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Higgs-boson production via bottom-quark fusion
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Higgs bosons with enhanced coupling to bottom quarks are copiously produced at hadron collithers via
—h, where the initialb quarks reside in the proton sea. We reexamine the calculation of the next-to-leading-
order cross section for this process and argue that the appropriate factorization scalefaligtrdution
functions is approximatelyn,/4, rather tharm,,, as had been previously assumed. This greatly improves the
convergence of the perturbation series, and yields a result with mild factorization-scale dependence. We also
show that the leading-order calculationgd— bbh, integrated over the momenta of the final-state particles,
is very sensitive to the factorization and renormalization scales. For scales ofgydethe gg— bbh cross
section is comparable to thatlbb— h, in contrast with the order-of-magnitude discrepancy between these two
calculations for the scal®y, . The result we obtain improves the prospects for Higgs-boson discovery at hadron
colliders for large values of tg8.
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. INTRODUCTION by gluons splitting into nearly collinedsb pairs, the final
state contains two spectator bottom quarks that tend to be at
In the standard model, the Higgs boson couples to fermitoy transverse momentunpf).
ons with a strength m¢/v, where v=(y2Gg) 2 In contrast, if one requires one bottom quark at hfgh
~246 GeV is the vacuum-expectation value of the Higgsfrom the production process, the leading-order subprocess is
field. The Yukawa coupling of the Higgs boson to bottompg— bh [5—7]. This process is particularly promising due to
quarks (y~5 GeV) is thus very weak, leading to very the ability to tag theb quark in the final state. The cross
small cross sections for associated production of the Higgsection for the production of the Higgs boson accompanied
boson and bottom quarks at the Fermilab TevatrafS ( by two highp+ b quarks is obtained at LO from the sub-

=1.96 TeVpp) [1] and the CERN Large Hadron Collider processesjg,qq— bbh [8—15].2 Although this process has
(LHC, \/S=14 TeVpp) [2]. However, this Yukawa coupling been the most studied, it is likely thag—bh is the more
could be considerably enhanced in extensions of the standaptomising, due to its larger cross section. The inclusive cross
model with more than one Higgs doublet, thereby increasingectionbb— h, which we study in this paper, is useful when
this production cross sectiof2]. For example, in a two- the Higgs boson can be identified above backgrounds with-
Higgs-doublet model, the Yukawa coupling of some or all ofout the need to detect the accompanying bottom quarks that
the Higgs bosonsh®,H® A% H™) to the bottom quark could reside in the final state. This subprocess may be useful to
be enhanced for large values of {@®v,/v,, wherev, is  discover a Higgs boson for large tgnin the decay mode
the vacuum expectation value of the Higgs doublet thah— 7" 7~ at the Tevatron and LH€16,17) andh—u ™ u~
couples to the bottom quark. at the LHC[17-19. It has the advantage of having the larg-
The dominant subprocess for the production of a Higgsest cross section, since it is inclusive of the other two pro-
boson in association with bottom quarks is bottom-quark fucesses.
sion, bb—h (Fig. 1),* where theb quarks reside in the pro- Higgs-boson production via bottom-quark fusion was cal-
ton segd2—4]. This is the leading-ordeiLO) subprocess for culated at next-to-leading ordéNLO) in Refs.[3,4]. There
the inclusive production of the Higgs boson in associationare two puzzling aspects of the results of that calculation.

with bottom quarks. Since the bottom-quark sea is generated (i) Although the NLO correction is modest, it consists of
two independent corrections, of order 1fg(m,) and ag,

which are both largéand of opposite sign This suggests
*Corresponding address: Dipartimento di Fisica, Terza Universitdhat the perturbation series in each expansion parameter in-
di Roma, via della Vasca Navale 84, 00146 Rome, ltaly. dividually may not be well behaved.
We useh to denote a generic Higgs boson. In a two-Higgs-

doublet model,h may denote any of the neutral Higgs bosons _
(h%,HO, A9). 2qg—bbh is negligible in comparison witlyg— bbh.
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FIG. 1. Leading-order diagram for the production of the Higgs

boson via bottom-quark fusion. FIG. 3. Diagrams for the next-to-leading-order correction to

bb—h from initial gluons. This correction is of order 1/mg/my).

