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Higgs-boson production in association with bottom quarks at next-to-leading order
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We argue that the leading-order subprocess for Higgs-boson production in association with bottom quarks is
bb—H. This process is an important source of Higgs bosons with enhanced Yukawa coupling to bottom
quarks. We calculate the corrections to this cross section at next-to-leading-ordernm, Itig and « and at
next-to-next-to-leading order in 1/im(; /m,). [S0556-282(99)06609-6

PACS numbes): 14.80.Bn, 12.38.Bx, 13.85.Lg, 13.87.Ce

I. INTRODUCTION for Higgs-boson production in association with bottom
quarks, integrated over the momenta of thguarks. It is
The standard-model Higgs boson has a very wealappropriate to use our results to normalize the inclusive cross

Yukawa coupling to bottom quarks, proportional g, /v, section from a shower Monte Carlo program, SuckesHIA
wherev~246 GeV is the vacuum-expectation value of theg; perwig, which usesbb—H as the hard-scattering
Higgs field. Therefore,.the Cross sgction for. the production Ofsubprocesé.
the standard—model Higgs boson in association with bottom  Tha remainder of this paper is organized as follows. In
quarks is relatively small at the Fermilab Tevatidd and  go. || e explain how to properly count the order of the

the CERN Large Hadron Collidét HC) [2], in comparison various contributions to Higgs-boson production in associa-

with other Higgs-boson production cross sections. However, ;
if the bottom-quark Yukawa coupling is enhanced, this pro-ﬂon with heavy quarks. In Sec. Ill we perform the calcula

duction mechanism can be a significant source of Higggon of the 1/infny/mg) and 1/"?.(”]'*/%) corrections. In
bosons[2]. Such an enhancement occurs, for example, in ec. I\( we calculate theg correction. In Sec. V we present
two-Higgs-doublet model for large values of {8F v, /v;, numerical results at the Tevatron and the LHC.

where v, , are the vacuum-expectation values of the two

Higgs fields. A value as large as tBr=m,/m,, is obtained in

the simplest version of an §M0) grand-unified theory. The Il. COUNTING ORDERS

Higgs boson may be detected via its decay ta~ [3-5] or

EE'C[:5—8] atthe LHC and the Tevatron, apd" s~ [9] at the In this section we explain how to count the order of the

various contributions to Higgs-boson production in associa-

In this paper we calculate the cross section for Higgstion with hea uarks. This counting is a generalization, to
boson production in association with bottom quarks at next: avy q : INg IS a ge X
Qe case with two heavy quarks in the initial state, of the

Fo-lefdmg order. We "?“9_“6 that the I_eac_hng_-order Sl%bpr_oce%:ounting developed in Refl12] for a subprocess with one
is bb—H, where the initialb-quark distribution function is

) heavy quark in the initial stateqp—qt). The underlying
calculated 10,11. We show that the subprocegb—Hb is  ;oncents for the organization of the calculation were devel-

a correction to the leading-order su@rocess of Ordebped in Refs[10,11].

1/In(m,/my), and that the subprocegg— bbH is a correc- The actual physical subprocess for Higgs-boson produc-
tion of order 1/If(my/my). We calculate both of these cor- tion in association with heavy quarks Gg— QQH, shown
rections, and confirm the calculation performed by two of us, Fig. 1. Imagine that the heavy quark is very light com-
ten years ag¢2]. Our new contribution to this part of the pared with the Higgs-boson. When the initial gluon splits

calcu]auon is a proper understanding of the relative order oInto a nearly coIIineaQapair, the amplitude is enhanced by
the different subprocesses. ) o
) o — ) the propagator of the internal heavy quark, which is nearly
Once we properly identifyjob—H as the leading-order n ghell. Integrating over the phase space of the external
subprocess, it is straightforward to calculate the order heavy quark yields a factor of In,/my), so the splitting of

