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Exclusive Higgs boson production with bottom quarks at hadron colliders
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We present the next-to-leading order QCD corrected rate for the production of a scalar Higgs boson with a
pair of high p; bottom and antibottom quarks at the Fermilab Tevatron and at the CERN Large Hadron
Collider. Results are given for both the standard model and the minimal supersymmetric standard model. The
exclusivebbh production rate is small in the standard model, but it can be greatly enhanced in the minimal
supersymmetric standard model for large gammaking bbh an important discovery mode. We find that the
next-to-leading order QCD results are much less sensitive to the renormalization and factorization scales than
the lowest order results, but have a significant dependence on the choice of the renormalization scheme for the
bottom quark Yukawa coupling.
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[. INTRODUCTION der QCD corrections is in general essential to stabilize the
theoretical predictions of the corresponding rates. All of
One of the most important problems of particle physics isthem have now been calculated at next-to-leading order
to uncover the origin of the electroweak symmetry breaking(NLO) [4—-15] and, in the case of gluon fusion and associ-
In the simplest version of the standard mo¢®M) of par- ated production with gauge bosons, at next-to-next-to-
ticle physics, the breaking of the electroweak symmetry inleading ordefNNLO) [16—-21] in perturbative QCD.
troduces a single physical scalar particle, the Higgs boson, If the standard model is not the full story, however, then
that couples to both gauge bosons and fermions. Extensio®her mechanisms of Higgs production become very impor-
of the standard model, like the minimal supersymmetric stantant. Here, we focus on Higgs boson production with a pair
dard model(MSSM), introduce several scalar and pseudo-Of bottom quark and antiquark. The coupling of the Higgs
scalar Higgs bosons. Finding experimental evidence for ongoson to &b pair is suppressed in the standard model by the
or more Higgs particles is therefore a major goal of currenssmall factor,my /v, wherev = (/2Gg) “12=246 GeV, im-
and future accelerators. Direct searches at the CER&"  plying that the SM Higgs production rate in association with
collider LEP2 require that the SM Higgs boson mak, ] bottom quarks is very small at both the Tevatron and the
be heavier than 114.4 Gefdt 95% C.L) [1], while precision LHC. In a two Higgs doublet model or in the MSSM, how-
electroweak measurements imphi, <219 GeV (at 95%  €Ver, this coupling grows with the ratio of neutral_ H_|ggs
C.L.) [2]. The light scalar Higgs particle of the MSSMY) boson vacuum expectation values, ganand can .be S|gn|f|—
should have mass between the theoretical upper bound GRNtlY enhanced over the standard model coupling, leading to
about 130 GeV and the experimental lower bound from2" obs_ervable productlon rate for a nggs boson in associa-
LEP2, M,0>91 GeV (at 95% C.L., 0.5tanB<2.4 ex- tion with bottom quarks in some regions of the parameter
cluded [3]. In both cases, a Higgs boson should lie in a massPace:

region which will certainly be explored at either the Fermilab The production of a Higgs boson in associatio_n with bot-
— tom quarks at hadron colliders has been the subject of much

pp Tevatron collider or at the CERNp Large Hadron Col- recent theoretical interest. At the tree level, the cross section

lider (LHC). . . . .
The dominant production mechanism for a SM Higgs bo-'S almost entirely domma_ted tyg—bbh, with only a small

son in hadronic interactions is gluon fusion. Among the subcontribution fromgqg—bbh, at both the Tevatron and the
leading modes, the associated production with either eled-HC. The integration over the phase space of the final state
troweak gauge bosons or top quark pairs, as well as weaottom quarks gives origin to large logarithms proportional
boson fusion, play crucial roles. The inclusion of higher or-t0 In(My/uy,) (Wherewy=My), which arise from the splitting
of an initial gluon into a pair of almost on-shell collinear
bottom quarks. The use of bottom quark parton distribution

*Electronic address: dawson@quark.phy.bnl.gov functions in the protorfor antiproton sums these large loga-
"Electronic address: jackson@hep.fsu.edu rithms to all orders, and could therefore improve a fixed
*Electronic address: reina@hep.fsu.edu order calculation. The inclusive cross section fdh pro-
$Electronic address: dow@ubpheno.physics.buffalo.edu duction should then be dominated by the bottom quark fu-
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sion processbg—m, as originally proposed in Ref22]. h—bb [36,37,39-44 but also h—7"7~ [37] and h
Some important progress has been achieved recently. The,tﬁ,u__ [45,44.

