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Higgs-boson production induced by bottom quarks
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Bottom-quark-induced processes are responsible for a large fraction of the CERN Large Hadron Collider
~LHC! discovery potential, in particular, for supersymmetric Higgs bosons. Recently, the discrepancy between
exclusive and inclusive Higgs boson production rates has been linked to the choice of an appropriate bottom
factorization scale. We investigate the process kinematics at hadron colliders and show that it leads to a
considerable decrease in the bottom factorization scale. This effect is the missing piece needed to understand
the corresponding higher order results. Our results hold generally for charged and for neutral Higgs boson
production at the LHC as well as at the Fermilab Tevatron. The situation is different for single top quark
production, where we find no sizable suppression of the factorization scale. Turning the argument around, we
can specify how large are the collinear logarithms that can be resummed using the bottom parton picture.
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I. HIGGS BOSONS AT THE LARGE HADRON COLLIDER

The combined CERNe1e2 collider LEP precision mea
surements@1# suggest the existence of a light Higgs boso
In the case of a single standard model Higgs boson
CERN Large Hadron Collider~LHC! promises multiple cov-
erage for any Higgs boson mass, which will enable us
measure its different decay modes and extract the coupl
@2#. For a supersymmetric Higgs sector this coverage ha
rely on fewer Higgs boson decay channels@2,3#. This is a
direct consequence of the structure of the Higgs sector: w
the minimal supersymmetric standard model~MSSM! pre-
dicts a light Higgs boson, it also predicts an enhancemen
the coupling to down-type fermions, at the expense of
branching fractions to gauge bosons. This enhancement
outcome of the two Higgs doublet structure in the MSS
one doublet is needed to give mass to up-type and the o
to down-type fermions. The vacuum expectation values
the two doublets are different, parameterized by tab
5v2 /v1. In addition to a light scalar Higgs boson, the tw
Higgs doublet model includes a heavy scalar, a pseudosc
and a charged Higgs boson. None of these additional
ticles has a mass bounded from above, apart from trivia
or unitarity bounds.

Of course, observables linked to properties of a lig
Higgs boson can serve as a probe of whether a new sc
particle is indeed consistent with the standard model Hi
boson@4,5#. There is, however, only one way to conclusive
tell the supersymmetric Higgs sector from its standard mo
counterpart: to discover the additional heavy Higgs bos
and determine their properties.

At the LHC, the possible enhancement of down-type f
mion Yukawa couplings by powers of tanb can render the
search for a heavy scalar and pseudoscalar Higgs b
promising. For small values of tanb the Yukawa coupling of
the charged Higgs boson is governed by the top quark m
mt /tanb, whereas for larger values of tanb the bottom
Yukawa couplingmbtanb dominates. While the chances o
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finding a heavy Higgs boson with a small value of tanb at
the LHC are rather slim, the discovery of all heavy Hig
scalars in the large tanb*10 regime is likely. This reflects
the fact that the reach of the LHC for charged and neu
Higgs bosons is to a large degree owed to scattering
cesses that involve incoming bottom quarks. The comple
exclusive processes are

gg→b̄tH2, gg→b̄bF, ~1!

whereF5h0,H0,A0 denotes any neutral scalar Higgs boso
From an experimental point of view, the identification
these final state bottom jets is tedious, because the domi
contribution comes from phase space configurations wh
the incoming gluons split into two collinear bottom quark
The bottom quark rapidity distribution peaks at rapiditi
around two and the transverse momentum distributi
around the bottom quark mass. After adding in the efficien
for a bottom tag this becomes a heavy price to pay in
analysis. Therefore in particular in the case of heavy Hig
bosons one usually prefers to look for the more or less
clusive channels

gb→tH2, gb→bF, bb̄→F. ~2!

At this point we do not explicitly discuss the bottom-quar
induced inclusive channelsbb̄→W1H2 @6# and bg→tW2

@7#, which are both known to next-to-leading order QC
because their impact on the discovery potential of the LHC
not drastic. We emphasize, however, that our argument
hold for them the same way we apply it to the processe
Eq. ~2!.

All bottom-quark-inclusive channels suffer from an add
tional uncertainty: the choice of the factorization scale of
bottom parton. In contrast to the gluon density, the dep
dence of the bottom parton density on the factorization sc
is large even for scales aboveO(100 GeV). Recently, it has
been observed in higher order calculations@6–10# that vary-
©2004 The American Physical Society05-1
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ing the bottom factorization scale around a smaller cen
value yields a more stable perturbative behavior. The sa
choice of scales can resolve the discrepancy between
total inclusive and exclusive rates, which is most promin
for the production channelbb̄→F. However, choosing
scales according to perturbative behavior is difficult, beca
most processes include inherent cancellations between d
ent contributions, and it is hard to define which contributio
actually have to be stable. Instead of this somewhat sof
gument, we will derive an appropriate bottom factorizati
scale from the kinematics of the exclusive production p
cess. In the following two sections we first investiga
charged Higgs boson production, because it involves o
one incoming bottom quark and two heavy central de
products. In Sec. V we will then generalize our result
neutral Higgs boson production and compare it to single
quark production.