correction from the emission of virtual and real gluons. Thisa luon into 200 pair is intrinsically of order In(m, /my)
calculation is performed here for the first time. We thus ob- 9 P I y J€lasIN(My My
(for my>mg). Such a splitting occurs twice in each of the

tain the cross section for Higgs-boson production in associafirst wo diaarams of Fia. 1. once in each of the next four
tion with bottom quarks at next-to-leading order in beth 9 9- 4

and 1/Infny/my), as well as at next-to-next-to-leading order

in 1/In(my/my,). Our calculation is valid for both scalar and

pseudoscalar Higgs bosons. TpyTHIA andHERWIG Use backwards evolution of the initial-state
Our calculation corresponds to the inclusive cross sectiorlistribution functions to give the initiag— bb splitting.

A. LIn(my /mg) correction

0556-2821/99/5®)/0940169)/$15.00 59 094016-1 ©1999 The American Physical Society



DICUS, STELZER, SULLIVAN, AND WILLENBROCK

PHYSICAL REVIEW D59 094016

0 0 Q
g"{r‘n‘u’u’é’d’o‘ g(%& g@ Q g"ﬁm é
,,,,, H+ g . ——H >—H + --—--H - >—H
~ & % —_ — —
g GOG6660 g Q Q Q
0 0 b
" H (@) (b) ©
PR 0 g 8 0 fIG. 2. Feylmangiagrams féa) the leading-order subprocess
+ + g;@ QQ—H; (b g(g-;HQ (there is also ars-channel diagram, not
g “ow 7] g‘é’ h 7] shown); and(c) QQ—H, where the heavy-quark distribution func-
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whereg is the gluon distribution function, and the DGLAP
splitting function is given by

FIG. 1. Feynman diagrams fgrg— QQH.

diagrams’ and not at all in the final two diagrams.
Another power of this logarithm appears at every order in
perturbation theory, via the emission of a collinear gluonAfter the cancellation of the logarithm, the sum of the sub-

fr.om the nearly pn—shell quark propa}gator. Thus the expanbrocesses in Figs(B) and Zc) is of ordera, times the order
sion parameter igvgIn(my/mg), and since the logarithm is

e of the other heavy-quark distribution function, i.e., of order
large, the convergence of the expansion is degraded.

The convergence of the expansion is improved by sum—asln(mH /mg). This is down by one power of Int;/mg) with

ming these collinear logarithms to all orders in perturbationreSpeCtF o t?e IgadT/?-orc/jer subprocess, Hg), 20 it is a
theory[10,11]. This is achieved by introducing @heoreti- correction 0 .or er 1/ /mg). — o

cally defined heavy-quark distribution functionQ(x,u), Now consider the subprocegg— QQH, shown in Fig.

and using the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi 3(&. This subprocess gives rise to a factor ofnin(mg)
(DGLAP) equations to sum the collinear logarithms. Thewhen either gluon splits into a nearly-colline®@Q pair.
heavy-quark distribution function is intrinsically of order Since these collinear logarithms have been summed into the
agdn(my/mg), since it arises from the splitting of a gluon into heavy-quark distribution functions, they must be subtracted.

a nearly collineaQQ pair[12].
Once a heavy-quark distribution function is introduced, it

qu(z):%[zz—}—(l—z)z]_ (2)

Q

changes the way perturbation theory is ordered. The leading- g e 0
order subprocess iQQ—H, as shown in Fig. @. ltis > H - > H
intrinsically of ordera2In?(m, Img), since each heavy-quark g e g ot
distribution function is of ordetrgIn(m,/mg). (There is also
a factor of the heavy-quark Yukawa coupling, which we sup- Q Q
press throughout this discussipn. (@ _ (®)

Consider next the subproceg®—HQ (and related sub- 0 -
processes shown in Fig. 2b). This subprocess gives rise to 8 "o o
a factor of Infn,/mg) from the region where the gluon splits - > H + > ————— H
into a nearly collinea@Q pair. However, this logarithm has 5 5
been summed into the heavy-quark distribution function in © @