bb—h production process has been calculated at NNLO in [N this paper, we present the NLO QCD corrected rates
QCD [23]. At NLO [24,25, the residual factorization scale and phase_space distributions for the fully exclusive pro-

dependence is quite large, but at NNLO there is almost nG€SSePP,pp—bbh, where the final state includes two high

scale dependence. Interestingly enough the NNLO resultdr bottom quarks. In order to reproduce as closely as pos-

. 2 S|ble the currently used experimental cuts, we require the
show that the pert.urbatlve cross section is better behav al state bottom quark/antiquark to have a transverse mo-
when the factorization scale js;=M /4 (and the renormal-

o ) ) mentum higher tharp$"'=20 GeV and a pseudorapidity
ization scale isu;=Mpy), as expected on quite general the-| /5 for the Tevatron andiy|<2.5 for the LHC. The cut
oreti_cal ground$26—2£}_. Moreover, the inclusiyebh_ Cross  gn p$,b greatly affects the cross section and we therefore
section has been obtained at NLO in QCD via a fixed ordektdy the dependence of the cross section on this cut. Similar
calculation that includes th®(«s) corrections to the parton results have been recently presented in (], where how-
level processegg,qq— bbh [30-33. The obtained results ever no cut on the pseudorapidity has been imposed. Our
are compatible wittbb—h at NNLO, and show that there is discussion will focus on assessing the uncertainty of the the-
actually no large discrepancy between the NLO fixed ordePr]ret]{C‘lill pred|fct|on for the exclus[\/[ep,pr)]pﬂtl)) bh rfcltels,daf;[jer
calculation and the use dfquark parton distribution func- the full set of NLO QCD corrections has been included. We

. - . will show how the large dependence on the unphysical renor-
tions, contrary to what was originally claimed. However, themalization and factorization scales present in the lowest or-

) 8er(LO) calculation of the cross section is greatly reduced at
dependence, and a better control of the residual large unceg o Moreover, we will study the dependence on the choice
tainty is desirable for a complete understanding of the compf renormalization scheme for the bottom quark Yukawa
parison between the two approaches. coupling. While for Higgs decays and Higgs production in
In spite of its theoretical interest, the inclusive cross sece*e™ collisions using thev S definition of the bottom quark
tion is experimentally relevant only if a Higgs boson can beYukawa coupling is an efficient way of improving the per-
detected above the background without tagging any of théurbative calculation of the corresponding rate by resumming
outgoing bottom quarks. Higgs production frdo fusion  large logarithms at all ordefgl7—50, this may be less com-
could be useful, for instance, in a supersymmetric modeP€!liNg In the case of hadronic Higgs production. Finally, we
with a large value of ta®, when combined with the decays W'HI egt endhourstli/?lc%a[glon 0 th_e scala||'\|sLeOctoFr> Ofl.the MSSM,
hO,HO— 1 * 11~ andh®HO— 7+ 7~ [33—36, However, even including the Q corrections at . Preliminary re-

) . ; . . . ults of the study described in this paper have been already
in this case, the inclusive measurement of a Higgs S'Qnazresented at several conferenfsg].
would not determine the bottom quark Yukawa coupling un-" tpe plan of the paper is as follows. In Sec. Il we present

ambiguously, since it should be interpreted as the result ofn overview of our calculation. Since the NLO QCD correc-
the combined action of other production channels beS'deﬁons toqaggﬂbgh proceed in strict analogy to those for

bb—h° H° (e.g.gg—h® HO). — — :
- . ) gg—tth [10-13 and gg—tth [10,12,14,1% we will be
Requiring one or two higipr bottom quarks in the final very brief on details and devote more time to the discussion

state reduces the signal cross section with respedio of the residual theoretical uncertainty, emphasizing those as-
—h, but it also greatly reduces the backgrouf8V,36. -

X ; ects that are characteristic of théh production process.
'V'O.reo"e“ it assures that the _detected Higgs boson has be r the reader’s convenience we present a detailed descrip-
radiated off a bottom or antibottom quark and the corre-,

di tion is theref bi | tion of the renormalization prescriptions used in a separate
sponding cross section 1S theretore unambiguously pr0p0rAppendix. Numerical results for the Tevatron and the LHC
tional to the bottom quark Yukawa coupling. Using argu-

ts similar to th ilustrated ab for th fthWiII be presented in Sec. Ill, for both the SM Higgs boson
ments simiiar to the ones liustrated above Tor e case o g4 e gcglar MSSM Higgs bosons in some prototype re-
inclusive cross section, one can argue that if the final stat

