partial decay widths, is plotted Tevatron and the LHC. The overadi-actor (after averaging
for the ¢* —tb (solid) and —cb (dashedl channels. Here, over the invariant mas®) including both the initial and final

in which Q=/Q? is the invariant mass op=. The small
bottom and charm masses are ignored so ltlenra(tmt/m(,,)2
for tb final state and'=0 for cb final state. Thus, fo™
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state radiations is about 1(4.34) for the Tevatron(LHC)
[28]. The total rate ofW=* up to the NLO is about 0.70
[0.86] pb and 11.0 pb at the 1[&] TeV Tevatron and the 14
TeV LHC, respectively.

PHYSICAL REVIEW B0 114001

The production cross section #f* in this 2HDM can be
obtained by rescaling the result of the top-color model
according to the ratio of the coupling-square
[C(2HDM) / C¥(top-colon]? ~ [ 0.0%12/0.2CE (top-colop?,

Before concluding this section, we discuss how to generwhich is about 1/7 fog;.=1.5 and the charged scalar mass

alize the above results to the generic 2HDéAlled type-IlI
[5]), in which the two Higgs doublet$, and®, couple to
both up- and down-type quarks and & hocdiscrete sym-
metry [29] is not imposed. The flavor-mixing Yukawa cou-

around 400 GeV.

Finally, we note that there are three neutral Higgs bosons
in the 2HDM, theCP-even scalarsi®, H°) and theCP-odd
pseudoscalaA®. The mass diagonalization fdr® and H°

pIings in this model can be Conveniently formulated under dnduces the H|ggs mixing ang|e/_ The low energy con-

proper basis of Higgs doublets so thdt,)= (0, v/v2)" and
(®,)=(0, 0)'. Thus, the diagonalization of the fermion
mass matrix also diagonalizes the Yukawa coupling® of

straints on this model requifé,32] m,,,my<my+<my or
Ma<Mmy=<m,, my. For the case of,=>myo+ My, the
H*—W=h® decay channel is also open. Taking, for ex-

and all the flavor-mixing effects are generated by Yukawagmple, «=0 and (n,, m,)=(120, 1200) GeV, we find

couplings {{/ and Y}) of ®, which exhibit a natural hier-

archy under the ansaf#,5]

VU= U0 mm/ (@) (17)

from Fig. 8b that theb andWh°® decay modes are comple-
mentary at low and high mass regions of the charged Higgs
bosonH™. In Figs. 9b, ¢ and 10b, c, we plot the invariant

mass distributions ofb andtb pairs fromH* (signa) and

with &°~0(1). This ansatz highly suppresses the flavorW=* (backgrounddecays in the 2HDM at the 2 TeV Teva-
mixings among light quarks and identifies the largest mixingtron and the 14 TeV LHC, with the typical choice of the

coupling as the one from thiec or c-t transition. A recent
renormalization group analysj80] shows that such a sup-

parameters: &, &.)=(1.5, 1.5) in EQ.(20), (my,, mp)
=(120, 1200) GeV, and=0 or #/2.[A larger value ofg{{

pression persists at the high energy scales. The relevamiill simutaneously increaséreduce the BR of tb (WhO)

Yukawa interactions involving the charged Higgs bosHris
are[1]

£$¢=H +[E(?BV)tbbL—E(VAYD)tbbR
+C_R(?LV)CbbL_C_L(VAYD)cbbR]+ H.c.
=H*[tr¥3* b+ ¥ b ]+ H.c.
+(small terms, (18
SU_ U ~¢U
whereYy =& X (vV2my/v)=§;, and
Vo= elx (V2mme v)= £ x 9%,

in which g{JC~O(1) is allowed by the current low energy
data[5,32]. As a result, the Yukawa counter term in Fig. 1d
involves bothém, and ém.. Consequently, we need to re-
place the NLO quantityf) in the finite part of the Yukawa
counterternicf. the definition below Eq(4)] by
Q(2HDM) =3 In[m? /(mm,)] +4, (19

for the type-lll 2HDM. In the relevantp=-c-b coupling of

this 2HDM, we note that, similar to the case of the top-color

model, only the right-handed charm is involvgd, i.e.,

P=CPP=0, CR=&l(vamIv), CR=E1x9%.
(20

where the parametersft‘( ,gtUC) are expected to be naturally

mode] We see that, due to a smallerb-H= coupling[cf.

