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Higgs-boson production in association with a single bottom quark
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Higgs bosons from an extended Higgs sector, such as a two-Higgs-doublet model, can have greatly enhanced
coupling to the bottom quark. Producing such a Higgs boson in association with a single;Higttom quark
viagb—hb allows for the suppression of backgrounds. Previous studies have inste@g;qﬁ% bbh as the
production mechanism, which is valid only if bothquarks are at higlp;. We calculategb— hb at next-to-
leading order in QCD, and find that it is an order of magnitude larger thgg—bbh at the Fermilab
Tevatron and the CERN Large Hadron Collider. This production mechanism improves the prospects for the
discovery of a Higgs boson with enhanced coupling tolilepiark.
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[. INTRODUCTION gb—hb (Fig. 2) [8,9].2 The presence of a highy bottom
quark in the final state has distinct phenomenological advan-
tages since it can be tagged with reasonably high efficiency.
In the case oh— 7" 77,4 u~ the b quark can be used to
reduce backgrounds and to identify the Higgs-boson produc-
tion mechanisnf5,10,11. The trade-off is that the cross sec-

The Higgs boson couples to fermions with strengifv,
wherev = (\2Gg) “Y?~246 GeV is the vacuum expectation
value of the Higgs field. Its Yukawa coupling to bottom
quarks (,~5 GeV) is thus very weak, leading to very tion for gb—hb, with the b quark at highpy, is less than
small cross sections for associated production of the Higgsh bboh ' ’
boson and bottom quarks at the Fermilab Tevafrbnand that o _’ ' _
the CERN Large Hadron Collidgt.HC) [2]. However, this If the Higgs boson decays via—bb, the presence of an
Yukawa coupling could be considerably enhanced in exten_<'_;1dd|t|onal highpt bottom qu_ark in the final state is essential
sions of the standard model with more than one Higgs doul Order to separate the signal from backgroupti,13.
blet, thereby increasing this production cross seditjnFor ~ Recent analyses are based on the subproggssq— bbh
example, in a two-Higgs-doublet model, the Yukawa cou-(Fig. 3), and demand gfinal state with four jets, with either at
pling of some or all of the Higgs bosonaYH? A% H*) to least thredo tag_s, or Wlth_fourbtags[5,11_,14—1]’. However,
the bottom quark could be enhanced for large values ofhe cross section for this subproqess is less than thgbof
tanB=u,/v,, wherev, is the vacuum expectation value of — NP We therefore suggest that it may be advantageous to
the Higgs doublet that couples to the bottom quark. search forh—bb by demanding just three jets in the final

The dominant subprocess for the production of a Higgsstate, all of which aré tagged[12,13. The three-jet final
boson via its coupling to bottom quarksb§—>h (Fig. D2 state will have bigger backgrounds than the four-jet final

where theb quarks reside in the proton sd&,3]. The isr:?:gé:;t the significance of the signal (B) is likely to
b-quark sea is generated from gluons splitting into nearly o . B — _
It is only valid to usegg,qgq—bbh as the production

collinearbb pairs. When one member of the pair initiates asubprocess when bothquarks are at hig- . If only one of

hard-scattering subprocess, its partner tends to remain at Iofﬁeb quarks is at higp [5,12,13, the integration over the

pr and tq become part qf the beam remnant. Hgnce the ﬁn%omentum of the otheb quark yields a factor Imf,/m,)
state typically has no higpy bottom quarks. This subpro- yhich invalidates perturbation theory. Our calculation of
cess may be useful to discover a Higgs boson for larg@tan g, hp sums these logarithms to all orders, and results in a
in the decay moddn— ’7'Jr 7~ at the Tevatron and the LHC well-behaved perturbation series.

[4,5], andh—u"u™ at the LHC[5-7]. The decay modé In this paper we calculate the cross section for the asso-
—bb is not distinguishable from the overwhelming back- ciated production of the Higgs boson and a single bottom
groundgg,qq— bb. quark @b—hb) at next-to-leading order. We provide results

If one instead demands that at least dngquark be ob- for both thelevatron and the LHC. The cross section for the

served at higlpy, then the leading-order subprocess for as-Subproces®b—h is already known at next-to-leading order
sociated production of the Higgs boson and bottom quarks ig3,18]. The cross section for the subprocegsqq— bbh,

We useh to denote a generic Higgs boson. In a two-Higgs- °This includes the charge-conjugate subprocggsaha All
doublet model,h may denote any of the neutral Higgs bosons charge-conjugate subprocesses are understood throughout this pa-
(holHoon)- per.
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FIG. 1. Production of the Higgs boson Viso—h. There are FIG. 2. Associated production of the Higgs boson and a single
typically no highp; bottom quarks in the final state. highp bottom quark.

which has two h|g|’p_|_ bottom quarks' is known 0n|y at lead- independent heIiCity amplitudes for this subprocess. The ex-
ing order, but the analogous subproc%qaetﬁ has plicit form of the subamplitudes and the helicity amplitudes

been calculated at next-to-leading orfi&®,20, so the next- are given_in Appendix A. . .
to-leading-order result forgg,qa—> bbh could be made The spin- and color-averaged cross sectiongfor hb is

ava|!able. Thus our calcu!atlon completes the setEf next-to- d;gbahb 1 as(w) | yYo(p)
leading-order cross sections for the subproceds®s:h, TI—? oY 2
gb—hb, andgg,qq—bbh.