(ii) The cross section at the Tevatrthoth LO and NLQ
is an order of magnitude larger than the cross section ob- The calculations involved are identical to those of Refs.
tained by calculatinggg—bbh (Fig. 2) and integrating [3.,4]. We keep the effect of the bottom-quark mass exactly in
over the momenta of the final-state partick0]. While  our calculations, without approximations. In order to do this,
gg—bbh is not a reliable calculation of the total inclusive we may set the bottom-quark mass to zero in all diagrams in
cross section, since the expansion parametesfis(m,/m,)  Which the bottom quark appears as an initial-state pafton.
rather thanag [3], the large discrepancy between the twoThis is called the simplified Aivazis-Collins-Olness-Tung
calculations is surprising. (ACOT) schemg22-24. The only subprocess in which we
In this paper we solve both of these puzzles. Implicit inmust keep the bottom-quark mass gg—bbh (Fig. 2),

both puzzles is the choice of the factorization scale, whickwhich is a next-to-next-to-leading-order correction of order
had been chosen to be the Higgs-boson mass in B&#.  1/in%(m,/m,). In practice, form,>m,, it is an excellent ap-
Although the_chqce of the factorlzatlon_ scale in a f'Xed'proximation to neglect the bottom-quark mass in this subpro-
order calculation is often regarded as arbitrary, we argue thatasq- \we keep the mass nonzero, nevertheless.
%_hgre |sha(§).rescr|pt|on fbgseg 1on phyilcal %onsﬁeratlmns. Re- | et us first investigate the 1/In{,/m,) correction, from
fm'?g.t i. |scuss||on 0 fe[ t'], Wefsthowl_:' attbe relevant initial gluons. The first diagram in Fig. 3 has a collinear
actorization scale 1S a fraction ot the Higgs-boson maSSdivergence due to thechannel quark propagator. The had-
approximatelym,/4. We find that this choice of scale solves = =~ 7. : : .

. ; onic differential cross section therefore has the behavior
both puzzles listed above. We thereby present a reliable NL ) . . .

o/dt~1/t in the collinear region. The integral ovéempro-

calculation of the inclusive cross section for the productiond h li | thm. Thus. th limit of th
of the Higgs boson in association with bottom quarks. uces the collinear fogarithm. thus, the upper imit ot the

In Sec. Il we determine the relevant factorization scale forcollinéar integration is set by the virtuality,—t, at which
Higgs-boson production in association with bottom quarks.the differential cross section begins to deviate substantially
In Sec. Ill we present the results of this scale choice. wdrom the collinear behavior. o . _
discuss these results in Sec. 1V, and show that they solve the We show in Fig. 5 the hadronic differential cross section
two puzzles listed above. Section V summarizes the conclutimes the squared virtuality;- tdo/dt, versus the virtuality

sions of our study and suggests further work. (scaled to the Higgs-boson masg—t/my,, for a variety of
Higgs-boson masses at the Tevatron and the LHC. In order to
Il. FEACTORIZATION SCALE compare the cross sections for different Higgs-boson masses

at a given collider, we normalize the curves to unity at small
The b distribution function, like any parton distribution virtualities. The curves are nearly identical, demonstrating
function, sumsto all orders collinear logarithms that appear that the differential cross section scales with the Higgs-boson
at higher orders. Thus, to determine the relevant factorizatiomass. At small virtualities the curve is flat, indicating the
scale, we investigate the collinear logarithm that arises agollinear behaviods/dt~ 1/t. At larger virtualities the cross
next-to-leading order. _ section is damped. For fixedthe differential cross section is
There are two independent NLO correctionshio—h.  given by[7]
The first is from initial gluonshg—bh (Fig. 3), which is a
correction of order 1/Imy,/my,), as explained in Ref3]. The
second is from virtual and real gluon emissifRig. 4), do 1(s —(1/2)In(s/S)
which is a correction of ordetts. Sinceag(m;) is propor- ar gfmztdsf(
tional to 1/Infn,/Aqcp), one can regard both of these correc- n

dn[g(X1, me)b(X2, p)
1/2)In(s/9)

ion ing of the form of an inverse logarithm. 2
tions as being of the form of al erse logarit .Ia'S(/'LR) Yol £R) 1mﬁ+u2
+(Xl(_>X2)J 24 _2 (1)

g TTTTY—— b q b V2 | s? st

A

------ heoot T .