Eqg. (20)], it is hard to detect such a charged Higgs boson
with massmy+>250 GeV at the Tevatron Run-Il. We then
examine the potential of the LHC for the high mass range of
H*. Similar plots are shown in Figs. 9b, ¢ far=0 and«

= /2, respectively. When cas is large (e.g., «=0), the
branching ratio of théb-channel decreases ag,- increases
(cf. Fig. 8b, so that the LHC does not significantly improve
the probe of the largmy - range via the single-top modef.

Fig. 10D. In this case, th&#/~h° channel, however, becomes
important for largeny =, as shown in Fig. 11cf. Fig. 8b, for

its decay branching ratidssince theH=-W*-h° coupling is
proportional to cog [5]. On the other hand, for the param-
eter space with small caes(e.g., = 7/2), the W=h° chan-

nel is suppressed so that the single-top mode is important
even for large mass region bf* .8 This is illustrated in Fig.
10c at the LHC fora= /2. In order to probe the whole
parameter space and largey; -, it is important to study both

tb andWh° (or WH®) channels.

IV. GENERALIZATION TO NEUTRAL SCALAR
PRODUCTION VIA bb FUSION

The QCD corrections are universal so that the generaliza-
tion to the production of neutral scalar or pseudoscaiar

Ref. [31] and Ref.[32] after using the same inputéNote that a

around@(l)_ We have examined the possib|e constraint oflarger value Offtl{ than ours was chosen for the solid curve in Fig.

&1 from the currentR, data and found that the values of
é~1.0-1.5 are allowed fomy-=200 GeV (cf. Fig. 29.”

"Our calculation ofR,, in the 2HDM-I1I is consistent with those in

3 of Ref.[32].) We thank L. Reina for clarifying the inputs of Ref.
[32] and for useful discussions.

8Note that theH “-W7-HP coupling is proportional to sir and is
thus enhanced for small cas In this case, th&VH® mode may be
important provided thaH? is relatively light. We will not further
elaborate this point here since it largely depends on the mas8. of
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FIG. 9. Invariant mass distribution dfb and t-b pairs from FIG. 10. Invariant mass distribution 6fb andt-b pairs from

¢~ (signa) andW™* (background decays at the Tevatron Run-1l ¢~ (signa) and W** (backgroundl decays at the LHC for the
for the top-color mode(a), and 2HDM with Higgs mixing angles top-color model(a), and for the 2HDM with the Higgs mixing
=0 (b), anda=7/2 (c). We show the signal fom,=200, 250, anglesa=0 in (b), and a= /2 in (c). Here the charged pseudo-
300 and 350 GeV. The solid curves show the results from the NLCscalar or scalar mass are chosen as the typical valueg, 250,
calculation, and the dashed ones from the LO analysis. 400, and 550 GeV. The solid curves show the results by the NLO
calculation, while the dashed ones come from the LO analysis.

via the bb fusion is straightforward, i.e., we only need to

replace Eq(19) by coloron or technp in the bb decay modd35] can also be

applied to the search of the neutral Higgs bosons with large
_ bottom Yukawa coupling. When the neutral scalar or pseu-
Q(¢°bb)=3 In[m3 /m7]+4, (21)  doscalar ¢° is relatively heavy, e.g., in the range of
O(250-1000) GeV, the QCD dijet backgrounds can be ef-
in which m, is the mass of¢®. The finite piece of the fectively removed by requiring the twb-jets to be tagged
Yukawa renormalizatioficf. the quantityQ) in Eq. (5)] is  Wwith large transverse moment®{) because th®+ of each
scheme-dependent. We can always define tﬁbb-g b-jet from_the #° decay is typically at the order qﬁ¢ 2. _
Yukawa coupling as’2m, /v times an enhancement factér Hence, this process can provide czlnplementary information
so that the Yukawa counterterm is generatedshy,/m,,.°  to that obtained from studying the’bb associate production
After resumming the leading logarithmic terms, [36,33,317.
[asln(mﬁ,/nﬁ)]n, via the renormalization group technique, e first consider the production of the neutral Higgs bo-
the net effect of the Yukawa renormalization is to change th&on ¢°, which can be eitheA®, h°, or H, in the MSSM
Yukawa coupling or the related quark-mass into the correWith large tang, where the corresponding Yukawa couplings
spondingMS running coupling or mass, as discussed in theto bb and7* 7~ are enhanced relative to that of the SM since
previous section. yD/yg"’I is equal to tarB, —sina/cosp, or cosa/cosp, re-