In Sec. Il we discuss the leading-order cross section fojyheres, t,u are the usual Mandelstam variablése first and
gb—hb. In Sec. Il we discuss the correction of order second diagrams in Fig. 2 have poles in tieeds channels,
1/In(my, /my,), d_ue to initial gluong splitting intdob pairs. In  respectively, ag(u) is theMS strong coupling, ang,(w) is
Sec. IV we d|squss the correction of ordeg; the virtual  {heMS Yukawa coupling ¥y (12)/\2=my(x)/v in the stan-
and real corrections are discussed separately. We present oyr — . —

. . i : ard model, wheremy(x) is the MS mass, andv
numerical results in Sec. V. Conclusions are drawn in Sec. J2G,)~12~246 GeV). We ch th
VI. Several Appendixes follow, in which the analytic results =( F) T 'e' ). We choose the scale=m, as
and some of the technical details are presented. our central value. It is important to use,(m;) rather than
the pole mass when evaluating the Yukawa coupling, as the
latter is significantly greater than the former, and would yield
IIl. LEADING ORDER an inflated cross sectiénThe cross section for the charge-

The leading-order subprocess for Higgs-boson productiogonjugate subprocegg— hb is identical. The cross section
in association with a single highy bottom quark is shown is also identical for the production of a pseudoscalar Higgs
in Fig. 2. Since the scale of the hard scattering is large comboson @A%).
pared with theb-quark mass, the quark is regarded as part ~ We neglect theb-quark mass in Eq(2) and throughout,
of the proton se§21-24. However, unlike the light-quark €except in the evaluation of the Yukawa coupling. This corre-
sea, theb-quark sea is perturbatively calculable. This sponds to the simplified ACOT schenj@3,24,27. The
changes the way that one counts pow@g5). If the scale  b-quark mass may be neglected, with no loss of accuracy, in
of the hard scattering isu, the b distribution function any diagram in which thé quark is an initial-state parton.
b(x,u) is intrinsically of orderag(u)In(u/my), in contrast Terms proportional to thé-quark mass enter only in the
with the light partons, which are of order unity. This capturesl/In(m,/my) correction. This is discussed at the end of the
the behavior of they distribution function at low and high next section.
values of u, and interpolates between them. As ap-

2
mp+ u?
st

: 2

proachesn, from above, Inf/my) vanishes; this reflects the . 1/In(m,/my) CORRECTION

initial condition on theb distribution function, b(x,m,) ) - o

=0. As u becomes asymptotically largeg()In(u/my,) ap- Consider the subprocegg,qg— bbh, shown in Fig. 3. It
proaches order unify,and theb distribution function be- is of order o (times the Yukawa coupling Since the
comes of the same order as the light partons. leading-order subproceggb— hb is of order a3n(m,/my),

With this counting, the leading-order subprocegb  this subprocess is suppressed by Mifn,) relative to the
—hb is of ordera2in(m,/m,) (times the Yukawa coupling  leading-order subprocestr m,>m,) [3,25].
where we have chosen the Higgs-boson mass as the relevantThe helicity amplitudes for this subprocess are given in
scale. The leading-order amplitude may be decomposed inppendix B. Integration over the phase space of the final-
a linear combination of two gauge-invariant subamplitudes,state particles is divergent when theis collinear with an
initial gluon,? since we usen,=0. This collinear divergence
Ab=Ak+ AL, ) is regulated using modern dimensional reductiDiv) [28],
and absorbed into thie distribution function using a dipole-

These subamplitudes are gauge invariant in the sense that

they each satisfy the Ward identip, Ax g=0, whereps, .

is the gluon four-momentum. They are related to the two_‘The evaluation ofmy(m;) is detailed in Ref.[3]. We use
mp(Mp) =4.2 GeV as the initial conditiofi26].

5This pertains only tgg— bbh, which makes a much larger con-
3This can be seen by recallingg(u) ~ 27/ (Boln(w/Agcp))- tribution thanqg— bbh.
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FIG. 3. Representative diagrams for associated production of the
Higgs boson and two highy bottom quarks(a) gg—bbh (8 dia-
gramg; (b) gq—bbh (2 diagramg

subtraction method29] as formulated in Ref[30].° This g mz b

subtraction, together with Gribov-Lipatov-Altarelli-Parisi

evolution of the parton distribution functions, sums terms of

order adn"(m,/my), to all orders in perturbation theory, into

the b distribution function[21-24. This yields a well- hp——r - h

behaved perturbation expansion in terms of the parameters

1/In(m,/m,) and as (the latter to be discuss in Sec.)\NOur

final result is in theMS factorization scheme. g
Some fraction of the events from this subprocess yield a g

final state with twob quarks at highpy. In that case the

contribution of this subprocess to the total cross section is

enhanced, since eithércan be tagged. If thb-tagging effi-

|

_._b

ciency isey,, the probability of tagging one or molkequarks b h b ,," L
when both are at high+ is 2e,(1— €,) + €2. This results in Eé

an enhancement factor of-2¢,, relative to subprocesses in é

which only oneb quark is at highpy. If the Higgs boson g oo5o b g b

decays tdbb, the enhancement factor remains 2,, if we

demand three or mork tags and also demand that two of

these tags come from the Higgs-boson decay prodiscts

that twob-tagged jets reconstruct the Higgs-boson mass
Since we neglect thb-quark mass throughout the calcu- éz

lation, we are making an approximation. To include the

b-quark mass, one would calculate the diagrams of Fig. 3 g yyssi—a— p

with a finite quark mas$23,24,21. This would introduce

terms of ordemZ/m?2 andmZ/p3. Hence the only approxi-

mation we are making by neglecting thHequark mass

throughout the calculation is of order 1An{/my)Xmé/n¢ b—N—T1----- h

and 1/Inn,/my) X mg/p3.