1 which explicitly shows the 1/behavior for smallt. For
g TTOO—=<—} q b larger values of—t, the lower limit on thes integration,

FIG. 2. Representative diagrams for associated production of the——

Higgs boson and two highy bottom quarks(a) gg— bbh (8 dia- 30One may maintain a nonzero bottom-quark mass in these dia-
gramg; (b) qg—bbh (2 diagrams grams, but it does not increase the accuracy of the calculation.
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S h b 0000~ g b bg — bh at 1.96 TeV pp
+ + _____ h T T rrrri II T T rrrri II
1.0 T
p——tTTTT Y h——bo- ho b i N fr=1h |
N
__FIG. 4. Diagrams for the next-to-leading-order correction to 08 - \‘\\ —
bb—h from real and virtual gluon emission. This correction is of L N i
orderag. B R
s % 0.6 |- ‘\\\\ —
3? L my, = 100 GeV ——— ) -
m:Z—t, increases and damps the cross section, since the il 0.4 |- %88 gez T ‘T\\ -
tegrand falls steeply with increasirsg i © B |
Figure 5 shows that the virtuality at which the behavior of N
the differential cross section deviates substantially from the 02 [~ B\ 7]
collinear behavior is much less than,. Since the curves - RN .
vary smoothly, there is some ambiguity in defining the vir- g Ll S
tuality at which the collinear behavior ceases. For the sake ¢ 0.01 0.1 1 2
discussion, let us defing—t<m,/4 as the collinear region. V—t/my,
The collinear region extends to slightly higher virtualities at
the LHC than at the Tevatron, but this is small comparec bg — bh at 14 TeV pp
with the inherent ambiguity in defining the collinear region. LRI LR
The collinear logarithm that is generated at NLO is there- 1.0 e i e
R = MMp

fore approximately Inty/4ug), rather than Ingy,/ug). Thus i
the factorization scale for the 1/lm{/m,) correction should
be chosen to be of ordgrr~m/4 in order to sum the col-
linear logarithm. We will examine the consequences of this_, -
scale choice in the next section. In order to account for th<S_ o ¢ |-
ambiguity in defining the collinear region, we will vary the N

factorization scale between:=m;/8 and ug=my/2. | mh = ;88 g:z _____
This derivation of the factorization scale is similar to the 04 [~ 500GeV ------
argument presented in R¢R1], where the behavior of the -
cross section as a function of the transverse momentum ¢ 02
the final-stateb quark, p7p, is studied. We prefer instead to
use the variable/—t, which has the interpretation of the [
virtuality of thet-channel bottom-quark propagator. Since we 0.0 el
adopt the simplified ACOT formalisifi22—24, we are able 0.01 0.1 12
to set theb mass to zero, which makes the discussion of the V=t/my,

finite b mass in Ref[21] moot. Despite these differences,
our approach is very similar to that of Ré¢21] and yields
similar results.

FIG. 5. Hadronic differential cross section times the squared
virtuality for the subproceslsg— bh vs the virtuality(scaled to the
Higgs-boson magsat both the Tevatrofupper ploj and the LHC

The results for thexg correction from virtual and real ) .
| issionFiq. 4 imilar. We sh in Fiq. 6 th (lower ploY. Curves are shown for a variety of Higgs-boson masses,
gluon emission(Fig. 4) are similar. We show in Fig. € scaled such that they overlap at small virtuality.