Fig. 2(a), so it must be removed. This is achieved by sub-
tracting the diagram in Fig. (), which corresponds to the FIG. 3. Feynman diagrams f¢8) gg— QQH (the complete set
subprocesQ—H, but with the heavy-quark distribution ot giagrams is shown in Fig.)1(b),(c) Og—QH and gQ—HQ

(there are als@-channel diagrams, not shoyyrand (d) Qa—>H,

. where the heavy-quark distribution functi@his given by the per-
2In the middle four diagrams, one gluon splits int®& pair, the  turbative solution to the DGLAP equations. These diagrams to-

other into QQH. Only the former gives rise to a factor of gether constitute the 1A(m,/my) correction to the leading-order
In(my /mg). subproces®Q—H.
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FIG. 4. Feynman diagrams féa) the virtual-gluon correction to

QQ—H; (b) QQ— I—~|g; and (c) (56—>H, where the heavy-quark +g®aéaﬂHa® 6—6@ O'OQGHH‘@a

distribution functionQ is given by the perturbative solution to the

DGII_AP equations: These diagrams together constitutextheor- + 6@) U(%gﬂaH ®g— 6@, U%QﬂH(X)’Q

rection to the leading-order subprocé3Q—H. 4)
. N _ 2 =

This is shown in Figs. ®)—3(d): each of the two collinear T 1In2(m, /mQ)=9®Ugg_,Q5H®9—Q® UégHQH(X)g

regions must be subtracted, but we must also add back the L=

double-collinear regiofFig. 3(d)], which is subtracted twice —g® aéQﬂHQ(@ Q-0 05g—an®9

[Figs. 3b) and 3c)]. Once the logarithms have been can- - _

celled, the sum of the subprocesses in Fig. 3 is of oaier —g® Uéaﬂ@@@* Q® UgaﬂH@)Q

This is down by two powers of Inf, /mg) with respect to the - 5

leading-order subprocess, Figiag so it is a correction of tQ®050 4®0Q (5)

order 1/Irf(my/my).

Thus we see that Higgs-boson production in associatiowhere Q is the heavy-quark distribution functio is the
with heavy quarks contains terms of relative order unity,perturbative heavy-quark distribution functipg. (1)], g is
1/In(my /mg), and 1/Ir?(mH/mQ), depending on whether the the gluon distribution function, and they are convolved with
initial state contains two, one, or zero heavy quarks, respedhe various subprocess cross sections in the usual (Tag.
tively. These are the only powers of 14n(/mg) that ap-  parton distribution function written before the subprocess
pear, to all orders in perturbation thedni2]. cross section is from hadron A, the one written after from

hadron B, and the superscripts on the subprocess cross sec-
tions denote the power afg). This formula implements the

B. a, correction discussion in Sec. Il on the proper way to count the order of
the contributions to Higgs-boson production in association

Now consider the correction to the leading-order subprowith heavy quarks.One can check that the sum of these
cessQQ—H [Fig. 2a)], from virtual- and real-gluon emis- equations is equivalent to E¢b) of Ref.[2], although the
sion, shown in Fig. 4. Since these diagrams contain tw@roper way to count orders was not known at that time.
heavy quarks in the initial state, they are of order For the calculation of the 1/In§;/mg) correction(and
aln’(my/my), i.e., down by one power ok from the  also theas correction, it is more convenient to regulate the
leading-order subprocess. collinear divergence with dimensional regularizatiphi]