The bb decay branching ratios of the neutral Higgs SPectively, at the tree-level. In the large famegion, the
bosons in the MSSM with large tghare almost equal to one  MSSM neutral Higgs bosons dominantly decay ibio and
[34]. The same is true for the-Higgs boson ob-pioninthe 7" 7~ final states, which can be detected at the hadron col-
top-color mode[2]. It has been shown that at the Tevatron, jiders. In comparison with the recent studies on #fibb
the bb dijet final states can be properly identifig85]. The  [33] and ¢°7" 7~ [38] associate production, we expect the
same technique developed for studying the resonance of thgcjusive ¢° production via thebb-fusion would be more

useful for m, being relatively heavy (e.g., my
=200-300 GeVY because of the much larger phase space as
®This specific definition works even if the Yukawa coupling is not Well as a better suppression of the backgrounds in the high
related to any quark mass. For instance, the bottom Yukawa colPt region. The total LO and NLO cross sections for the
plings of the b-Higgs boson and-pion in the top-color model inclusive production processp,pp—A°X at the Tevatron
[2,33] are independent of quark masses becausé-#iggs boson  and the LHC are shown in Figs. 12a and 12b, in parallel to
does not develop VEV. Figs. 3 and 4 for the case of charged top-pion production.
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FIG. 12. LO and NLO cross sections for the neutral Hidds
FIG. 11. Invariant mass distributions &%*-h® and W~-h° production in the MSSM with ta=40, at the Tevatron and the
pairs fromg* (s-channel resonant@ndW=** (s-channel nonreso- LHC. (a) For each collider we show the NLO cross sections with
nance decays at the Tevatron Run-ll, and at the LHC, for thethe resummed running Yukawa couplitgplid) and with one-loop
2HDM with Higgs mixing anglese=0. We show the signal for Yukawa coupling(dasheg, as well as the LO cross sections with
m,=200, 250, and 300 GeV at the Tevatr¢a, and for m, resummed running Yukawa couplingotted and with tree-level
=250, 400, and 550 GeV at the LH®). The solid curves show the  yykawa coupling (dash-dottel (b) The NLO (solid), the bb
results of the NLO calculation, and the dashed ones of the LQdasheci and bg (dash-dottefi subcontributions, and the LQiot-
analysis. ted contributions are shown. Since thg cross sections are nega-
tive, they are multiplied by-1 in the plot. The cross sections at
Here, we have chosen t@s40 for illustration. The cross VS=1.8TeV are multiplied by 0.1 to avoid overlap with théS
sections at other values of t@ncan be obtained by multi- =2 TeV curves.(c) The NLO cross sections with QCD running
plying the scaling factor (tai/40)?. From Fig. 12a, we see Yukawa coupling(solid curve$ and those with additional SUSY
a significant improvement from the pure LO resultiash- ~ correction to the running coupling are showupper dashed lines
dotted curves by resumming over the large logarithms of for the Higgs-mixing parameten = +500 GeV and lower dashed
m3,/mg into the running Yukawa coupling. The good agree-nes for u=—500 GeV.
ment between the LO results with running Yukawa coupling
and the NLO results is due to a nontrivial, and process- The transverse momentur®¢) distributions ofA°, pro-
dependent, cancellation between the individOdkr) con-  duced at the upgraded Tevatron and at the LHC, are shown

tributions of thebb and bg subprocesses. In contrast to the in Fig. 15 for variousA® masses fi)) with tang=40. The
production of the charged top pion or Higgs boson via thesolid curves are the result of the multiple soft-gluon resum-

initial statecb or ch partons, the neutral Higgs boson pro- Mation, and the dashed ones are from@{ex) calculation.
The shape of these transverse momentum distributions is

similar to that of the charged top pidof. Fig. 7). The fixed
order distributions are singular &:—0, while the re-
summed ones have a maximum at some fiQiteand vanish
at Qt=0. WhenQy becomes large, of the order of,, the
0rgsummed curves merge into the fixed order ones. The aver-
age resummed); varies between 25 and 3@0 and 60
gev in the mass range @, from 200 to 300(250 to 550

duction involves thebb parton densities. Th&-factors for
the ratios of the NLO versus LO cross sectionspqlpp
—A%X are presented in Fig. 13 for the MSSM with {8n
=40. The main difference is due to the fact that the indi-
vidual contribution by theO(«;) bg fusion becomes more
negative as compared to the case of the charged top-pi
production shown in Fig. 5. This makes the ovekafactor

of the NLO versus LO cross sections range from abou
—(16-17%% to +5% at the Tevatron and the LHC. In paral- eV at the TevatrofLHC). .