hadronic differential cross section for real gluon emission
times the squared virtuality- tdo/dt, versus the virtuality
(scaled to the Higgs-boson masg—t/m;,, for a variety of  that the renormalization-scale dependence of the cross sec-
Higgs-boson masses at the Tevatron and the LHC. A cut ofion is modest, and is reduced at NLO in comparison with
—u>(10 GeVY is imposed to regulate the infrared singu- LO. Hence we focus on the factorization-scale dependence
larity associated with soft-gluon emission. The collinear re-of the cross section.
gion extends up to slightly higher virtualities than in the  We show in Fig. 7 the factorization-scale dependence of
bg—bh subprocess, but the difference is small comparedhe inclusive cross section for Higgs-boson production via
with the inherent ambiguity in defining the collinear region. bottom-quark fusion fom,=100 GeV at the Tevatron and
The collinear region again extends to slightly higher virtuali-the LHC. The four curves on each plot are described below.
ties at the LHC than at the Tevatron. The results for heavier Higgs bosons are qualitatively simi-
lar. While a standard-model Higgs boson of 100 GeV is ex-
cluded, the lower bounds on the masses of the neutral Higgs
lll. RESULTS bosons h®, A% of the minimal supersymmetric standard
model are about 91 Gej25]. Even lighter Higgs bosons are
Following Refs.[3,4], we fix the renormalization scale of possible in a general two-Higgs-doublet mof26]. We set
the Yukawa coupling tqug=my,. It was shown in that paper tang=1 throughout.
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FIG. 6. Same as Fig. 5, but for the subprodelss-gh. A cut of FIG. 7. Cross section for Higgs-boson production via bottom-
—u>(10 GGV)Z is imposed to regulate the infrared singularity as- quark fusion vs the factorization scale far,=100 GeV at the
sociated with soft-gluon emission. Tevatron(upper plo} and the LHC(lower ploy. Curves are shown

for leading-order, next-to-leading order, leading-order plus correc-

Let us first focus on the results at the Tevatron, the uppetions of order 1/infy,/my), and leading-order plus corrections of

plot in Fig. 7. The factorization scale covers a wide range?'d€r /In(m/m) and e (m, ).
including the canonical choicger=mj, used in Refs[3,4]
and ug~m/4 advocated in the previous section. The curvenearly canceling the large negative 1AR(m,) correction.
labeled “LO” is the LO cross section calculated with LO However, atur~my/4, theag correction is modest, yielding
parton distribution functionfCTEQG6L1 [27]), which has a modest NLO correction. This again indicates that this is the
significant factorization-scale dependence. The curve labeleglevant factorization scale for this process. The
“LO +1/In" is the partial NLO cross section, including only factorization-scale dependence of the NLO cross section is
the 1/Infn,/m,) correction, calculated with NLO parton dis- reduced in comparison with that of the LO cross section.
tribution functions(CTEQ6M). At ug=m;, this correction is The curve labeled “LG-1/In+1/In?" in Fig. 7 is the par-
large and negative, approximatety70%. However, ajug tial NLO cross sectiofiLO plus 1/Infn,/my) correction plus
~m/4 this correction is small, indicating that this is indeedthe 1/Irf(m,/my) correction from the diagrams in Fig.*2,
the relevant factorization scale for this process. which is part of the next-to-next-to-leading-ordédNLO)

The curve labeled “NLO” in Fig. 7 is the full NLO cross
section, including both the 1/Ing,/my,) correction and therg
correction, calculated with NLO parton distribution func- “The correction frongg— bbh is negligible in comparison with
tions. At ug=m,, the ag correction is large and positive, that fromgg— bbh.
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TABLE I. Leading-order(LO) and next-to-leading-ordefNLO) cross sectiongpb) for Higgs-boson

production via bottom-quark fusion at the Tevatrou‘é(: 1.8 TeVpp). The LO cross sections are computed
using CTEQ6L1 parton distribution functiof27] and 1-loop evolution of the bottom-quark Yukawa cou-
pling, yp(r). The NLO cross sections are computed using CTEQEM parton distribution functions and
2-loop evolution of the Yukawa coupling anes(ug). The four sources of uncertainty in the NLO cross
sections are also listed. The factorization scalgds- m,/4, and is varied between-=m,/8 (upper uncer-