Conventions.Throughout this paper we show consiste
leading order cross section predictions, including the resp
tive one loop coupling constant, running heavy qua
masses, and CTEQ parton densities. Unless stated other
we assume tanb530 for all MSSM processes. The exclusiv
cross sections are quoted with a massive 4.6 GeV bot
quark in the matrix element and the phase space, while
bottom Yukawa coupling is set to the running bottom qua
mass.

II. BOTTOM PARTON SCATTERING AT THE LARGE
HADRON COLLIDER

Heavy-flavor-induced search channels for supersymme
Higgs bosons have been explored for many years@11#. To
begin with the charged Higgs boson, three search mo
have been investigated.~1! Charged Higgs bosons can b
pair produced in a Drell-Yan type process, mediated b
weak interaction vertex@12#. Moreover, they can be pair pro
duced at the tree level in bottom quark scattering@6# or
through a one loop amplitude in gluon fusion@13#. ~2! One
charged Higgs boson can be produced together with aW
boson via scattering of two bottom quarks or in gluon fus
@14#. ~3! The charged Higgs boson can be produced in as
ciation with a top quark, which seems to be the most pro
ising search channel@7,8,15,16#. The charged Higgs boso
can be detected either decaying to a top and a bottom q
@17# or decaying to a tau lepton and a neutrino@18#. Both
LHC Collaborations have tried to reproduce these phen
enological analyses, most successfully in the case of the
cay to tau leptons@19,20#. An important lesson to learn from
the next-to-leading order QCD calculations@7,8# is that using
the bottom pole mass as the Yukawa coupling severely o
estimates the rates, as one would expect from what we k
about Higgs boson decays to bottom quarks.1

1We can also compare these next-to-leading supersymmetry Q
calculations@7,8# to the usual heavy parton subtraction schem
which add the exclusive and the inclusive channels@11#: for large
final state masses, the higher order calculation of the inclu
channel is just the perturbatively consistent extension of the la
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The case of neutral scalar Higgs bosons in the MSSM
been discussed in similar detail. In the standard model
inclusive production processbb̄→F is a small correction to
the inclusive gluon fusion channel@21#. In a supersymmetry
context, and in particular for large tanb, the bottom-quark-
induced process dominates gluon fusion@2,10,22,23#. The
typical Higgs boson decays are the same as for a light s
dard model Higgs boson, except for heavy MSSM scala
where decays to muon or tau pairs are most promising@24#.
In the region with an intermediate pseudoscalar Higgs bo
mass and strong mixing effects@3# one can still explore the
tau decay modes if the mass splitting between the Hi
bosons is larger than a typical tau meson energy resolutio
the order of 10–15 GeV. Additional problems occur in t
so-called intense coupling regime@25#, i.e. the region at large
tanb, where all three MSSM Higgs masses are close to e
other and very close to the plateau mass valueMh

max

.MH
min . The mass splitting becomes too small to distingu

the invariant mass peaks in the tau decays. Because the
photon decay has an extremely small branching fraction
the Yukawa couplings to bottom quarks for all three Hig
bosons are strongly enhanced, the most promising wa
search for and separate the Higgs states is the produc
process involvingb jets with the Higgs bosons decaying
muons@26#.

Motivated by this vast number of analyses in the MSS
Higgs sector, we turn to the simplest process availab
charged Higgs boson production in association with a
quark involves only one incoming bottom quark and is
appropriate starting point to understand the issue of bot
partons at the LHC. The features of the exclusive and
inclusive charged Higgs boson production processes

gg→b̄tH2, gb→tH2 ~3!

have been investigated in detail in Ref.@8#. Let us briefly
review the most important observations.

For reasons described above, the searches for cha
Higgs bosons~decaying to tau leptons! at the LHC usually
do not require the observation of a final state bottom qua
The exclusive processgg→b̄tH2 is then dominated by col-
linear splitting of one of the gluons into a bottom quark pa

ds

dpT,b
U

asympt

}
pT,b

pT,b
2 1mb

2
, sU

asympt

} logF S pT,b
max

mb
D 2

11G .
~4!

These logarithms in the total cross section can be resumm
which is precisely the definition of bottom partons@11#. The
factorization scale of the bottom partons is defined as
maximum transverse bottom quark momentum up to wh
the asymptotic form of the cross section is assumed to h
and up to which the logarithms logpT,b /mb are then re-
summed. This means that in Eq.~4! one can identifypT,b

max

with mF,b . If we assumepT,b
max@mb , which as we will see is

true for all processes we consider, the numerical value for
bottom quark mass will have no impact on o
argument—we could neglect it altogether@8,9,11#. The fac-
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HIGGS-BOSON PRODUCTION INDUCED BY BOTTOM QUARKS PHYSICAL REVIEW D69, 094005 ~2004!
torization scale isper sean artificial parameter, the depen
dence on which has to vanish after including all orders
perturbation theory. In the case of neutral Higgs boson p
ductionbb̄→F this has recently been demonstrated, inclu
ing the next-to-next-to-leading order~NNLO! QCD correc-
tions @10#. We are lucky in the case of bottom quarks: t
comparison between the actual and the asymptotic form
the exclusivecross section allows us to estimatepT,b

max and
therefore the bottom parton factorization scale for theinclu-
sive process. This also tells us how large the ‘‘large log
rithms,’’ which are resummed using bottom parton densit
actually are.