There is a factor of Inty;/mg) associated with the emis- rather than with a finite heavy-quark md49]. The former
sion of a collinear gluon from a heavy qudifig. 4b)], and  is accurate up to powers @fiz/my, which is small in the
this is handled in a similar manner to the collinear logarithmregion of validity of our calculationmg<my, . We perform
associated with a gluon splitting toQ@Q pair. The collinear the calculation of the 1/Imf,/mg) correction both ways,
logarithm is summed, to all orders in perturbation theory@nalytically in the case of dimensional regularization and
into the heavy-quark distribution function, and the collinearnumerically in the case of a finite heavy-quark mass, and find
region is then explicitly removed by subtracting the subpro-2greement. The calculation of the Em, /mg) correction is

cessQ6—>H [Fig. 4c)], with the heavy-quark distribution only done numerically, using a finite heavy-quark mass.

function given by the perturbative solution to the DGLAP We  now descrl_be ‘h‘? analytlc _caIcuIatlon .Of _the
1/In(my/mg) correction using dimensional regularization.

equation for a gluon radiated from a heavy quark. After th L :
cancellation of the collinear logarithms, the sum of Figk) 4 e‘l’he calculation is S|.m_|llar to the QCI?‘ correcpon to the Drell-
Yan process from initial gluongl3],* but with the vector

and 4c) [as well as Fig. )] is a correction of ordetrg to
. — current replaced by a scalar current.
the leading-order subproce@Q—H. The spin- and color-averaged cross section for the
leading-order subproce€3Q—H is
lll. THE 1/In (my /mQ) CORRECTION

The leading-order hadronic cross section for Higgs-boson 3The next-to-next-to-leading-order formula, E§), not only sub-
production in association with heavy quarks, thetractsthe double-collinear region, as described in Sec. Il A, but also
1/In(my /mg) correction, and the 1/fmy, /mg) correction are  subtracts the single-collinear regions.
obtained from the equations “For a pedagogical treatment, see Ré#].
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wherez=m?/s. The calculation is performed iIN=4—2¢

dimensionsy is the ‘t Hooft mass, which is introduced such
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IV. THE a3 CORRECTION

The calculation of thexg correction toQQ—H is also
similar to the correction to the Drell-Yan procefsk3,14].
However, there is an additional feature: the ultraviolet renor-
malization of the Yukawa couplinffl5]. The electroweak

coupling is not renormalized in the Drell-Yan process due to
a Ward identity which cancels the ultraviolet divergence.
The interference of the one-loop vertex correction in Fig.

that the renormalized Yukawa coupling is dimensionless in
N dimensions. We use the modified minimal subtraction®
(MS) scheme to subtract ultravioléand collineay diver- 4(a) with the tree diagram in Fig.(3) yields the spin- and

gences, san(u) is the heavy-quarkNIS) mass. color-averaged cross section
The spin- and color-averaged cross section for the subpro-

cessgQ—HQ is

52
I Lot
m’(u) .1 1 I(1-e)
Tg0-HO= 12 02 Mg qu(z){‘;r(l—ze) as I'(1—e)
m2 (1-2)2 X| e mﬁ) ['(1-2¢)
+In(— )
4 z 2 272
) x| -5 (10
+3(1-2)(72-3) @

(Cg=4/3) which includes both the leading-order and next-
wherez=m?/s. The collinear divergence manifests itself asto-leading-order terms. The Yukawa coupling has been
a pole ate=0. The ‘t Hooft mass accompanies both therenormalized in theMS scheme, which yields the counter-
renormalized strong coupling and Yukawa coupling, whichterm[15]
are defined to be dimensionlessNndimensions.

The perturbative heavy-quark distribution function that m( @) sm\
subtracts the collinear region in dimensional regularization is =—puc 1- —=|QQH, (11
v m
f dy X 1 "
Qx,u)= ")y g(y |z~ ytindm where
8 _
N m_c as3(l +In4 ) 12
This is the analogue of E@l), in which the collinear diver- m  Fanle yrinam|. (12

gence is regularized by a finite heavy-quark mass. Either
distribution function can be used in E@), and both yield  1he ¢ross section displays both a collinearejland an in-
the cross section in théS scheme. Using dimensional regu- frared (1£?) divergence.