tainty) and ug=m,/2 (lower uncertainty. The renormalization scale igg=m;,, and is varied between
Mr=Mmy/2 (upper uncertainfyand u-=2m, (lower uncertainty. The uncertainty in the Yukawa coupling
stems from the uncertainty in themass,m,=4.24+0.11 GeV. The final uncertainty is due to the uncer-
tainty in the parton distribution functions. These four uncertainties are combined in quadrature and reported
as an absolute uncertainty in the NLO cross section. The combined uncertainty in the LO cross section is also

given.

m,, (GeV) oo (pb) ano (PD) danLo(Ope , R, Y, PDP (%)
60 8.247[43x 1072 1.13"33%x 1071 [3+5.1+6.47%1
70 48973831072 6.547 181x 1072 T8+ 47+6.4773
80 2.99718%< 1072 3.927991% 1072 122+4.4+6.47 8%
920 1.87° 1% 1072 24373231072 T84+ 43+6.4719
100 1.2175059%x 1072 1.557533x 1072 ¥4+ 41+6.4712
105 9.757 280 1073 1.257931x 1072 18+4.0+6.4713
110 7.927380x10°° 1.027525x 1072 T13+3.9+6.4713
115 6.48"239x10°° 8.28" 18x 1073 T12+38+6.4715
120 5.327331x 1073 6.79°151x 1072 T2+ 37+6.4718
125 4.38°359x 1073 5.60" 126x 1073 TUiv36+6.47 1
130 3.63" 1391073 463" 581073 18+36+6.4718
140 25271001072 3.22+0%% 1073 1904344642
150 1.77:379 1073 2277381073 180+3.3+6.472
160 1.26108%x 1073 1.627530x 1072 L12+32+6.4"2%
180 6.59" 285 1074 8.617%75x10°* 139+3.0+6.4739
200 3.5871%3x 1074 4767 118x 1074 Lo+ 28+6.47 30
250 8.78" 3811075 1.2479%3x 1074 3%+26+6.47%
300 2457185 10°° 3.767 239 10°° 12942.4+6.475
400 2417255 10°° 456" 58x10°° [21+2.2+6.47 1%

correction> This NNLO correction is smallest ajr  tron (both S=1.8 and 1.96 TeYand the LHC, usingup
~my/4, again indicating that this is the relevant factorization=m, /4. These cross sections differ from those of RE34]
scale for this process. This is significant because while it isn part due to the improved choice of factorization scale, and
always possible to find a factorization scale such that theyso in part due to a bug in the CTEQ428] computer code
NLO correction is small, it is not guaranteed that this samenat affected the gluon ank distribution functions used in
scale will _yielq a small .NNLO correction,. l_mless there is aipat paper. Since there is some ambiguity in defining the
good motivation for this scale. We anticipate that a full oo|jinear region, we vary the factorization scale between
NNLO caIcuIat_lon_wHI further support our argument that the yice and one-half its central value, and consider this an
relevant factorization scale for this procesqus= My/4. . uncertainty in our calculation. This corresponds to the first
tati-\r/ ZE/rgi?‘::illt;rattotrlﬁol_sgca’_tﬂt]ﬁelOTY\é ?/;?rlg:]'nv\[;égézg'jfég ?#&tl:;auncertainty listed in Tables I-Ill. We also vary the renormal-
previous section that the relevant factorization scale for this'éZ :ég): dSSr?chr?:itr\:\tljeinm#ib?gs Izirllrl’ _?Rg rlJer?(gar:tgi]:]S'[yaiss t?gn_
%)_rho; szs;tiztl tNhEOLCHrSSISS Sﬂgﬂ{g Iglr:g Iﬂﬁgﬁ;{?i;ﬁ\égmn'siderably less than that associated with the factorization
tion] crosses the LO cross section at a slightly higher factor—scale'

ization scale at the LHC than at the Tevatron, consistent with 1 Neré are two additional sources of uncertainty in our
this argument. calculation. The uncertainty in thé-quark MS mass,