There are two caveats to be kept in mind, though. First
leading order the inclusive descriptiongb→tH2 neglects
the transverse momentum of the bottom jet appearing in
exclusive processgg→b̄tH2. For the two heavy statest and
H2 this is probably a good approximation, in particular af
including detector effects for the top quark and Higgs bos
decay products. Second, naive dimensional analysis sug
mF,b5mt1mH , which is often used. This does not have
be correct. The only thing dimensional analysis tells us
that mF,b}(mt1mH), as long as the production process
dominated by the threshold region. It has been shown
the proportionality factor does not at all have to be un
@8,9# and that indeed a wrong choice of scale leads t
systematic overestimate of the cross section@28#, as is obvi-
ous from Eq.~4!.

III. ASYMPTOTIC BEHAVIOR IN THE BOTTOM
QUARK VIRTUALITY

To make our argument as transparent as possible, we
investigate the relation between the bottom factorizat
scale and the threshold mass in two steps. The thres
mass we will refer to asM; for the charged Higgs boso
production process this meansM5mt1mH . We can gener-
ally rewrite the exclusive and the inclusive production p
cesses including one bottom parton as

gg→b̄XM , bg→XM , ~5!

whereXM denotes the heavy final state particles. For a ty
cal gluon-induced LHC production process close to thresh
we expect the invariant mass of the heavy system and
threshold massM to be similar. In the case ofgg→b̄tH2 we
investigate how close to threshold the production takes p
in Fig. 1. The parameterDM is defined as the differenc
between the invariant mass of the heavytH2 system and the
threshold massM5mt1mH . We indeed see that the distr
butions peak at small valuesDM /M&1/8, even though there
are sizable tails toward larger invariant masses.

In the first step of our argument, we investigate the ma
mum value for the intermediate bottom quark virtual
Qb

max, up to which the asymptotic form of the exclusiv
cross section holds:

Qb
max5CQM . ~6!
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In Sec. IV, we then estimate how far the asymptotic fo
in terms of the bottom transverse momentum is valid. Fr
Ref. @8# we expect a relationpT,b

max;M /6. If we assume that
this reduction will consist of the suppression from t
asymptotic behavior in the virtuality and an additional su
pression when we move to the asymptotic behavior in
transverse momentum, we obtain

mF,b[pT,b
max5CpQb

max5CpCQM . ~7!

To understand the asymptotic behavior of the hadro
cross sections(pp(2)→b̄XM) as a function of the bottom
quark virtuality, we rewrite the integration over the pha
space and the parton momentum fractions@9#. As long as we
are interested in the behavior of the cross section for la
values of the rapidity we can safely neglect the bottom qu
mass:

s5
1

16p

1

SE0

S2M2

dQb
2E

Qb
2
1M2

S

ds

3E
(1/2)log(s/S)

2(1/2)log(s/S)

dyLgg

1

s2
uMu2. ~8!

HereQb is the intermediate bottom quark virtuality,y the
rapidity, andAS andAs are the hadronic and partonic co
lider energies. The factor 1/s2 in the integrand is obvious
from the difference in mass units between the matrix elem
and the partonic differential cross sectiondŝ/dQb

2 , as it
originally appears in the integral. The parton densities
denoted asL5Pi /p(x1)Pj /p(x2). At this point we make a
few simplifying approximations: since we want to show th
the asymptotic behavior in the virtuality is a proces
independent phase space effect, we neglect all structure
the matrix element, except for the asymptotic behavior in
virtuality. The asymptotic form of the differential hadron
cross section ds/dQb}1/Qb translates into uMu2

5S2s0 /Qb
2 . The factorS2 we introduce to absorb units o

energy; it could as well beM4. For reasons that will be

0

0.0025

0 0.2 0.4 0.6 0.8 1

1/σtot dσ/d∆M

∆M/M

mH=250 GeV

500 GeV

1000 GeV

FIG. 1. NormalizedDM distributions for the hadronic charge

Higgs boson productiongg→b̄tH2, whereDM is the difference
between the invariant mass of thetH2 system and its threshold
massM5mt1mH .
5-3
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E. BOOS AND T. PLEHN PHYSICAL REVIEW D69, 094005 ~2004!
obvious later, it could not be a partonic variable, since
need to keep track of the powers of the parton momen
fraction. Furthermore, we assume that the steep gluon de
ties balance each other for the production of heavy st
x15x25Ax for x1 ,x2!1. The approximate hadronic cros
section now reads

s52
2s0

16pE0

S2M2dQb

Qb
E

(Qb
2
1M2)/S

1 dx

x2
Lgg~x!logx

5
2s0L0

16p E
0

S2M2dQb

Qb
F„t~Qb

2!… ~9!

using

F~t!52E
t

1 dx

x2

1

xj 22
logx

5
1

~12 j !2
@12t12 j1~12 j !t12 j logt#;Qb

ds

dQb
,

~10!