; ~-gions of the model parameter space. Section IV contains our
has one higlp; bottom quark then the relevant subprocess 'sglmclusions P P I ! !
gb—bh [24]. The cross section fayb—bh has been com- '

puted including NLO QCD correctior{88] and the residual Il. CALCULATION
uncertainty due to higher order QCD corrections is small. On .
the other hand, if the final state has two high bottom A. Basics

qguarks and a Higgs boson, then no final state bottom quark

L S The total cross section fgrp,pp— bbh at O(«2) can be
can originate from a bottom quark parton distribution func- ®p.pp= (a5)

tion. The lowest order relevant parton level processes ar\évntten as

unambiguouslygg— bbh andqg— bbh. While the rate for onLo(PP,pp— bbh)

this final state is considerably smaller than fpr thle— h 1 -

and gb—bh subprocesses, the background is correspond- — .
inglygreduced. T?]e final states can ge further categcr))rized _izj 1+ 5”,[ Dyt F0 ) F Oz 10)
according to the decay of the Higgs boson. Existing studies .

have considered mostly the dominant Higgs decay channel, X ofLo(X1 Xz, 1) +(12)], (1)
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FIG. 1. Sample of diagrams corresponding6«;) virtual corrections where the Higgs boson couples to an internal fermion loop and

not to the externabb pair. The circled cross denotes all possible insertion of the final state Higgs boson leg, each insertion corresponding
to a different diagram.

where j:ipf are the NLO parton distribution functions contributions beyond the 1-loop corrections. We will study
(PDFs3 for partoni in a proton or antiproton, defined at a the origin and magnitude of the residual scheme dependence

generic factorization scalg;=pu, and il o is the O(ad) " Secs. Il B and Il A.
parton-level total cross section for incoming partoradj,
made Of the Channelsqq’gg_)bbh and (q,q)g B. Renormalization SCheme dependence
—bbh(q,q), and renormalized at an arbitrary scalg The ultraviolet(UV) divergences arising from self-energy
which we also take to b, = w. Throughout this paper we and vertexO(«y) virtual corrections toqq,gg—bbh are
will always assume the factorization and renormahzatlonregmarized ind=4—2¢ dimensions and renormalized by
scales to be equaly, = = w. The partonic center-of-mass introducing counterterms for the wave functions of the exter-
energy squared, is given in terms of the hadronic center- na| fields [5Z(ZQ) (for g=u,d,c,s), 52(213) for the bottom
of-mass energy squaredy, by s=x;x,sy. At both the  quark, andsz, for the gluor, for the bottom quark mass,
Tevatron and the LHC, the dominant contribution is from the 5y, ' and for the bottom quark Yukawa and strong coupling
gluon-gluon initial state, although we include all initial constantsgg,y;, and sz, . We follow the same renormaliza-
states. . - S . .
The NLO parton-level total cross section reads tion presclpt!on ar?d notation adppted in Refs3,19 for .
the NLO tth inclusive cross section. Consequently, we fix
) ) ) the wave-function renormalization constants of the external
oL o(X1, X0 ) = 00 (X1, X, 1) + ST o( X1, X2, 18), ma_ssless qu_ark fieldssz{? , u.fsing on—shel_l sgbtraction,
(2)  while we define the wave function renormalization constant
of external gluonsgZs;, using theMS subtraction scheme
a and the ag renormalization constan®Z, , using theMS
here o) is th 5B ti S o’ -
w ﬁreaLO(Xl’Xz”u) 'S_ eO(as) Born cross §ec lon, and scheme modified to decouple the top quisR,53. Explicit
donLo(X1:X2, ) consists of theO(as) corrections to the oy hressions fopz®, 525, andéz, can be found in Refs.
Born cross sections fogg,qq—bbh and of the tree level [13,15 and in the Appendix. °