We present in Tables I-IIl the NLO cross sections forMp(My)=4.24=0.11 [29], yields an uncertainty in the
Higgs-boson production via bottom-quark fusion at the Teva-Yukawa coupling(evaluated ajug=my). This corresponds
to the third uncertainty in Tables I-lll, which is the same for

all Higgs-boson masses and machine energies. The fourth
SWe calculated this curve with NLO parton distribution functions uncertainty corresponds to the uncertainty in the parton dis-
since NNLO parton distribution functions are not yet available.  tribution functions, which we evaluated using the method
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TABLE Il. Same as Table I, but fo/S=1.96 TeV.

my, (GeV)

oo (pb)

anLo (pb)

Sono(Oue ,ug, 8y, PDP (%)

60

70

80

90

100
105
110
115
120
125
130
140
150
160
180
200
250
300
400
500

9.977 323102
6.00533x 1072
3.71°53x 102
2.357133x 1072
1.53'545x 1072
1.24*589% 1072
1.027521x 1072
8.36734ex 1078
6.907392x 1073
5.727542x10°°
4,761 1073
3.347135x10 3
2.37739%x 1073
1.701555¢ 1073
9.10°3¥x 1074
5.057 739 104
1.301582x 1074
3.837 730 10°°
4.217388<10°°
5.627129x 1077

1.3973ex 10t
8.13"297x 1072
4,92"133x 1072
3.087085x 1072
1.987375x 102
1.617532x10°2
1.317937x 1072
1.0815:22x 1072
8.877184x 1073
7.347132x 1073
6.117132< 1072
4.28"531x 103
3.047313x 1073
2197351073
1.18'538x 1072
6.667 235X 104
1.811508x 1074
5.697332x10°°
748758 10°°
1.237358¢ 1076

131+5.2+6.4725
[ 2+4.8+6.4785
T284+45+6.4777
Tra4+6.4792
¥+ 41+6.4" 1
T Bra1+6.4"1
T8+ 4.0+6.4712
TB+39+6.47 13
112+38+6.4" 1%
H+37+6.4713
H+37+6.4718
133+35+6.4718
(83+34+6.472%
L19+3.3+6.47%
182+31+6.4728
135+2.9+6.473
13840 746478
129+25+6.47 3
[28+00+6.4% %

—-24 +134
(2421464713

TABLE lIl. Same as Table I, but for the LHC\{S=14 TeV pp).

my, (GeV)

oo (ph)

anLo (Pb)

Sono(Oue ,ug, 0y, PDP (%)

60
70
80
90
100
105
110
115
120
125
130
140
150
160
180
200
250
300
400
500
600
700
800
900
1000

28713510

2.04728x 1P

1.48" 133 1P

1.097 38 1P

8.20" 3{Ix 107!
7.157538%107¢
6.26732x 107 ?
5.50" 343< 107!
4857592101
4.29"252x107*
3.817 %43 107?
3.03" 15 107?
2.447122¢107t
1.98"390x 1071
1347598107t
9.317377x 102
4.197193< 1072
2111589102
6.667157x 1073
2567 525x 1073
1.13"334x 1072
5.42" 1 1Ex 107
2.807039< 1074
1.53733x 104
8.737232x10°°

4.69' 512 10°

3.23" 99 1P

229" 58x 10

1.65733x 1P

1.227338x 1P

1.06"332< 10°

9.197 383 10°?
8.047152x 107!
7.05°13x10°?
6.217135<10° ¢
5.48" 9351071
4.3270x 107t
3.457 32 10°!
2.78'54%x< 107!
1.867035x10°*
1.29" 511071
5.697 3851072
283733102
8.81759x 103
3.37°95%x10°3
1.47151x 1073
7.121332x 104
3.697350x 1074
2.03733x 104
1.171333< 104