with x5s/S and t5(Qb
21M2)/S. The functionF(t) is a

correction to the asymptotic behavior of the virtuality dist
bution ds/dQb}1/Qb . In an intermediate step we have a
proximated the incoming parton luminosity by a simp
power suppressionL5L0 /xj 22. As a general parametriza
tion of the parton densities, this is certainly not a good id
However, looking at the production of heavy particles at
LHC we probe momentum fractions between 1021 and few
times 1023. In Fig. 2 we show different parton distribution
multiplied by xn for two values of the factorization scale
The ratio is normalized to its value atx50.1. Looking at the
different values ofn we see that our argument will at th
point become dependent on the parton the incoming bot
parton sees on the other side. On the other hand, we als
that for gg and gb initial states the approximationL
}1/(x1x2)2 works very well. From Fig. 2 we obtainj 54 for

1

2 xn P(p)(x)

QF=100 GeV

1

2

10
-2

10
-1

QF=1000 GeV

x

FIG. 2. Ratio of parton distributions in the proton and the fun
tion x2n for two different values of the factorization scale. A
curves are normalized to their values atx50.1. The different lines
correspond to the gluon~solid, n52), down-quark~dashed,n
51.1), anti-up-quark~dotted, n51.7), and bottom quark~dash-
dotted,n52) content. We use CTEQ6L parton densities@29#.
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gluon or bottom initial states in the definition ofF(t). In
Fig. 3 we show the behavior ofF(t) as a function of the
bottom quark virtuality, the way it looks for a 500 Ge
charged Higgs boson at the LHC. The case ofj 52 corre-
sponds to constant parton densitiesL[L0.

Let us now turn to a detailed discussion of the functi
F(t), shown in Fig. 3. As mentioned above,F(t) is a cor-
rection to the known asymptotic behavior of the different
hadronic cross section with respect to the bottom quark
tuality. As in Ref.@8#, we show the~normalized! curves for
Qbds/dQb , which we numerically obtain for the exclusiv
b̄tH2 production process, in Fig. 4. The first thing we noti
from the exact results in Fig. 4 is that, as a function
Qb /M , the curves for different Higgs boson masses are
most identical. The only major difference arises from t
finite bottom mass effects, since their onset does not s
with Qb /M , but withmb /Qb . On the other hand, these ma
effects are understood and of no relevance to our argum
which is concerned with theupper end of the asymptotic
behavior inQb . We roughly indicate this upper end of th
plateau with a dotted line, whereQbds/dQb has dropped to
half of its plateau value. In the first row in Fig. 4 we obser
how the plateau in the virtuality does not at all extend
Qb5M . The asymptotic approximation of the virtuality dis
tribution is valid only up to valuesQb

max;M /2.5. In the sec-
ond row we see that this picture changes when we ignore
gluon densities, but keep everything else, like in the co
plete numerical analysis: now the asymptotic behavior
tends to Qb*M . In other words, the short plateau i
Qbds/dQb is an effect of the steep gluon density in th
proton. In the last row we also show how the approximat
of the gluon luminosityLgg(x1 ,x2);1/(x1x2)2, which is a
major ingredient we use to derive the approximate fo
F(t), works very well for the virtuality distribution.

Since our main interest is the size of the bottom qu
virtuality plateau, we need to compare the approximate fo
of F(t) in Fig. 3 with the exact distributionQbds/dQb in
the first row of Fig. 4. In all figures we include the line whic
indicates whereQbds/dQb has decreased to half the plate
value. This is as good a measure for the extension of

-

0

0.5

1

10
-1

1

F(τ)/F(M2/S)

τ = (Q2
b+M2)/S

Qb/M

j=5 j=4 j=2

FIG. 3. The normalized functionF(t), defined in Eq.~10!. The
hadronic center-of-mass energy is set toAS514 TeV and the
threshold mass to 675 GeV, corresponding to a 500 GeV cha
Higgs boson. We display the behavior of the plateau inQb for
different values ofj, which arise from thex1x2 behavior of the
partonic cross section.
5-4
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0

0.2

10
-1

1

LHC: gg→b
–
tH-

Qb dσ/dQb

Qb/(mt+mH)

0

0.2

10
-1

1

mH=250,500,1000 GeV

pT,b dσ/dpT,b

pT,b/(mt+mH)

mH=250 GeV
mH=500 GeV
mH=1000 GeV

0

0.2

10
-1

1

LHC: gg→b
–
tH- with Pg(x)=1

Qb dσ/dQb

Qb/(mt+mH)

0

0.2

10
-1

1

pT,b dσ/dpT,b

pT,b/(mt+mH)

0

0.2

10
-1

1

LHC: gg→b
–
tH- with Pg(x)=x-2

Qb dσ/dQb

Qb/(mt+mH)

0

0.2

10
-1

1

pT,b dσ/dpT,b

pT,b/(mt+mH)

FIG. 4. Normalized distributions for the hadronic charged Higgs boson production process, for the complete gluon density~first row!, for
a constant gluon density~second row!, and for the approximate gluon densityP(x)51/x2 ~third row!. The left column shows the bottom
quark virtuality distribution, the right column the bottom quark transverse momentum. The normalization for the largest Higgs bos
is by the total rate; for all other masses the curves are normalized such that their maxima coincide. The normalization factors for the
and the transverse momentum are identical. We note that for a comparison with the approximate formF(t) we have to identifyM5mt

1mH .
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plateau as any other. For the discussion of the approxim
function F(t) we prefer a better suited measure: the turn
point of F„t(logQb /M)…,

d2F„t~Qb
2!…

d~ logQb
2!

U
Q

b
max

50. ~11!