larization, the first line of Eq(4) yields the cross section The emission of a real gluo(rQ6—>Hg) yields the spin-

and color-averaged cross section

p=t LT PR (m_a(l_z>2)
9Q—HQ™ 12 02 qg Mz Z . _ a ZEmZ(M) E 4_77 € T(1—e)
. 7eq-He” VF12M T2 5| 2 | T(1-2¢)
+Z(1_Z)(7Z_3) . (9)
2 2 1+7° )

o . . x| 581-2)-— 7——-2(1 +z)1
This is just Eq.(7) with the term proportional to (&~ y € €e(1-2), z
+Ind4m) removed by renormalization, and the limit—0 in( )
taken. The remaining terms in the 1hm{/my) correction o (IN(1—-2 _

[lines 2—4 of Eq(4)] yield the same expression. +4(1+79 ++2(1 2)|, (13

The UIrf(my Img) correction, Eq.(5), can also be calcu-
lated anallytlcglly. using dimensional regulanzqtlon. How—Wherez mﬁ/é, and the “plus” prescription is defined as
ever, we find it simpler to perform the calculation numeri-

usual:
cally, using a finite heavy-quark mass. The perturbative
heavy-quark distribution function that subtracts the collinear
region is given by Eq(1), andmg is kept finite throughout
the calculation.

1 1
fo d4f(2)]+h(2)= fo dz f(z)[h(2)-h(D]. (14
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TABLE I. Leading-order and next-to-leading-order cross section@hijy for Higgs-boson production in association with bottom quarks

at the Tevatron (fS= 1.8 and 2 TeVpp) and the LHC (\/§= 14 TeV pp). The next-to-leading-order cross section is the sum of the

leading-order cross section and the Ifig(m,) anda, corrections. All calculations are performed in & scheme using CTEQ4M parton

distribution functions withu = w,y=my . The method to obtain the uncertainty in the next-to-leading-order cross section is described in the

text.

JS=1.8 TeV pp JS=2 TeV pp VS=14 TeV pp
my(GeV) LO NLO (pb) LO NLO (pb) LO NLO (pb)
40 12.30 7.454.17 x 107! 15.10 9.36:5.19 x 1071 3.16 2.16:1.03 X 10
60 2.71 1.99:0.85 X101 3.41 2.56:1.07 x 1071 9.94 7.52:2.98 x 10°
80 8.23 6.522.41 X102 10.70 8.52-3.13 X 1072 412 3.33:1.16 x 10°
100 3.05 2.56:0.86 X102 4.05 3.38-1.12 X102 2.01 1.690.54 x10°
120 1.28 1.1%0.35 X102 1.74 1.51%+0.47 X102 11.00 9.552.92 X101
140 5.90 5.281.57 X103 8.22 7.332.17 x 1072 6.47 5.76-1.68 X101
160 2.91 2.670.75 X102 4.15 3.7%-1.07 x 1078 4.02 3.61-1.01 X101
180 1.51 1.420.39 X103 2.21 2.06-0.56 x 1078 2.63 2.39%-0.65 X101
200 8.21 7.832.49 X104 1.23 1.170.31 x 1072 1.78 1.65-0.43 X101
250 2.04 2.03:0.61 x 1074 3.24 3.19-0.97 X104 7.66 7.231.79 X102
300 5.84 6.0%1.75 X107 0.98 1.06:0.29 X104 3.74 3.58-0.85 X102
400 6.10 6.672.36 X108 1.17 1.25-0.35 X105 1.15 1.14:0.26 X102
500 7.70 8.863.05 X107 1.70 1.93-0.67 X106 4.34 4.34-0.92 X103
600 1.07 1.290.80 X107 2.75 3.25-1.10 X107 1.90 1.93-0.40 X103
700 1.54 1.9%1.21 X108 4.72 5.83-3.60 x 1078 9.21 9.44r1.89 X104
800 2.28 3.081.90 x107° 0.83 1.08-0.66 x 1078 4.79 4.970.98 X104
900 3.42 4.8%3.00 x 10710 1.49 2.0 1.24 x107° 2.64 2.770.54 X104
1000 5.18 7.824.81 x10" 1 2.70 3.85-2.37 X 10710 1.52 1.60:0.31 X104
Wh_en' combined With.the cross section from virtual-gluon_l - - EZ(M) 1
emission, Eq(10), the infrared divergences cancel. The col- aQ5ﬂH+ T00-He— G 2 2
linear divergence is subtracted by constructing the combina- vt S
tion 2
ag my
B 1 — — ><{5(1—z)+—qu(z)ln—2
UQS_Q®UQ6—>H®Q+Q®06Q—>H®Q T m
+Q®o-~ . ®Q—-0®0°= ,.®Q as[ w? m§
QQ—Hg QQ—H +Cr=—|| -2+ ——-3In—
o - — 27 3 w?
_Q®UQ6HH®Q+Q®06QHHg®Q nz
- _ _ o\ 2y 2
_Q®U%QHH®Q_Q®U%Q~>H®Q’ (15) X&(l-2)—-2(1+z )1_Z+4(1+z)
which is the analogue, for virtual- and real-gluon emission, X(In(l—z)) +2(1-2) J (18)
of Eq. (4). The perturbative heavy-quark distribution func- 1- . ’