IV. g CORRECTION

b ——----- h

QQQQ0

g s 0—>—1»
In this section we discuss the genuine correction of order ] ]
as. We divide it into two classes: virtual and real. Collinear . F'G- 4. Virtual correction tagb—hb. External-leg wave func-
divergences are isolated and absorbed into the parton distf{on renormalization diagraménot shown vanish in modern di-
bution functions. Soft divergences cancel between the virtugfrensional reduction for massless particles.
and real corrections. Both types of divergences are regulate

d . . .
using modern dimensional reductigbR) and are canceled ing modern dimensional reductidR). We also used con-

using a dipole-subtraction method, as in the previous sectior\{em'onal dimensional regularizatiof€DR) as a check on

Our final result is in theMS factorization scheme. The Ou calculatiori32], as discussed in Appendix E. In DR, the

. . . ..~ result for the one-loop amplitude is
b-quark mass is neglected throughout this section; this intro- pamp

duces no approximatiof23,24,21. as
Af= ASE

Ca
2

1
(—2C(s)+D(s,u)—ED(s,t)JrC’(u))
A. Virtual correction
The one-loop correction to the subprocags—hb is _ PP
shown in Fig. 4. We calculate id=4—2e¢ dimensions, us- +Cr(C(s)=D(s,u)=C'()=C (U)H(SHI)}

as
+AE—(CAo—Cp), 3
See Ref[31] for details on the implementation of this method. B 477( A F) ®)
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FIG. 5. Representative diagrams for subprocesses contributing r 1
to the real correction tgb—hb: (@) gb—gbh (8 diagramg (b) o2l b b b TS
N SN . . e 100 120 140 160 180 200
g(g)b—a(aq)bh (2 diagramg (c) bb—bbh (8 diagramg bb m,, [GeV]
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FIG. 6. Cross section for the associated production of the Higgs
where the scalar loop integraf3,C’,D are defined in Ap- boson and a single quark at the Tevatron. Thie quark is within
pendix C, and CF:(N(Z;_1)/2Nc:4/3:CA:NC:3' The the tagging region of the silicon vertex detect@% 15 GeV,
one-loop amplitude is proportional to the tree amplitude,|7/<2). The curve labeled: o(1b) is the leading-order cross sec-
A¥, except for the last term, which is proportional to one oftion, evaluated with LO parton distribution functiof€ TEQ5L)
: ; ; d couplings evolved at LO, evaluatedatm, . The notation
the two gauge-invariant tree subamplitudgss [Eq. (A3)],  2"¢ . o
times a finite constant. We checked that this amplitude hagml'cates that the.re is only onle qu.ark at highps . The. curve
the structure of infraredsoft and collinear divergences ex- abeledoy o(1b) is the next-to-leading-order cross section, evalu-
. . 9 . ated with NLO parton distribution function€TEQ5MJ) and cou-
pected from the dipole-subtraction methseée Appendix E

h b - . | iolet di lings evolved at NLO, evaluated at=mj, . Only the subprocesses
The above expression contains ultraviolet divergencesy,, yield a singléb quark in the tagging region are included. The

These are canceled by the renormalization of the strong angss section for NLO subprocesses that yield twquarks in the
Yukawa couplings, as discussed in Appendix E. The ultraviotagging region is labeledy, o(2b).

let divergences are also regulated using modern dimensional
reduction(DR). The renormalization of the Yukawa coupling
with this regulator in theMS renormalization scheme is de-
rived in Appendix D.

The subprocessb— bbh has a contribution from the dia-
gram shown in Fig. &) in which a gluon splits into a final-

statebb pair. Since we neglect the mass throughout our
calculation, this subprocess contains a divergence wheln the

andb are collinear. In reality, the-quark mass regulates this

' The real correction o@(as). has several contribut'ior?s. divergence. To approximate this effect, we restrict Hie
Figure 5a) shows the contribution from real gluon emiSSion, jnvariant mass to be greater thamg. This correctly cap-
gb—gbh; (b) shows the subprocesseb—qgbh and gb  tures the dominant, logarithmically-enhanced term of order
_Ebh; (c) shows the subprocesdb—bbh; and(d) shows In s/mﬁ. Since this correction is less than one percent of the
the subprocesbb—bbh. Another real correctiongg,qq  !eading-order cross section, this approximation suffices.

—bbh, shown in Fig. 3, is 0o®©(1/In(m,/m)); it is discussed
in Sec. IIl. The helicity amplitudes for these subprocesses are V. RESULTS

given in Appendix B. o Figures 6—8 show the cross sections for associated pro-
The subprocesBb—bbh (andbb—bbh) requires some  duction of the Higgs boson and a single bottom quark vs the
additional consideration. Since there are wquarks in the  Higgs-boson mass at the Tevatron and the LHC. These cross
initial state, this subprocess is of ordeilnz(rrh/mo), which  sections pertain to both a scalar and a pseudoscalar Higgs
is suppressed relative to the leading-order subprocess lyoson. The Yukawa coupling is set to its standard-model
aZn(m,/my). Thus it is not truly a correction of orders. value. At the Tevatron, thb jet’ is required to have a mini-
Nevertheless, it is a next-to-leading-order correction in powsnum p+ of 15 GeV and a rapidity of magnitude less than 2,
ers ofag and 1/Infn,/my), so it is appropriate to include it in such that it can be tagged by the silicon vertex detector; we
our calculation. Furthermore, this subprocess yields bvo refer to this as the tagging region. At the LHC the rapidity
quarks in the final state. Thus, as discussed in Sec. I, thisoverage is taken to Hey(b)|<2.5. Two plots are given for
subprocess is enhanced by a factor & when bothb  the LHC, one with a minimunp+ of 15 GeV(appropriate for
quarks are at higpy. However, this contribution is less than
one percent of the leading-order cross section, so this pointis—
moot. "Partons within a cone af R=0.7 are clustered into a singiget.