In Fig. 3 and Fig. 4 we see that this definition gives ess
tially the sameQb

max values as the dotted line. The numeric
values forQb

max which we compute from the definition o
F(t) are given in Table I for different values ofj. The case
j 52 corresponds to the case with constant parton densi
It is in very good agreement with what we see in the sec
row of Fig. 4. The casej 54 should give the extension of th
09400
te
g

-
l

s.
d

plateau forgg- and qb-initiated processes, for example th
charged Higgs boson production process. We see that
approximationuMu25S2s0 /Qb

2 does not give a perfect pre
diction of Qb

max, as it leads toQb
max;M /1.8. For interfering

s and t channel diagrams in the production processgg

→b̄XM , the common denominator in the differential cro
section typically becomes 1/(sQb

2), while the numerator is
dominated by the heavy mass. In our simple approximat
we did not take into account this additional factor 1/s, which
increasesj to 5 and moves the turning point toQb

max&M /2
and therefore much closer to the values seen in Fig. 4.

To summarize this section, we have shown that parto
phase space effects are responsible for the maximum v
Qb

max up to which the asymptotic behavior of the hadron
5-5
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TABLE I. Maximum values for the bottom quark virtuality at the Tevatron and at the LHC, as define
Eq. ~10! and Eq.~11!. The values ofj correspond to the power ofx in Eq. ~10!, as it arises from thex1x2

behavior of the partonic cross section.

AS M Qb
max Qb

max/M ( j 54) Qb
max Qb

max/M ( j 55) Qb
max Qb

max/M ( j 52)

2000 130 74 1/1.76 64 1/2.03 123 1/1.06
250 142 1/1.76 123 1/2.03 235 1/1.06
500 282 1/1.77 245 1/2.04 463 1/1.08
1000 559 1/1.79 488 1/2.05 908 1/1.10

14000 130 72 1/1.81 64 1/2.03 119 1/1.09
250 138 1/1.81 121 1/2.07 221 1/1.13
500 271 1/1.85 238 1/2.10 416 1/1.20
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cross section with respect to the bottom quark virtuality
valid. Our very simple approximation agrees with the nu
bers we obtain for the full hadronic processgg→b̄tH2 in
Fig. 4:

Qb
max5CQM , CQuapprox;

1

2
, CQubtH;

1

2.5
. ~12!

These values ofCQ are of course linked to our definition o
the collinear phase space region through the turning poin
the functionF(t). However, comparing the behavior of th
approximate functionF(t) in Fig. 3 and the exact exclusiv
cross section in Fig. 4 we see that any criterion will gi
compatible approximate and exact values ofCQ . One ex-
ample is the end of the plateau as defined in Ref.@9# which
gives a smaller value ofCQ .

IV. ASYMPTOTIC BEHAVIOR IN THE BOTTOM QUARK
TRANSVERSE MOMENTUM

From the discussion of the bottom quark virtuality o
would expect to be able to follow a similar set of argume
for the bottom quark transverse momentum. Unfortunat
the phase space parametrization reflects the fact that the
ronic cross section factorizes in the virtuality and not in t
transverse momentum. Instead, we choose a different p
we know that the asymptotic behaviords/dpT,b}1/pT,b has
to hold for small transverse momenta. In that regime
longitudinal momentum of the outgoing bottom quark in t
center-of-mass system will be much larger than the tra
verse momentum:r[pz,b /pT,b@1. On the other hand, we
want to push this approximation to its limits,r!1. The gen-
eral relation between the virtuality and the transverse m
mentum of the bottom jet for the production of a heavy s
tem XM at threshold is

Qb
2

M2
5

pT,bAs

M2
~A11r22r!;

pT,b

M
. ~13!

In the intermediate step we have assumed that in the lim
large bottom quark virtuality and large transverse momen
the bottom jet has dominantly a transverse momentum di
tion, i.e. that the bottom jet is central in the detector. We n
require that the phase space region which forms the up
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end of the plateau in the virtuality (Qb
max) is also responsible

for the upper end of the transverse momentum plat
(pT,b

max). From the approximate result in Eq.~12! we obtain

mF,b5pT,b
max5CpQb

max5CpCQM , Cpuapprox5CQuapprox5
1

2
.

~14!

To understand this effect in more detail, we now keepr as
a free parameter and assume that the heavy systemXM is
produced at threshold. We find

pT,b5
s2M2

2AsA11r2
. ~15!

We can solve the equation forAs and insert it into Eq.~13!,
which leaves us with

Qb
2

M2
5

pT,b
2

M2
~11r22rA11r2!S 11A11

M2

pT,b
2 ~11r2!

D .

~16!

This function has two limiting cases. For small transve
momentum (r@1), pT,b scales with the virtualitypT,b
;Qb . This means that the plateau in the transverse mom
tum will extend to the same value as the plateau in the
tuality. This observation suggests that~at least for not too
large transverse momenta! the phase space region whic
dominates the high end of the plateau inQb will also be
responsible for the upper end of the plateau inpT,b . We have
confirmed this assumption for charged Higgs boson prod
tion explicitly. In contrast, for very large transverse mome
tum (r!1), a correction occurs to the linear relation b
tweenpT,b and Qb . This correction pushespT,b to smaller
values, and the corrections becomes bigger for small va
of pT,b /M , which is what we expect from the shifted an
softened transverse momentum plateau in Fig. 4.