tion in Eq. (15) is given by

which is the sum of Eqs(10) and (13), with the term pro-
portional to (1£—y+In4m) removed by renormalization,
and the limite—0 taken.

Since the derivation of Eq18) involves the removal of
both collinear and ultraviolet divergences, there are actually
two independent scalesu] present. To make this explicit,
consider the leading-order running of the heavy-quark mass
and the strong couplinpl5]:

~ ag (1dy X 1
Q(x,;u)=— EL 7 qu(y) Q(y,,u)(; — v+ In477) ,
(16)

where

Z2

1 3
qu(Z)ZCF(ﬁ'FEb‘(l—Z) , (17

is the DGLAP splitting function for a quark radiating a
gluon. The sum of virtual- and real-gluon emission, after the
subtraction of the collinear divergence, is

o 1Bg
s ,“) ) , (19)

H(M)IE(MO)( o)
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TABLE Il. The two-loop runningb mass at various values of

the renormalization scalgyy, given the initial valueﬁb(Mb)

=4.25 GeV.
ruv(GeV) my(uy) (GeV)
40 3.23
60 3.11
80 3.04
100 2.98
120 2.94
140 2.90
160 2.87
180 2.85
200 2.82
250 2.77
300 2.73
400 2.68
500 2.63
600 2.60
700 2.57
800 2.55
900 2.53
1000 2.51
o

ag(p) olit0) (20)

whereBy= (11— 2N;/3)/4 (see the Appendix for the next-to-
leading-order equation The perturbative expansion of Eq.

(19 at next-to-leading order is

m( ) =m( uo)

) 1+ Bol ars( o)l mlIn(u? uf)’

as
1—CFE3|H "

. (21

2
M

2

0

Using Eq.(21) to replacem(ux) with m(uyy) in Eq. (18)

yields our final expression for the correction from virtual-

and real-gluon emission,

_1_
TQQ—H

—
+ O'QQ_>

2
_mmi(uyy) 1
i L
m
+—qu(z)ln—2
ds 2 mI2—|
+CF2— -2+ T—3|HT
m Huv

5. Inz 5
X6(1-2)—2(1+z )E+4(1+Z)

.

In(1-2)

1-—

+

+a1—a1k (22)
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FIG. 5. Percentage change in the cross section for Higgs-boson
production in association with bottom quarks from the corrections
of order 1/Infny/my), 1/In(my/my), and a5, as a function of the
Higgs-boson mass, at the Tevatron. The next-to-leading-order
(NLO) correction is the sum of the 1/im(;/m,) and «¢ corrections.

where we now distinguish between the renormalization scale
(myy), associated with the running coupling, and the factor-
ization scale fu), associated with the parton distribution
functions.