B. Real correction
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pp~> hb @ LHC, low luminosity pp~> hb @ LHC, high luminosity
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FIG. 7. Same as Fig. 6, but at the LHC, and witlb-éagging FIG. 8. Same as Fig. 6, but at the LHC, and witlb-gagging

region ofp>15 GeV, |5|<2.5. region of p>30 GeV,|5|<2.5.

low-luminosity running and one with 30 Ge\(appropriate

for high-luminosity running Each figure has three curves. " .
The curve labeledr| o(1b) is the leading-order cross sec- either at least threb tags, or with fourb tags(5,11,14-17.

tion, calculated with LO parton distribution functions M€ Cross section with at least thrbetags (two of which

(CTEQSL[33]) and couplings evolved at LO, with the fac- c0me from the decay g)rodugts of the Higgs b()..l:%n.s
torization and renormalization scales setge=m;,.8 The  OnLo(2D)(2€p(1—€p) +€p); with four b tags it is
notation indicates that there is only ohejuark at highpr.  onLo(2b) €. Both of these are an order of magnitude less
The curve labeledoy o(1b) is the next-to-leading-order than the cross section with three or more jets, with three or
cross section, calculated with NLO parton distribution func-moreb tags, given byoy o(1b) e,+ onio(2b) (2ep(1— €p)
tions (CTEQ5M1J) and couplings evolved at NLO, with. ~ +¢2). Thus our motivation for carrying out this calculation
=m;, . Only the subprocesses that yield a singlguark in  was well founded.

the tagging region are included. Some of the NLO subpro-  Similarly, the existing studies df— 7+ 7, u* x~ with at

cesses yield twd quarks in the tagging region; this cross bt — )
;ectioq is labeledry o(2b) in the figures. This cross.section ![(iaoanSts?Jrk])?ré?:ge Su 558%%?3 Obnt;h S?Somg Ii_rillgt%zg ?Jsszntﬁréo?\lul-co
is dominated by the subprocegg— bbh, discussed in Sec. cgjculation ofgb—hb, since this is a much larger cross
lll. The NLO cross section with one or moketags is given  ggction.
by onLo(1b) ep+ onio(2b) (2en(1— €,) +€5), Wheree, is The NLO calculation of the cross section for associated
the b-tagging efficiency. As is evident from the figures, the production of the Higgs boson and a singlejuark gives a
NLO cross section is dominated by the subprocesses with gore accurate estimate of the cross section than the LO cal-
singleb quark in the tagging region. culation. This is evidenced by the fact that the NLO calcula-
The NLO correction ranges from 50—-60% of the LO tion of the cross section is less sensitive to the choice of
cross section at the Tevatron for,=100-200 GeV. At the factorization and renormalization scales than the LO calcu-
LHC, the correction ranges from 20-40% fopr  |ation. Typical examples are shown in Figs. 9 and 10, where
>15GeV, and 25-45% forpr>30GeV, for m,  we plot the LO and NLO cross section vs the common fac-
=120-500 Ge\”. Most of the correction comes from the torization and renormalization scale for m,=120 GeV at
O(ag) contribution. The O(1/In(m,/my)) contribution is  the Tevatron and the LHGolid curve$.!! In Tables | and II
small, less than 10% of the LO cross section. Thus the termge give the cross section evaluateduat m;, as the central
we are neglecting by usingy,=0 throughout the calcula- value(these are the numbers plotted in Figs. 6-vith un-
tion, of order 1/Inf,/my)xng/n and 1/In(,/my)XMg/p%,  certainties corresponding ta.=m,/2 (upper uncertainty
are very small. and u=2m, (lower uncertainty. The scale dependence is
As discussed in the Introduction, recent analyses for the

decayh—bb usegg,qg—hbb as the Higgs-boson produc-

tion subprocess, and demand a final state with four jets, with

107 factor BR(h—bb)e? is implicit in the following cross sec-

tions.
8The evolution ofag(u) uses the value ok ocp corresponding to Hn this and the following figure, we takg =1 when combining
the parton distribution functions. onLo(1b) and oy o(2b) to obtain the NLO cross section. How-
This is the size of the correction far=mj,. The correction is  ever, the NLO cross section is dominated &y o(1b) for any
less for smaller values qi. value ofe, .
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pp-hb @ Tevatron TABLE I. Cross sectiongfb) for the associated production of
2.0 [ T T T e the Higgs boson and a singtequark at the Tevatron. The central
I ] value corresponds to the choice of factorization and renormalization
L my =120 GeV _ scaleu=m,; these values are plotted in Fig. 6. The uncertainty
- pr(b)>15 GeV . corresponds to varying the scale frgm=m,/2 to u=2m;,. Theb
—~ Y w i(®)i<2.0 u quark is within the tagging region of the silicon vertex detector
Eﬂ i ] (Pr>15 GeV, |7]<2). The column labeleds o(1b) is the
Il leading-order cross section, evaluated with LO parton distribution
2 functions (CTEQ5L) and couplings evolved at LO. The notation
Q indicates that there is only orte quark at highpy. The column
3 labeledoy o(1b) is the next-to-leading-order cross section, evalu-
5 ated with NLO parton distribution function€TEQ5MJ and cou-
plings evolved at NLO. Only the subprocesses that yield a simgle
quark in the tagging region are included. The cross section for NLO
subprocesses that yield tvbaquarks in the tagging region is labeled
ool leieedidsdusdid o o e l,,,] Theo(2D):
0.3 0.5 0.7 1.0 2.0 3.0 _
p/my pp @ Vs=2 TeV
my, (GeV) pr(b)>15 GeV
FIG. 9. Cross section for the associated production of the Higgs oLo(1b) ano(1b) anLo(2b)
boson and a single quark vs the common factorization and renor-
malization scaleuw, for m,=120 GeV at the Tevatrorn(solid 100 4.49715% 6.45 Qor 0.24" 525
curves. The ratio of the cross section at scaldo the cross section 120 2.06"22% 3.03° 2% 0.12"52%
at scalew=m;, is plotted vs. the ratio of the scales. The next-to- 140 1.02"23% 1.52°3% 0.062 525
leading-order(NLO) cross section is less sensitive to the sqale 160 0.529°25% 0.80° 30 0.034°53%
than the leading-ordet O) cross section. Also shown is the depen-  1gg 0.287"26% 0.44+3% 0.019" 3%
dence on the factorization scale alone, with the renormalization 5% fop %06
' 200 0.162' %75 0.25'g3% 0.011° %%