149+6.8+6.4759
139+6.3+6.4757
T+ 58+6.4722
1 39+56+6.4739
1%+ 54+6.47 %7
1 ®+53+6.47¢8
T8+52+6.4728
122+51+6.47 4%
L +5.0:6.4" 23
120+4.9+6.4743
TR+ 49+6.4708
T Bra7+6.47 01
¥+ 46+6.4729
v 45+6.4739
Br40+6.4738
T2+41+6.4737
189+3.8+6.4737
L71+3.6+6.4733
[e9+33+6.4739
136+31+6.4752
128+2.9+6.4"88
123+28+6.471
(A0 7+6.47 1
133426+6.4715
(32425464712
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TABLE IV. Cross sections(fb) for bb—h at NLO andgg =100 GeV at the Tevatron, and compare with our NLO cal-
—bbh at LO form,=100 GeV at the Tevatron, for two choices of culation of bb—h. The results are listed in Table V. The
the common factorization and renormalization scales. The final colprder of magnitude difference between our NLO calculation

umn gives the ratio of the cross sections. The ratio is nearly and 99— bbh when the scale isn, is reduced to about a
order of magnitude fop = pg=my , butis only abouta factor of - ¢, 1 "¢ 5 for scales close tm, /4. A factor of 2 can easily
2 for pe= pr=my/4. be accounted for by the fact that our calculation sums collin-

. bR — ear logarithms to all orders, whilgg— bbh produces only
Scales o(bb=h)  o(gg—bbh) a{bb—h) the LO collinear logarithm. This solves the second puzzle
o(gg—bbh) listed in the Introduction.
It is the desire to sum collinear logarithms that leads one
HE= MR= My 26.6 fb 31fb 8.5 to usebb— h as the LO subprocess for the inclusive produc-
ME= HR=Mp/4 20.8 fb 9.2fb 23 tion of the Higgs boson. The corrections are of order

1/In(m,/m,) andag, and we have seen that they are modest
described in Refs[27,30. The four sources of uncertainty for the appro_priate choice of factorization scale. If one were
are combined in quadrature and reported as an absolute ut® usegg—bbh as the LO subprocess, the expansion param-
certainty on the NLO cross section. The same exercise igter would beagn(m,/m,), and perturbation theory would
performed for the LO cross section, where we report only théde poorly behaved. Our calculation gives the most accurate
combined uncertainty. and reliable cross section for the inclusive production of the
Higgs boson because it sums these collinear logarithms to all
orders.

It is suggested in Refd.32,33 that the calculation of

The first puzzle listed in Sec. | is solved by choosing thebb—h may overestimate the inclusive cross section, due to
factorization scale appropriately. As we showed in the previcrude approximations inherent in the kinematics, which give
ous section, forug~m,/4, the 1/Infn,/my) correction is rise to large bottom-quark mass and phase-space effects.
small and theag correction is modest. Thus perturbation However, the ACOT formalisni22—24 makes no approxi-
theory in each expansion parameter individually is well be-mations in either the kinematics or themass; we main-
haved. Furthermore, we evaluated the %fim/m,) correc- tained the effect of thé mass exactly. We find no evidence
tion as well, and found that it is vanishingly small at the for any inconsistency in the ACOT formalism. Rather, we
relevant factorization scale, providing further evidence thafind that the LO calculation o g— bbh, integrated over the
the perturbative series in 1/m{/m,) is well behaved. This momenta of the final-state particles, underestimates the in-
series terminates at this order, while the serieadrextends  clusive cross section when the factorization and renormaliza-
to all orders[3,31]. tion scales are chosen to bg, .
The second puzzle is also solved by a consideration of the

choice of scales, both factorization and renormalization. In
Refs.[3,4,20, all scales were chosen to be the Higgs-boson V. CONCLUSIONS

mass,ug = r=My. The NLO cross section at the Tevatron \ye haye revisited the next-to-leading-ordBiLO) calcu-
is nearly a factor of ten greater than that obtained by Calc”ration of Higgs-boson production via bottom-quark fusion