lel to Table I and Fig. 6, we have examined the uncertainties We al_so note @at for large t@ thg SQSY_correctlon to

of the CTEQ4 PDFs for thé® production at the Tevatron the runr_1|ng¢>°-b-_b Yukawa coupling is significari39] and

and the LHC, and the results are summarized in Table 1l an§an be included in a way similar to our recent analysis of the
Fig. 14. We also note that, similar to the charged Higgs¢®bb associate productiof83]. To illustrate the SUSY cor-
boson production, the resummed total rate for the neutralection to theb-Yukawa coupling, we choose all MSSM
Higgs boson production is not very different from its NLO soft-breaking parameters as 500 GeV, and the Higgs mixing
rate. parameter= =500 GeV. Depending on the sign gf the
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Tevatron(a) and the LHC(b).

coupling are shown foru=+500GeV (upper dashed
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FIG. 14. The ratios of NLO cross sections computed by four
different sets of CTEQ4 PDFs relative to that by the CTEQ4M for
neutralA® production in the MSSM with tag=40, at the upgraded
Tevatron(a) and the LHC(b).

curves and pu=-—500GeV (lower dashed curves As

o shown, these partial SUSY corrections can change the cross
SUSY correction to thep®-b-b coupling can either take the sections by about a factor of 2. The above results are for the
same sign as the QCD correction or have an opposite sigimclusive production of theCP-odd Higgs bosorA° in the

[33]. In Fig. 12c, the solid curves represent the NLO crossMSSM. Similar results can be easily obtained for the other
sections with QCD correction alone, while the results includ-neutral Higgs bosonshf andH®) by properly rescaling the

ing the SUSY corrections to the running bottom Yukawacoupling strength. We also note that in the largegaggion,

there is always a good mass-degeneracy between éither

TABLE II. Cross sections in fb for neutral Higgs boson production in the MSSM with3tadA0, at the
upgraded Tevatron and the LHC, are shown for four different CTEQ4 PDFs. They are separately given for
the LO and NLO processes, and for thb— A°X andbg— A°X subprocesses. For the upgraded Tevatron
the top number is fom,=400 GeV, the middle is fom,=300 GeV, and the lowest is fan,=400 GeV.

For the LHC the top number is fan,=400 GeV, the middle is fom,=700 GeV, and the lowest is for

my=1TeV.
Coilider Upgraded Tevarton (2 TeV) LHC (14 TeV)
Process\PDF 4Al M 4AS5 4H) 4A1 M 4A5 4HJ
2020 1900 1660 1920 18100 19800 16600 17900
LO 166 153 129 163 1520 1440 1280 1440
19.9 18.2 15.0 21.7 258 238 206 238
1810 1780 1620 1800 17100 17400 16700 17500
NLO 160 154 134 164 1520 1470 1350 1470
20.3 19.3 16.4 22.9 265 250 222 251
3040 2900 2590 2930 25400 25400 24100 25600
93— d°X 253 237 203 251 2140 2050 1850 2050
31.0 28.8 24.0 33.8 364 339 298 340
—1230 -1120 -970 —-1130 —8320 —8010 ~7370 —-8050
qg— ¢°X -929 -83.1 -69.0 —-875 | —-623 —575 -505 ~574
-10.6 -9.42 -7.59 -10.9 —98.8 —88.8 -75.8 —88.7
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FIG. 15. Transverse momentum distributions of pseudosédlar FIG..16. .Crossiectlc_)ns.for the neuttmpion m, or b-Higgs hy
produced via hadronic collisions, calculated in the MSSM with Production via theéob-fusion in the top-color model at the Tevatron

tanB=40. The resummedsolid) and O(a,) (dashed curves are ~and the LHC. The NLO(solid), the qq’ (dashedl and qg (dash-

shown form, =200, 250, and 300 GeV at the upgraded Tevatrondotted subcontributions, and the LQdotted contributions with
(a), and form,=250, 400, and 550 GeV at the LH®). resummed running Yukawa coupling are shown. Sincejtheross
sections are negative, they are multiplied byt in the plot. The

cross sections afS=1.8 TeV are multiplied by 0.1 to avoid over-

0 (i : : 0
andA” (in the low mass region witlm,<120 GeV\j or H lap with the yS=2 TeV curves.