scale fixed aju=m, (dashed curves

significantly reduced when going from LO to NLO. Our ) o o
NLO cross section can be used to normalize any future studensation between the factorization and renormalization

ies that make use of this production mechanism. scales when the two are varied simultaneously.

Also shown in Figs. 9 and 10 is the factorization-scale 1he uncertainty in the choice of factorization and renor-
dependence of the cross section, with the renormalizatiofalization scales yields some uncertainty in the NLO cross
scale fixed tou=m;, (dashed curves The factorization- Section. In addition, there is an uncertainty in the cross sec-
scale dependence decreases at NLO, as expected. At tHen of about 10% due to the uncertainty in the Yukawa cou-
Tevatron, the factorization-scale dependence is negligiblepling [ m,(m,)=4.2+0.2], and of about 4% due to the un-
even at LO. At the LHC, the factorization-scale dependenCQertainty in the strong couplini®26]. The uncertainty in the
is greater than the dependence on the common factorizatiqfluon distribution functionwhich also reflects itself in the
and renormalization scales. This indicates that there is comyncertainty in theb distribution function is the source of

another 10% uncertainty in the cross sec{igd].

Recall that it is only valid to us@g,qg—bbh as the
production subprocess when bditlquarks are at higp+. To
demonstrate this, we evaluated the cross section for the pro-
duction of the Higgs boson and one high-b quark using
this subprocess by integrating over the momentum of the
other b quark. Form,=120 GeV, this underestimates the
_ NLO cross section by a factor of 4.6 at the Tevatron and 2.7
NLO == at the LHC. This factor is even larger for heavier Higgs
== ] bosons.

Z- | We also studied the kinematics of the Higgs boson at
NLO vs LO. The rapidity distribution of the Higgs boson
remains almost unchanged. The distribution of the Higgs
boson does change at lges, as shown in Fig. 11. At LO,
the pr of the Higgs boson is balanced against that of tthe
oot bl quark, so the Higgs-bosam; cannot be less than the mini-
w/my mum py of the b quark. This restriction is lifted at NLO,
since thept of the Higgs boson is balanced against that of
FIG. 10. Same as Fig. 9, but at the LHC. the b quark and an additional parton.

pp—~hb @ LHC

2.0 L UL RARRY LR R i L I

m;,=120 GeV
pr(b)>15 GeV

1.5 In(b)|<2.5

=my)
PRI B

Y

1.0

LS Y I L I

a(un)/o(u

0.5
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TABLE Il. Same as Table I, but at the LHC. The left side of the table correspond®t@agging region
of pr>15 GeV,|n|<2.5, appropriate for low-luminosity running. These cross sections are plotted in Fig. 7.
The right side of the table correspondspg>30 GeV, |7|<2.5, appropriate for high-luminosity running.
These cross sections are plotted in Fig. 8.

pp @ vs=14 TeV

m;, (GeV) pr(b)>15 GeV pr(b)>30 GeV

ao(1b) onLo(1b) onLo(2b) oo(1b) onLo(1b) onLo(2b)
120 26973, 305; 1o 174350 117730 143°1% 4.9° 5%
160 108" 1% 127,50 77030 52.8" 100 66.2" o0 2.5°5%%
200 49.9" 135 60.1 150 3.9 3% 26.8" 158 34.0°3% 1.4°3%%
300 11.0° 158 13.8 300 1.075%% 6.67 a0 8.8"% 0.40" 3508
400 3.39" 1% 4.37°5% 0.32" 5% 2.21° 1% 2.96" %5 0.15' 3%
500 1.27°1%% 1.69' %3¢ 0.1273%% 0.872"18% 1.20°2% 0.062" 53%
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shown that the cross section fgb—hb [8,9] is an order of

magnitude larger than that gfg,qa—>bbh. This production
mechanism improves the prospects for the discovery of a

Higgs boson with enhanced coupling to thequark. We In this appendix we present explicit results for the
evaluated the cross section for this subprocess at the Tevgrading-order subprocegd— hb. In order to be systematic,

tron and the LHC at next-to-leading order in QCD. Thesewe give results for thgunphysical crossed subprocess 0
cross sections can be used to normalize any future studies OiHbgh in which all particles are taken to be outgoing, as
this production mechanism. They pertain to both a scalar anghown i’n Fig. 12. The amplitudes for the physical sub’pro-
a pseudoscalar Higgs boson. We have incluged-hb in b—hb andabhb hen be obtained b

the multi-purpose NLO Monte Carlo program MCFM cessegb—nb andgb— may then be obtained by cross-