lating gg—bbh and integrating over the momenta of the 5nq solved the two puzzles associated with that calculation
final-state particles. However, this factor is much less a3 4] we showed that the appropriate factorization scale for
lower scales, mostly because the cross section gor  ihis process igur~m,/4, rather tham,,, as had been pre-
—bbh is very scale dependent, and increases significantly &fjoysly assumed. This greatly improves the convergence of
lower scales. In contrast, the NLO cross sectionldbr—h the perturbation series, which was mediocre for=m;.
has mild scale dependence, and decreases by only about 25%e resulting cross section has mild factorization-scale de-
for up~my/4. pendence, and small renormalization-scale dependence. It is
We have established that the relevant factorization scalghe most reliable calculation of the inclusive cross section for
for bb—his ug~my/4. Itis likely that the relevant factor- Higgs-boson production in association whiguarks.
ization scale fogg— bbh is also much less thamy,, as well To support our arguments, we calculated one of the next-
as the renormalization scale ofs. We have made no at- to-next-to-leadingNNLO) corrections(associated with the
tempt to establish the relevant renormalization scale for theliagrams in Fig. 2 and showed that it is vanishingly small
Yukawa coupling inbb—h, and we have found that our for ur~my/4. The ingredients exist to calculate the full
NLO calculation is insensitive to this scale. However, theNNLO cross section, using the results from R€ff8,34].
size of theag correction is less for smaller renormalization This should yield a cross section with small factorization-
scales, which suggests that the relevant renormalization scaséed renormalization-scale dependence. It will also provide
may be less tham,,. Let us adopt this ansatz, although we an additional check of our choice of factorization scale.
do not have a rigorous justification for it, in contrast to our The other puzzle we solved also involves the choice of
derivation of the factorization scale. scales, both factorization and renormalization. The inclusive
As a specific example, we evaluate the cross section focross section for Higgs-boson production in association with
gg—bbh with ug=ug=m, and ug=ug=my/4 for my bottom quarks may be approximated kg—bbh, inte-

IV. DISCUSSION
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grated over the momenta of the final-state particles. ThifHiggs boson accompanied by two high-b quarks is ob-

yields a result an order of magnitude less than the Nanined at LO from the subprocessgg anth (Fig. 2
calculation ofbb—h. However, this result is very scale de- rhis hrocess has been calculated only at LO thus far, but the
pendeljt, since it is based on a Ieadlng-order.calculatlor]ngrediems exist to provide the NLO cross sectidf—39.
Choosing scales of orden,/4 rather thammy,, we find that  ajthough this process has been the most studied, it is likely
the cross section is comparable to thabbf—h (see Table  thatbg—bh is the more promising, due to its larger cross
IV). The NLO calculation oyg—bbh might support these  section. The inclusive cross sectidrh— h, obtained in this
observations. However, that calculation is not as accurate gsaper, is useful when the Higgs boson can be identified
one based obb—h for m,>m,, since the latter sums col- above backgrounds without the need to beguarks, such as
linear logarithms to all orders in perturbation theory. h— 77", u* . It has the advantage of having the largest

Let us review the existing calculations of Higgs-bosoncross section, since it is inclusive of the other two processes.
production in association with bottom quarks. The relevant

calculation depends upon the final state that is desired. For
the inclusive cross section, the relevant leading-o(te€y)
subprocess ibb—h (Fig. 1). The NLO cross section was We are grateful for conversations and correspondence
calculated in Refd.3,4] and updated in this paper. The crosswith E. Braaten, A. Connolly, D. Froidevaux, T. Junk, P.
section for the production of the Higgs boson accompanied.epage, P. Mackenzie, and E. Richter-Was. F.M. warmly
by one high-transverse-momentumy} bottom quark is ob- thanks the Department of Physics of the “Terza Univerdita
tained at LO from the subprocebg—bh (Fig. 3), whichis  Roma” for the kind hospitality and support. This work was
calculated at NLO in Ref[7]. This process is particularly supported in part by the U.S. Department of Energy under
promising due to the ability to tag the quark in the final Contracts Nos. DE-FG02-91ER40677 and DE-ACO02-
state. Finally, the cross section for the production of thez6CH03000.
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