and A° (in the high mass region witlm,=120 GeVj, as
shown in Figs. 10 and 11 of R€f33]. . )

We then consider the large bottom Yukawa coupling of GV and lie below~15(10)% for the TevatroLHC) in the
the neutralb-Higgs boson k%) andb-pion (72) in the top- ~ 'elevant range ofn, (cf. Fig. 5. The inclusion of the NLO
color model[2,11,33. The new strong (1) force in this contr|b_ut|ons thus jUS'[IfI.eS. and improves our recent LO
model is attractive in thét_t> channel but repulsive in the analysis[1]. The uncertainties of the NLO rates due to the
— ) different PDFs are systematically examined and are found to
(bb)_channel. Thus, the top but not t_he bottom acquires dype around 20%cf. Table | and Fig. § The QCD resumma-
namical mass from the vacuum. This makes téukawa ton to include the effects of multiple soft-gluon radiation is
coupling () supercritical while theb-Yukawa coupling  giso performed, which provides a better prediction of the
(yp) subcritical, at the top-color breaking scale, i.e., transverse momentunQ) distribution of the scalap®*,
Yb(A)= Yei= V873 =yi(A), which requiresy, being  and is important for extracting the experimental sigrafs
close toy, and thus naturally large. Our recent renormaliza-Fig. 7). We find that the resummed total rate differs from the
tion group analysis[33] shows that the relatiory,(x)  O(as) rate only by a few percents whch indicates that the
~Yi(n) holds well at any scalg. below A. For the current  sjze of the higher order corrections may be small. We thus
numerical analysis, we shall choose a typical value ofonclude that for inclusive production of the charged or neu-
yo(M)=yy(m)~3, i.e.,|C"| =|CR|=3N2. In Fig. 16, we  tral scalar particle thed(a?) corrections are likely much
plot the production cross sectionstgf or 7, at the Tevatron  smaller than the uncertainty from the parton distribution
and the LHC. This is similar to the charged top-pion produc-functins (cf. Figs. 6 and 14 We confirm that the 2 TeV
tion in Fig. 4, except the nontrivial differences in the Tevatron(with a 2—10 fb ! integrated luminosityis able to
Yukawa couplinggdue to the different tree-level values and explore the natural mass range of the top pions up to about
the running behaviojsand the charm versus bottom parton 300—-350 GeV in the top-color modg2,11] for the typical
luminosities. tg-Cg Mixing of K{{jz~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 to a
possibly smallerg=-b-c coupling in the 2HDM, we show

In summary, we have presented the comp@¢e.;) QCD  that to probe the charged Higgs boson with mass above 200
corrections to the charged scalar or pseudoscalar productidadeV in this model may require a high luminosity Tevatron
via the partonic heavy quark fusion process at hadron collidéwith a 10-30 fo* integrated luminosity The LHC will
ers. We found that the overall NLO corrections to thefurther probe the charged Higgs boson of the 2HDM up to
pp/pp— ¢~ processes are positive for, above~150200  aboutO(1) TeV via the single-top andv-h° (or W*H?)

V. CONCLUSIONS
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production. The complementary roles of tteand W-h® finite unless the new counterterm from Yukawa couplireg
channels in the different regions of the Higgs boson mastated to the quark-mass renormalization, cf. Fig) kein-
and the Higgs mixing angler are demonstrated. We have cluded.

also analyzed a direct extension of our NLO results to the

neutral (pseudgscalar production via theb-fusion for the 1. Partonic processesb— ¢*X

neutral Higgs bosonsA®, h®, HO) in the MSSM with large
tan, and for the neutrab-pion (72) or b-Higgs boson K2)

in the top-color model with (1)-tilted large bottom Yukawa
coupling. In comparison with theé®bb associate production
[33], this inclusive ¢°-production mechanism provides a
complementary probe for a neutral Higgs boguwith rela-

tively large masg whose decay products, e.g., in thb or

_The spin- and color-averaged amplitude-square for the
cb— ¢"g process is

2’7TC|:

|M|?= as(|CL|?+|Crl?)

mr channel, typically have high transverse momenta t 0 :e,miS
(~m,/2) and can be effectively detectg85]. This is par- X[A=e)| —+-+2|+2—|. (Al
ticularly helpful for the discovery reach of the Tevatron. Fur- u -t tu

ther detailed Monte Carlo analyses at the detector level
should be carried out to finally conclude the sensitivity of the
Tevatron Run-Il and the LHC via this process.