[31,35. We encourage studies of the signal and background@g' Theb-quark mgs;_is neglegj[ed th.roughou.t. Al egpres-
for associated production of the Higgs boson with a singles'ONS are presented =4-2e dimensions, using modern

APPENDIX A

; dimensional reduction.
high pt bottom quark. . .
gh Pr d The amplitude for the leading-order subprocess 0
pp~>hb @ Tevatron —bbgh may be written in terms of the four-momenta of the
T b, b, and gluon. It is a linear combination of two gauge-
1, =120 GeV 1 invariant subamplitudes,
101 pr(b)>15 GeV —
= e - -
2 Ao=e,7 (pa) Ag=e,” (pa) (AL +AR) (A1)
2
S5, 1072
] M M
o . Yb _ P2 P1
G Ab=jpu2egsT=\/2T22(2"2|17 M2 (———) (A2)
T 103
b, p1
YIRS IR A R EEP I P B
) 20 40 60 80 100
pr(h) [GeV]
FIG. 11. Higgs-bosomp+ distribution for associated production g,D3
of the Higgs boson and a singtequark, form,=120 GeV at the _ _
Tevatron. At leading ordefLO) the Higgs-bosorp+ is balanced FIG. 12. Four-momentdall outgoing of the particles for the

against that of thé quark, while at next-to-leading-ordéXLO) it (unphysical subprocess &Ebg h. The arrows indicate the flow of
is balanced against that of thequark and an additional parton. fermion number.

095002-7



CAMPBELL et al.

PHYSICAL REVIEW D 67, 095002 (2003

p_i 2ey Jb am%_Slz hol oty |1 —ho pogvk _q aeq2| b i _ MV(313+323)2
Ag=iu gs\/E\/ET SyS13 (2% y"ps|172),  (A3) Cougztl A A" =8u"gs 2 T SiSa
s M v v
where y, is the MS  Yukawa coupling [yb(,u)/\/§ +4mﬁ(p—2—p—l>(&—&)
=my(x)/v in the standard model, whera(u) is the MS 23 S13/ 1523 S13
mass and v=(2Gg) Y2~246 GeV], T® are the S S1,S15— M2S
fundamental-representation matrices 8fUJ(3) (TrTaTP —4—2 pg‘pg—z*hZ3
S13523 S13523

:5a_b/2)a SijE(pi+pj)2v E@,E)fﬂpg, [15)=0v"(p1), (27
|=u™(p,), u is the 't Hooft masgintroduced such that the
renormalized couplings are dimensionlesgdidimensiong

h, denotes the helicity of the quark (the b has the same
helicity in the massless approximatiprand h; denotes the
helicity of the gluon. The subamplitudes are gauge invariant
in the sense that they each satisfy the Ward identity
p3,uAX,B:0'
One may also describe this subprocess in terms of helicitys g1so needed.
amplitudes. We define helicity amplitudes, with the over-
all factors of the coupling constants removed,

2
$12S23~ My S13

X (p5p1+pspi)—2 5
S13573

X(p5py+ pép‘z’“)l (A10)

APPENDIX B

We present the helicity amplitudes for the-3 subpro-
cesses shown in Figs. 3 and 5. All amplitudes are calculated
in d=4 dimensions. The amplitudes th=4—2¢ dimen-

. . . sions using modern dimensional reduction may be obtained
where the Higgs-boson four-momentum is tacit. There argjg Js—gsu®, Yp—VYpu. The calculations were checked
two independent helicity amplitudes, with the code MADGRAPH?37].

The subprocesses shown in Figga)3and a) may be
obtained from the helicity amplitudes for the unphysical sub-

h Yb h
Aol 15 2% 357 = w05 SV2TACL 258, (Ad)

2

+ At Aty h —
ALy .2 .3) =1 (13)(23) (AS) process 6-bbggh These helicity amplitudes may be writ-
ten as
o (122
ALy .2 3g)=i (1323’ (A6) hy (T3, T}

AL ,222,333,4;4>=<gsﬁ>2%( 5 A
using the spinor inner-product notation as reviewed in Ref.

[36]. The helicity-reversed amplitudes are equal to these +
(times — 1 if the Higgs boson is a pseudosca)dry parity.
The helicity amplitudes are related to the amplitudesand
Ag above by

a Tb
s ; ]Aa), (81)

whereAg andA, are the symmetric and antisymmetric com-
bination of color-ordered amplitudes. The three independent
helicity configurations are given Hys;j = (p;+ p;+ pi)?]

€. " (P9 A= Ao(15 25 ,35) (A7)
2
+ =+ + + + . H mh<12>
Squaring the amplitude and summing over colors and helici- m2 1
. . + . . h
fes ghves Aa(Ly 25 139 )= (34) ((13)(24) ! <14><23>) (3
2 4., 2
Yo | MptSi,
> [Aol?=sgn(s1,)16u*g3 _) . (A9) [12]°
colnel J2)  S1sS23 A 1%2; 13g 4y ) =i [13[14][23][24] (B4)
The spin- and color-averaged cross section for the physical 5
subprocesgb—hb, Eq.(2), is then obtained from the above | (1F 25 37 4= i [12] 1 N 1
by crossing §;o—U, S13—S, Sy3—t). aTp ey [34] \[13][24] [14][23]
In the dipole-subtraction method, the tensor (B5)
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[12]s123
(13)(23)[ 14][ 24]
[13]((14[12]—(34)[23])
(13)[14]s134
((28[12]+ (34>[13])[23]>
(23)[24]s,34

A1y .2 ;3¢ A7) =i

(B6)