To translateQb
max into pT,b

max we evaluate Eq.~16! numeri-
cally. The left hand side we substitute byCQ , which accord-
ing to the previous section assumes numerical values of
to 1/3. Figure 5 shows the corresponding values ofCp

5pT,b
max/Qb

max for different r values. IndeedCp51 holds for
small transverse momentumr*5. For all other values ofr
the transverse momentum is always considerably sma
5-6
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than the virtuality. In other words: if we want the transver
momentum to be as large as possiblefor a given virtuality,
we would have to maker large, i.e. make the longitudina
momentum even larger. The limiting factor will be onc
more the steep gluon luminosity. In the opposite regimer
!1, which will be preferred by the gluon density, we find
very substantial reduction factorCp&1/2.

In Fig. 6 we plot ther distribution for exclusive charged
Higgs boson production. It is clearly peaked at small valu
of r, which means large values ofpT,b . The peak become
considerably more pronounced if we allow virtualities on
aboveM /5, which limits the phase space to the transiti
region in the virtuality plateau. According to Fig. 5, the r
gion r!1 leads to transverse momenta much smaller t
the virtuality. Even though the actual distribution in Fig.
peaks atr50 these events will no longer contribute to th
upper end of the plateau inpT,b ; instead the plateau inpT,b
will be softened. At the opposite end,r*2, we would expect
a negligible suppression factorCp and large transverse mo
menta from virtualities aroundQb

max, but the actual distribu-
tion shows how the gluon luminosities cut heavily into th
region. What is left is the intermediate regionr
50.5, . . .,1.5, which interpolates between the extremes a

1

2

3

10
-1

1 10

1/Cp

pz,b/pT,b

CQ=1/2 CQ=1/3

FIG. 5. The numerical solution of Eq.~16! for two different
values of CQ5Qb /M , giving Cp5pT,b /Qb as a function ofr
5pz,b /pT,b . The longitudinal momentum of the bottom quarks
defined in the parton center-of-mass system.

0

0.5

0 1 2 3 4 5

1/σtot dσ/d(pz,b/pT,b)

pz,b/pT,b

mH=1000 GeV
mH=500 GeV
mH=250 GeV

FIG. 6. Normalizedr distributions for the hadronic charge

Higgs boson productiongg→b̄tH2. The parameterr is the ratio of
the longitudinal and transverse momentum of the bottom jer
5pz,b /pT,b in the parton center-of-mass system. The steeper se
curves is after a cutQb.M /5.
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d

contributes most to the upper end of the plateau
pT,bds/dpT,b . Even though the numerical details used
this argument are not process independent, the fact that
has to interpolate between the two extreme regions in ph
space is completely general.

This leaves us with two conclusions concerning the c
nection between the asymptotic regions in the bottom qu
virtuality and transverse momentum. First, the plateau w
not just translate fromQbds/dQb to pT,bds/dpT,b . Instead,
it will be softened. Second, we can extract our approxim
prediction forCp from Fig. 5 ~keeping in mindCQ;1/2.5)
and compare it with what we find in Fig. 4:

mF,b5pT,b
max5CpQb

max, Cpuapprox;
1

1.4
,•••,

1

2
,

CpubtH;
1

2
. ~17!

Combining these results with Sec. III we now understa
that for charged Higgs boson production the plateau
pT,bds/dpT,b does not extend to valuespT,b

max;M . Making
use essentially of phase space effects we instead findpT,b

max

;M /4. This result confirms the valuepT,b
max;M /5, which we

find directly from the exclusive processgg→b̄tH2 @8#,
which implies that using the naive bottom quark factoriz
tion scalemF,b5M will overestimate the cross section co
siderably. On the other hand, higher order QCD correcti
@6–10# soften the dependence on the factorization scale c
siderably.

We can also turn this argument around: the bottom par
approach means integrating over the additional bottom qu
phase space and resumming the logarithms including
transverse momentum. Going back to Eq.~4!, we see that the
terms which we resum are at maximumaslog@(pT,b

max/mb)2#.
For a charged Higgs boson of mass 500 GeV this gi
6.7as . For a threshold massM5130 GeV the logarithm
yields only moderate 3.5as , usingpT,b

max5M /5.

V. SIMILAR AND NOT SO SIMILAR PROCESSES

A. Neutral Higgs boson production

In the previous sections we derived the appropriate b
tom parton factorization scale for the associated produc
of a charged Higgs boson and a top quark. For differ
reasons this process is particularly well suited for the bott
parton description: there is only one bottom parton, the t
quark-Higgs-boson system is very heavy, it will be produc
close to threshold, and~for those reasons! it will be slow
moving and central in the detector. A process that is parti
larly important for light as well as for heavy supersymmet
Higgs bosons is the production of a neutral scalar in asso
tion with two bottom quarks, which at the different level o
inclusive versus exclusive description reads@22,10#

gg→b̄bF, bg→bF, bb̄→F. ~18!
of
5-7



ansverse

E. BOOS AND T. PLEHN PHYSICAL REVIEW D69, 094005 ~2004!
0

0.005

0.01

0 200 400

gg→bb
–
H

ug→b
–
td

d
–
g→b

–
tu
–

1/σtot dσ/d∆M

∆M [GeV]
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0.1
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0.3