V. RESULTS AND CONCLUSIONS

Our numerical results for Higgs-boson production in as-
sociation with bottom quarks at the TevatrofS=1.8 and
2 TeV pp) and the LHC (14 TeVpp) are presented in
Table 1% All cross sections are evaluated with the CTEQ4M
parton distribution functiongl6]. The factorization &) and
renormalization f,\) scales are both set equalrg, . The
runningb mass is evolved from an initial value afi,(My)
=4.25+0.15 GeV[17]° using next-to-leading-order evolu-
tion equations(see the Appendix[18].” The value of the
runningb mass at various values of;y are listed in Table
Il. Using my(my), rather thammy (M) or My, to evaluate
the Yukawa coupling decreases the cross section by about

The contribution frorrqaﬂbEH is negligible at both machines.

M, is the pole mass, which equals 4.64 GeV at one loop. This is
the appropriate value to useﬁ(Mb), since theMS mass givenin
Ref.[17] is obtained from the pole mass at one loop.

"When theb mass appears in the kinematics or the perturbative
heavy-quark distribution functiofEqg. (1)], the CTEQ masg5.0
GeV) should be used.
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FIG. 6. Same as Fig. 5, but at the LHC.
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FIG. 7. Uncertainty in the cross section for Higgs-boson produc-
tion in association with bottom quarks at the Tevatron, obtained by
varying the factorization scalg about its central valueg=my,
from my/2 to 2my .

The 1/rf(my/my) correction is modest, ranging from

50%. We use the standard-model Yukawa coupling, with no+ 20% (+ 17%) for my=40 GeV to+3%(+4%) for my
enhancement factor, throughout. Although there is a lowee=1000 GeV at the TevatrofLHC). This supports our
bound of about 70 GeV on the mass of supersymmetrigounting of the order of the various corrections. Since we
Higgs boson$19], there is no strict lower bound on the mass have not calculated the other next-to-next-to-leading-order
of Higgs bosons in a general two-Higgs-doublet modelcorrections, of ordew? and agX 1/In(m,/my,), we do not

[19,20], so we include the results for a few smaller massesjncjude the 1/IR(my/m,) correction in our final result, given
We show the percentage change in the cross section froff Taple |.

the corrections of order 1/Ing,/my), 1/I¥(my/my), and a,
as a function of the Higgs-boson mass, in FiggT&vatron
and 6 (LHC). We find that the 1/Imty,/m,) correction is
significant and negative at the Tevati@iHC), ranging from
—94%(—86%) for my=40 GeV to —35%(—36%) for

50

my=1000 GeV. The size of this correction is a measure of
the validity of our calculation; as it approaches approxi- o 40

mately —100%, it is no longer justified to regaltb—H as
the leading-order subprocess. Our calculation is increasingly
justified as one increases the Higgs mass, but the & 30
1/In(my/my,) correction is significant even formy
=1000 GeV.

The a4 correction is also significant, and happens to be
positive, such that it largely cancels the 1fip(m,) correc-
tion. The a4 correction ranges from+56% for my
=40 GeV to+78% for my=1000 GeV at the Tevatron. 10
The correction increases as the Higgs-boson mass ag
proaches the machine energy due to the presence of a larg
Sudakov logarithnf21].2 Such an effect is not present at the
much higher-energy LHC, where the correction ranges from 0
+52% formy=40 GeV to+42% formy=1000 GeV.