(3H[23]—-(14)[12]
(13)s34
( C[23]  (=sist 514)[13])
[24] [14]S134
3 (2H[12]+(34)[13]
(23)s34
(S23—S24)[ 23]
[24]s34

Aa(1y .25 135 45) = [

[13]
[14]

o

PHYSICAL REVIEW B7, 095002 (2003

2
(NZ-1)|Al1%

(B13)

43

h1 5hy Shs jhgvi2_ 4 Yb
> A 223040

The fourb-quark subprocesses in Figgcband (d) may
be obtained from the helicity amplitudes for the unphysical
subprocess ©:-bbbbh. These helicity amplitudes may be

obtained from the four-quark amplitudes above by subtract-
ing a term with one pair of the identical quarks exchanged,

Since these are not color-ordered amplitudes, the order of the

gluons in the arguments of the functioAg and A, is irrel-
evant. Squaring and summing over colors gives

2 2
hy hy ohg havi2_ 4] Yo Ne—=1/Ng—2 =,
% |A(1b |2b 139 |4 )l (\/E 2 NC |AS|
+ NC|Aa|2> . (B8)

The four-quark subprocess of FiggbBand b) may be

1
hy, Sh3 shy 2 1 '3 14'3
AL, 202,35, 40 = (gey2) (2[(5 R 5|25|4)
ir iy N, ig i !
where
A=A(12, 22,32 4% (B15)
h1

A 207+ B A I A,
(B16)

ex—
A¥=6pn,A(L

The four independent helicity configurations are given by

obtained from the helicity amplitudes for the unphysical sub-

process 6-bbqgh,

5,'215;3) A.
(B9)

1
ho hy |1 |3
oA = (gsﬂzfz( SN

The two independent helicity configurations are given by

+

ALy .25 3,.4,)=1(1,2,34+1(2,1,34 (B10)

ALy 25 3, 4)=1(1243+1(2,1,43, (B11)
where

H1.234=] [13] ((14) [12]—(34) [23]) 12

S345134

Squaring and summing over colors gives

AL, .25 30 4)=1(1,2,34+1(2,1,34 (B17)
AL .20 ,3-,40)=1(1,2,43+f(21,43  (B19
A(1y.2 3 .4)=1(3412+1(4313  (B19
A(lp.20 30 .4)=1(3,420+1(4323.  (B20)

Squaring and summing over colors gives

2
S laap e, “4>|2—gs( ﬁ) (Ne- 1)('A'2+'Aex'

+ Ni Re(ASA* )) . (B21)

APPENDIX C

In this appendix we list the scalar integrals which result
from the Passarino-Veltman tensor reduction of the one-loop
diagrams of Fig. 4, as given in E@3). We define (=4
—2¢)
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B( 2 2 2) ZEJ ddk 1 (Cl)
P1iMp, M) =w
oo (2m)% [K2—m2][ (k+ py)?—m?]
d% 1
Co(P3.p3.pipi Mg, mi, ms)= u f (C2)

(2m)? [k2=mgI[(k+pp)®—mi][(k+py+Ppy)®—m3]

2 .2 2 2 2 2 .2 2 2 2
Do(pj_,pz,p3|p4yp12,p23,moymllmzam3)

ddk 1
=u’ (C3
# f(277)“[kz—mé][<k+pl>2—m§][<k+p1+p2>2—m§][<k+p1+p2+p3>2—m§]

wherep? = (p; +p;)?, and iC(s)
Cy(0,0s;0,0,0=
I'(1+e)T%(1—¢) icr 1/1 1 -s 1 ,-s
= € = —|=—-=-In—+zIh*—
CF (477) 1—‘(1_26) (C4) 16’772 S 62 € #2 2 #2
s<0 (C7)
The scalar integrals needed assafidt are generic invariants X iC’(s)
here Co(mh,O,S;O,O,O)E 2
mh_S
B,(0:0,0 =0 (C5) ler 1 1, s
;U0 = = —In
o(0:0.0 167> m2—s| € —m?
2
s -mj
2 2 2
icp (1 S 3 In“— —In 2) s,mp<0
By(s;0,0 = —+2-In—| s<0 (Ce) s I
1672\ € w?
(CY
Do(0,0,0m;,s,t;0,0,0,0
_iD(s;t)
- st
ic 2\°211 1 -s — 1 - -s —t
A A S h— 4 + 2| n— 412 +R| —,——| | m’<st<0 (C9
16m2\ —mZ) st| & el —m2 -m?3 2| -mi —m? —mZ —m?
|
A In(—s—in)=In|s|—i7O(s), (C11)
R(x,y)=|nxIny—Iann(l—x)—Inyln(l—y)+F
—Liy(x)—Liy(y). (C10

wheresis a generic invariantincluding mﬁ) andy is a small
The analytic continuation of the above results to the physicapositive number and, for the dilogarithms with arguments
region is accomplished through the use of greater than unity, by means of
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1 the 't Hooft mass, introduced to keep the renormalized
+?—§In2x. (C12  vyukawa coupling dimensionless id=4—2¢ dimensions.
The Higgs vacuum-expectation value does not receive a cor-
rection at one loop in QCD. From the above equations and
the relationmy=youv/+2 we find that the mass and Yukawa-

In this appendix we derive the QCD counterterm for thecoupling counterterms are related Bygrs= dmgs/m. Thus
Yukawa coupling in theMS renormalization schemf88].  we may obtain the Yukawa-coupling counterterm from the
We consider two different regularization schenfB§): con- ~ mass counterterm.
ventional dimensional regularizatig€DR) and modern di- The one-loop quark propagator is given by
mensional reductiofDR). _ _