0 2 4

1/σtot dσ/d(pz,b/pT,b)

pz,b/pT,b

mH=130GeV

mH=500GeV

FIG. 7. Normalized distributions for hadronic neutral Higgs boson productiongg→b̄bF and single top quark productionqg→b̄tq8.
Left: difference between the invariant mass of the heavy system and its threshold mass. Right: ratio of the longitudinal and tr
momenta of the bottom jetr5pz,b /pT,b in the parton center-of-mass system.
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A phenomenological interesting aspect is that these k
of channels with at least one tagged bottom jet@9,27# can
prove an enhanced bottom Yukawa coupling. We know t
just as in the charged Higgs boson case, the factoriza
scale of the bottom parton has to be chosen well belowmF

@8,9#. The first reason is that again a heavy system (XM
5bF) is produced close to threshold, Fig. 7. In Fig. 8 w
show the plateau inQbds/dQb , similarly to the figures in
Ref. @9#, and obtainQb

max;M /2.5. As for the charged Higg
boson case we see that the curves are nearly degenera
different Higgs boson masses, i.e.Qb

max}M . For the neutral
Higgs bosons an additional curve is included in Fig. 8,
suming a 130 GeV light scalar MSSM Higgs boson. In th
case the plateau is not particularly wide, since the bott
mass effects bend down the curves at fairly large value
Qb /M . On the other hand, these effects are understood
that the altered shape can be treated just like a plateau. M
over, the dominant effects will arise from the upper end
the curve, where the logarithms are largest.

Comparing Fig. 4 with Fig. 8, we see that the extension
the asymptotic behavior in the bottom quark virtuality at t
LHC is just the same for charged Higgs boson product
(bg→tH2) as for neutral Higgs boson production (bg
→bF), for similar heavy state masses. An aspect we did
discuss in the charged Higgs boson case is that the pla
seems to extend to slightly larger virtualities for smal
threshold masses, in particular for a 130 GeV neutral Hi
boson. The reason is that, in general,XM will be produced
relatively closer to threshold for heavier states, i.e.DM /M
becomes smaller, even though Fig. 1 and Fig. 7 show tha
absolute numbersDM becomes slightly larger for heavie
statesXM .

Up to this point we did not have to specify the collid
energy in our approximation. Moreover, charged Higgs
son production is relevant only at the LHC. The distributio
for neutral Higgs boson production at the Tevatron are gi
in Fig. 9. While for small Higgs boson masses of 130 G
the bottom quark virtuality plateau looks very similar to co
responding curves for the LHC, our picture starts to bre
down for very large Higgs boson masses. In that case
limited hadronic collider energy does not allow production
heavy states plus a bottom jet with sizable virtuali
transverse momentum. Of course, the case of a 500 G
09400
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Higgs boson at the Tevatron is phenomenologically irr
evant. On the other hand, we learn that implicitly we ha
used another approximation in our discussion of the LH
processes: that the production rate even for large virtualit
limited only by the parton densities and the parton ener
never by the hadronic collider energy. Implicitly we che
this requirement in Fig. 4, when we confirmQb

max;M after
neglecting the effect of parton densities.

Last but not least, the question is what will happen for t
completely inclusive Higgs boson production (bb̄→F)?
From Ref.@9# we know that the argument for the plateau
Qbds/dQb works just the same way as before, except t
we now use the semi-exclusive processbg→bF to compute
Qb

max. Using the approximation described in Sec. III we u
derstand what happens: the mass of the heavy system is
M5mF , but the gluon that splits into a bottom quark pa
now sees a bottom parton on the other side instead of
gluon in the completely exclusive process. In Fig. 2 we s
that the approximationsLbg;1/(x1x2)2 and x1;x2 still
work fine. In a way this is a consistency check, of course
significant change in the behavior of the bottom partons
tween the first bottom jet and the second bottom jet to
integrated over in the processgg→bb̄F would pose a seri-
ous problem for factorization in general. This result is
very good agreement with the results of the NNLO QC
calculation for this process: the small bottom quark fact
ization scale indeed yields perturbative corrections which
well under control@10#.

The second step is again the transition from the platea
virtuality to that in transverse momentum. Not surprising
from the exclusive process we numerically find the sa
behavior as for the charged Higgs boson, Fig. 4. Our ar
ment in Sec. IV also works in just the same way for neut
Higgs bosons. From the exclusive process we numeric
find mF,b;M /5, which we can understand in complete an
ogy to the charged Higgs boson case in the previous secti

B. Single top quark production

In contrast to the Higgs boson production mechanism
the bottom parton picture in single top quark producti
@30,31#
5-8
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FIG. 8. Normalized distributions for the hadronic neutral Higgs boson production and for exclusive single top quark productio
LHC, where the varied mass of the generalized top quark ismQ . The normalization for the largest Higgs boson mass is by the total rate
all other masses the curves are normalized such that the virtuality distributions coincide at their maxima. The normalization facto
virtuality and the transverse momentum are identical. The dashed curve uses a mathematical cutoff 0.46 GeV for the bottom quark
130 GeV for the Higgs boson mass. It is normalized to match the curve for the physical bottom quark mass for large virtuality. Th
are ordered on their downward slopes by decreasing final state mass toward larger values ofQb

max andpT,b
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ug→b̄td ~ub→td!, d̄g→b̄tū ~ d̄b→tū! ~19!

has never posed a problem. The difference between the
above processes is that the first one will involve valen
quarks at the LHC, while the second one will not. Looki
back, Fig. 2 shows that these channels should look slig
different, if our argument in Sec. III is correct.