At the final stage of writing up this manuscript, we be-

The individual contributiongdfrom the virtual loop and
real gluon emissionto the NLO partonic cross section are

came aware of a new pappt0] which studied the QCD vitial . @Cr [4mR?\ € T(1-¢) 2 ox2
corrections for the neutral Higgs productibb— H® within Abioop =00 ( Q* ) [(1-2¢)| &' 3 }
the SM, and partially overlaps with our Sec. IV as the pure

NLO QCD correction is concerned. The overlapped part is in Xo(1-7),

general agreement with ours except that we determine the

counterterm of the Yukawa couplingxpressed in terms of virtual_ ~ sCF T(l-¢) 3 .

the relevant quark masdy the on-shell scheméf. Refs. A Tcount =05 — (4) Fi=20| —~Q18(1-7),
[26,27)) while Ref.[40] usedMS scheme. After resumming (A2)
the leading logarithms into the running mass or Yukawa cou- real . @sCr[4mu?\ € T(1—¢)

pling, the two results coincide. Note that the apparent large Ad = 0g o ( Q2 ) T(1-2e¢)

O(ag) correction derived in Ref40] is due to the fact that

it only includes the contribution from thbb subprocess,
which is part of our complet®(«;) contribution. The inclu-
sion of the NLO contribution from thbg subprocess, which
turns out to be negative and partially cancels Ibtecontri-
bution, yields a typical size 0®(«) correction to the pro-
duction rate of a neutral Higgs boson produced via heavy

x| 2 81—+ 2 a1-n-2pW (necit
62 ( T) € ( T) € q<—q(T) F

+4(1+%2)(In(1—_7))

1-%

~2

quark fusion. The bg subprocess is identified as 21+T 342 .
O(1/In[my/my]) instead ofO(ay) correction in Ref[40]. B S nT+2(1-7)|,
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9802564. andA&'=". The termA &% from the virtual loop actually
contains two types of &/ poles inside[---]: 3/eyy+3ler
APPENDIX with eyy=—er=€e=(4—D)/2>0. Also, the—3/e pole in-
: ; A virtual
In this appendix, we present the individual NLO parton s!de the Yukawa counterterm contributiddt o, iS ultra-

. L ~real. .
cross sections computed Bt=4—2¢ dimensions. We note Violet while the +3/e pole insideAd " is infrared(IR). We
that, unlike the usual Drell-Yan type processes, the one-loopee that the contributiot a2 from the counterterm of the
virtual contributiong(cf. Figs. 1b—d are not ultraviolefUV) Yukawa coupling is crucial for cancelling the UV divergence
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from A O_V|rtual

processes while the soft 1¢ divergences betweef o

andAo %@l cancel. Finally, the ¥collinear singularity |nS|de
A“L%a WI|| be absorbed into the redefinition of the PDF via

the quark-quark transition functioR(" (7). All the finite
terms are summarized in EG).

2. Partonic processegc, gE—» ot X

The spin- and color-averaged amplitude-square for the

gc,gb— ¢ X process is

|M|2= (|CL|2+|CR| ) e

Ta
3(1-

(Ad)

loop (Which is absent in the usual Drell-Yan type

PHYSICAL REVIEW B0 114001

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

. real . asCr 477,“2 ¢
Aocg;g:(fo—zﬂ_ —rQ
1T (1-¢ (1-7)? 1)

[( cT(1-20 M % )PH*( )
1
Z( 3+77)(1—-7)|,

(1) (=2 _1 ~2 ~N2

Pqu(T)—E T+ (1-7)7], (A5)

where it is clear that the collinear eLsingularity will be
absorbed into the redefinition of the PDF via the gluon-
splitting function P{! /(7). The final result is finite and is
given in Eq.(4).
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