The Yukawa coupling and the quark mass arise from a I I

1

APPENDIX D

: : - — = —, (D4
common term in the Lagrangian, P—Mo+SrdP)  P—M—SMpst Sre(P)
Yo— wherei S rg(p) is the one-loop quark self energy. Since it is
L=--—=0QQ(h+v), (D1)  ultraviolet divergent, it depends on the regularization
schemez. The position of the pole in the propagator at one
where y, is the bare Yukawa coupling) is the physical 0°P is'
Higgs-boson field, and=(\2Gg) ¥2~246 GeV is the = B
vacuum-expectation value of the Higgs-doublet field. It is Mpole= M-+ OMgs— Zrg(M). (D5)
evident from Eq.(D1) that the bare quark mass is related to T ; . ;
TheM f
the bare Yukawa coupling byy,=yov/2. eMS mass is defined via
The quar_k mass and Yukawa coupling receive corrgctions SMepr=2 (M) | giv » (D6)
at one loop in QCD. We express the bare parameters in terms
of the MS values and a counterterm, where 3 (m)|qy, is the divergent part, proportional t3-/e,
of the quark self-energfwhich is the samﬁ%tin CDR and DR
= usv(1+ D2 Since the pole mass is a physical quantitindependent of
Yo= py(1+ 0Yrs (b2) the regularization scheme, Eq&5) and(D6) yield
My= M+ SMgs, (D3) SMpr=2(M)] gy + 2 pr(M) == cpr(M). (D7)

where the subscript on the counterterm indicates that it de- The one-loop quark self energ§n 't Hooft-Feynman
pends on the regularization sche®S). The parameter is  gauge is

d

N i —ig,,
iSpe(p)= (igsmy' T ————(igsu y*T8)—F
re(P (2m)° Ospy p+k—m( Ospy 2
o, |[(=2+2€)p+(4=2e)m]B(p?)+(—2+2€)pA(p?) in CDR
=-0Cr - o AR a2 . (D8)
(—2p+4m)B(p°) — 2pA(p9) in DR
I
whereCg=(N2—1)/2N.=4/3 and W2\ (1
B(m?)= — cr(—+2 , (D12
ddk K 1672\ m? €
A(p?)p*=u?* J (D9)
(2m)* K (p+k)>—m?]
gives
B(p?) =Bo(p?0,m?). (D10)
Using 2At one loop, the massiin the argument of the quark self energy
may be regarded as the pole mass orN& mass.
2\ € 1 1 BThe quark pole mass is a physical quantity within perturbation
A( m2)= — ®r r(_+ _) (D11) theory, which suffices for our purposes. However, it is unphysical
2\ m? 2¢e 2 once nonperturbative QCD is taken into acco[8%,40.
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€

Cr

ag 2
SRreM)=— ECF

3
—+4+5pgm, (D13

Ll
m2

where §cpr=0 and 6pr=1. The counterterm is then ob-
tained from Eqs(D6) and (D7),

ds
5mRS= - ECFCF ; + 5RS m. (Dl4)
Using dYrs= 5mR5/E then gives
ag 3
OYrs= ~ 7~ CrCr| _+ drs- (D15)

This result is independent of the gauge chosen.
The MS counterterm for the strong couplinggg
= ucgs(1+ 6959, analogous to EqD15), is [28]

ags bo
-—+
€

Ca
e P

6 5RS'

595°= (D16)

Where b0=Bol2=(11/6)CA—(2/3)T,:nf, CA: NC:3! T|:
=1/2, n; is the number of light quarks, anépr=0, Spr
=1.

The relation between the pole mass av& mass may
also be obtained from Eq&D5), (D6), and(D13),

2

=y s H
Mpole= M(w)| 1+ ECF 4+3In; . (D17

APPENDIX E

PHYSICAL REVIEW D 67, 095002 (2003

€

a 2 1
2 RE AL | av= Aol cr| 5] | = = (Cat2C)
1710 v 0 277 mﬁ 62 A F
edinon
e\ T m T m?
—u
_(CA_ZCF)In_2> : (ED
my

whereCg=(N2—1)/2N.=4/3C,=N,=3 and whereA, is

the tree amplitude given in Eq$Al) and (A4), and A;

= 523*(p3)A’f where 4/ is the one-loop amplitude given in
Eqg. (3). This expression contains both infrared and ultravio-
let divergences. The latter are removed by renormalizing the
Yukawa and strong couplings using the counterterms given
in Egs. (D15 and (D16), respectively. This leaves the
infrared-divergent expression

[2 R ALAS) + | Aol ?2( 8yrst 3989 | div

=4 |2EC '“_2 6 _i(c +2C )+l Cal In—
o 27T m? 2 A el mh
_ —u
+In— | = (Ca=2Ce)In——bo—3Ce ||, (B2
m; h

which has the structure expected from the dipole-subtraction
method[30].

We also calculate the relation between the virtual ampli-
tude in CDR and DR. We find

In this appendix we discuss two of the checks performed
on our calculation of the virtual correction presented in Sec.
IV A and Appendix C. We checked that the structure of the
infrared (soft and collineardivergences is as expected from
the dipole-subtraction methd®0]. We also performed the
calculation in both conventional dimensional regularization

02
2 R A1A5)|cor=2 Re(A1A5 ) [pr—[ Aol 5 2Ck .
(E3)

(CDR) and modern dimensional reductiéBR) and verified
the scheme independence of our results.

The structure of the divergences fgb— hb at one loop
is

The above relation is consistent with the set of rules given
in Ref.[28], augmented by the regularization-scheme-
dependent renormalization of the Yukawa coupling given in
Eq. (D15).
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