In the left column in Fig. 8 we see how the single to
quark case differs from the Higgs boson production. Firs
all, the plateau in the virtuality extends considerably furth
typically to Qb

max*M /1.5. This is in agreement with the les
steep parton densities for the quarks, which the splitt
gluon sees. If we take a closer look, we even see that
plateau extends further in the case of an incoming vale
09400
o
e

ly

f
r,

g
e
e

quark than for a sea quark, which is in agreement with
approximate parton densities, Fig. 2.

However, our approximation has to be looked at w
some care, since now we cannot assumex1;x2 anymore.
Furthermore, in Fig. 7 we see that the single top quark p
duction does not happen at all close to threshold. It pe
aroundDM;mW , which reflects the fact that one could in
tegrate over the phase space of the outgoing jet and re
the single top quark process asbW scattering. This gives the
outgoing jet a transverse momentum kick of the order of
W boson mass. The fact that the invariant mass of the he
systemXM5t j , as it appears in Eq.~9!, is easily twice the
threshold mass again contributes to the larger values
Qb

max. Finally, as discussed in the context of neutral Hig
bosons, production away from threshold lifts the degener
5-9
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of different values ofQb
max/M , pushing the lighter states t

higher values ofQb
max.

We will not discuss the transition from the bottom qua
virtuality to the transverse momentum in any detail. Fro
Fig. 8 we see that the plateau is softened andpT,b

max

;Qb
max/2, as in all other processes discussed before: the

terpolation argument presented in Sec. IV describes
single top quark production perfectly well. This part of o
argument indeed holds independently for all processes
sidered in this paper.

Recently, a similar issue of bottom partons was discus
@32# in the framework of single top quark production at
linear collidereg→ n̄tb̄. The authors find sizable difference
between the finitemb prediction and the~massless! structure
function approach, predominantly close to thresholdAs
&mt1mb110 GeV. These differences can in part be trac
back to phase space effects. From Fig. 1 and Fig. 7 we
that this region of phase space contributes little to the Hi
boson sample at the LHC, after we convolute the parto
cross section with the gluon densities, integrating over
entire partonic energy range. It will have even less impact
the total rate once a minimum transverse momentum of
Higgs boson decay products is required. While for a lin
collider the bottom quark mass is an important source
theoretical uncertainty and the collinear logarithms~multi-
plied with a;1/137) are under control, the dominant pro
lem at hadron colliders is the size of the logarithms~multi-
plied with as), which we link to the transverse momentu
spectrum in the exclusive processes.

VI. CONCLUSIONS

Starting from charged Higgs boson production in asso
tion with a top quark, we have investigated processes wh
can be described using bottom partons. From the kinema
of the exclusive processes, we find numerically that the f
torization scale of the bottom parton has to be smaller t
the threshold mass or the hard scale in the process:mF,b
;M /5. In two steps we first investigate the validity of th
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asymptotic approximation in the bottom quark virtuality a
then in the transverse momentum. The upper limitpT,b

max, for
which the exclusive cross section is dominated by collin
bottom quarks and large logarithms log(pT,b

2 /mb
2), defines the

appropriate value for the factorization scale of the bott
parton in the inclusive process. We derive the observed
matic decrease in the factorization scale as compared to
hard scaleM in a process-independent approach, using o
properties of the phase space and of the parton densitie
this simple picture we indeed findmF,b[pT,b

max;M /4.
This choice of appropriate scales resolves the puzzle

the discrepancy between inclusive and exclusive rates, as
been presented in the literature. Using an appropriate sc
the difference for example for the processbb̄→F @9# is not
huge and is well understood. Moreover, the higher order
culation of the processbb̄→F @10# shows an entirely flat
scale dependence if one picksmF,b;M /4 as the central
scale. We understand how this is caused by the parto
phase space and independently confirm these higher o
results.

Turning around the argument, we can specify how la
the logarithms actually are that are resummed in the bot
parton picture. Again, they are smaller than the naive gu
log(M2/mb

2) would indicate. In particular, for a light neutra
Higgs boson one can debate using the~resummed! bottom
parton cross section, or just integrating over the exclus
cross section@33#. For heavier neutral or charged Higg
bosons the logarithms are certainly large enough to requi
resummation.

In our chain of arguments we find a significant differen
between the extent of the asymptotic behavior in terms of
intermediate bottom quark virtuality and the final state b
tom quark transverse momentum—while naively both
these pictures should be equivalent. However, we findpT,b

max

;Qb
max/2 and a visibly softened upper edge of the plateau

pT,bds/dpT,b. Both effects can be traced back to the p
tonic phase space. Because factorization is shown in term
the virtuality and final state logarithms and parton densit
usually refer to the transverse momentum picture, these
5-10
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approaches and the corresponding definitions of the collin
region of phase space leave an unsolved problem, which
treat as a theoretical uncertainty in the computation ofmF,b .
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