N’

20

Uncerta,

8We do not attempt to sum the Sudakov logarithm.
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The largest uncertainty in the cross section comes fromsing theMS mass evaluated at the Higgs-boson mass. The
varying the factorization scalg,. We show in Figs. {Teva-  1/In(m,/m,) and as corrections are both large, but have the

tron) and 8(LHC) the percentage change in the cross sectioppposite sign, such that the total next-to-leading-order cor-
from its central value 4=my) due to varyingu between rection is relatively modest.

my/2 and 2ny, while keepinguyy=my fixed. The scale
variatio_n is generall_y Ia_rge_r at next-to-leading_ order than it is ACKNOWLEDGMENTS
at leading orde?,which indicates that the leading-order scale
variation is not a reliable estimate of the uncertainty. The We are grateful for conversations and correspondence
next-to-leading-order uncertainty ranges from abm80%  with M. Krawczyk, M. Oreglia, M. Seymour, and T. Sjos-
for my=100 GeV to about*+8.5%(+13%) for my trand. S. W. thanks the Enrico Fermi Institute for support.
=1000 GeV at the TevatroLHC). This work was supported in part by the U. S. Department of
There is a much smaller uncertainty in the cross sectiofenergy, High Energy Physics Division, under Contract No.
from varying the renormalization scale,y, betweerm,/2 ~ W-31-109-Eng-38 and Grant Nos. DE-FG013-93ER40757
and 2ny, . The next-to-leading-order uncertainty ranges fromand DE-FG02-91ER40677.
about+2.5% formy=100 GeV to aboutt6%(=4%) for
my=1000 GeV at the TevatrofLHC). This is significantly APPENDIX
less than the leading-order uncertainty of abaut1% at ) ) _
both machines. There is also an uncertainty in the cross sec- The next-to-leading-order running of the heavy-quist®
tion of about+ 8% from the uncertainty in the-quark mass. Mass is described by the equatid8|
Since theb-quark parton distribution function arises from vo/Bo
that of the gluon[Eq. (1)], an additional source of uncer- as(pm) ) [1+Asas(p)/m]
tainty is from the gluon-gluon luminosity, which depends on as(mo) [1+Asas(po)lm]’
wmﬁ,/s [22]. We use the uncertainty advocated in Ref.
[22]: +10%(V7<0.1); +20%(0.k \7<0.2); +30%(0.2
<\7<0.3); £60%(0.3<\/7<0.4). We combine all four
sources of uncertainty discussed above in quadrature, and B
report the uncertainty in the next-to-leading-order cross sec- 1=— 1% + n (A2)
) . 2 '
tions in Table I. Bs  PBo
Our calculation can also be applied to Higgs-boson pro-
duction in association with top quark®,23,24. However, it

is only valid formy>m;, wherett—H can be regarded as
leading order andt— Ht can be regarded as a small correc-
tion of order 1/Infn,/m). For my~m,, one must regard 1 ( 38

gg—ttH as the leading-order subprocess. Ehecorrection 1716 102—§Nf)' n=
to this subprocess has not yet been calculated. However, it
has been calculated in the opposite limit to the one we arehereN; is the number of quark flavors of mass less than
considering, namelyn,<m;, (with my,m;<+/s) [25]. (> pg). Foru<m;, N;=5; for u>m;, Ny=6, with the

In summary, we have calculated the cross section forunning mass continuous at=m;. L
Higgs-boson production in association with bottom quarks at The relation between the pole mass and M@ mass at
next-to-leading-order in 1/Infy /m,) and«g, and at next-to- next-to-leading order is
next-to-leading order in 1/Inf, /m,). The most important ef-
fect of the next-to-leading-order corrections is taken into ac-
count by evaluating the bottom-quark Yukawa coupling

E(M>=H<Mo>(

where

1 2
BO:Z 11_§Nf ’ 70211

1
16

202 20
3 9 )

Mq=mg(Mg)

1+CF%S) . (A3)

The next-to-leading-order evolution of the strong cou-
%In these figures, the leading-order cross section is calculated witpling is supplied as a subroutine by CTEGB]. An analytic
leading-order parton distribution functiofi6]. expression can be found in R¢L7].
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