(a,9)g—bbh(q,q) processes, including the effects of mass  However, given the large sensitivity of tHdS bottom
factorization. o quark mass to the renormalization scale and given the promi-
The evaluation otry, o proceeds along the same lines aspent role it plays in théobh production cross section through

the corresponding calculation fdith production[10-15  the overall bottom quark Yukawa coupling, we investigate
and we refer to Ref§13,15 for a detailed description of the here the dependence of the final results on the renormaliza-
technigues used in our calculation. We notice that, in view otion prescription adopted for the bottom quark. We consider
the generalization to the MSSM with a very enhanced bothoth the on-shelflOS andM S subtraction schemes, for both
tom quark Yukawa coupling, both top and bottom quarkthe bottom quark mass and wave function renormalization
loops need to be considered in those virtual diagrams whergonstants.
the Higgs boson couples directly to a closed loop of fermi-  When using theéDS subtraction scheme, we fix the wave
ons, a sample of which is illustrated in Fig. 1. function renormalization constant of the external bottom
Contrary to the case dfth production, the NLO cross quark field, ¢Z%)os, and the mass renormalization con-
section for bbh production depends significantly on the stant, ¢mp)os, by requiring that
renormalization scheme used for the bottom quark Yukawa A
coupling, i.e. for the bottom quark mass appea_ring;ggh 3 (b=my)=0: lim Sp(B) _
=my/v. In our calculation of the NLQpp,pp—bbh cross b b ' p—myP — My
section we have considered, for the renormalization of the
bittom quark Yukawa coupling,_both the on-shell and theWhere
M S subtraction scheme@n thetth case we only used the
on-shell top quark renormalized mass everywhiéfs). The
M'S scheme results in a running bottom quark Yukawa cou- 3 '— (g —mp)(Sy+ 6ZP) +m,
pling and potentially gives better control over higher order

0, ©)

omy
2st2y— W) (4)

b
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denotes the renormalized bottom quark self-energy at 1-loop At 1-loop order in QCD, the relation between the pole

in QCD, expressed in terms of the Vectﬁj’v, and Scalar, mass,m,, and theM S massyﬁb(ﬂ)’ is Meed determined

35, parts of the unrenormalized self-energy, and of the Masgy the difference between th@S and MS bottom mass
and wave function renormalization constants. Using 8.  counterterms &/4m) SCT, since

in d=4—2¢e dimensions one finds

e — as(p) u?
@ A’ 1 2 Mp(p)=myi 1— Cel3In| = |+4
8ZP)os=— —C I(1+e)|—+4+—/, 4m mZ
( 2 /0S8 A F mg €uy €Rr (5) ( ) b
o
Emb[l— Z: SCT(1)|. (10)
omp|  as A’ ‘ L
my OS__ECF 2 I'(1+e) a’% ' Adopting theOSor M S prescription consists of using either

6) Eq. (6) or Eq. (8) fgr the bottom mass counterterms while
substitutingm,, or my(u«) respectively in both the bottom
whereCg=(N?~—1)/2N andN=3 is the number of colors. quark propagator and Yukawa coupling. &(a?) the two
We have explicitly distinguished between ultraviolet and in-prescriptions give identical results. Indeed, replagimgby
frared divergences. The infrared divergences are cancelleﬁb(m in the Yukawa coupling adds a term
between virtual and real soft and collinear contributions ac-
cording to the pattern outlined in Refd3,15], to which we as(p) R .
refer for more details. — . 9CT(wootOas) (13)
In the M S scheme, the bottom quark renormalization con-
stants are fixed by requiring that they cancel the UV diverys the NLO parton level cross section, which compensates
gent parts of the bottom quark self-eneigy of Eq. (4), i.e.  exactly for the difference in the OS aM$S counterterms.
On the other hand, using thdS mass in the bottom quark

o 1
(8ZP)ws=— 7 -Ce(4m)T(1+e)—, () Propagaton
uv
| 14imy—2 5CT(w) |
om 1e% 3 — = my—— M
(—b) =— 2 Cr(4m)T(1+€) —. (8) p—my(n) P—my 4m p—my
mb M_S 477 EUV

+0(a?), (12)
According to the LSZ prescriptiofb4], one also needs to
consider the insertion of the renormalized one-loop selfof the LO cross section leads to an extra contribution to the
energy corrections on the external bottom quark legs. Whiley S NLO cross section which, together with théS mass
these terms are zero in ti@Sschemdsee Eq(3)], they are  counterterm insertions into the internal bottom quark propa-
not zero in theM S scheme. Together withsZ%)wrs, their  gators(see diagrams, in Fig. 2 of Ref.[13] andS,, S,
contribution to the NLO cross section equals the contributiorandS, in Fig. 2 of Ref.[15]), coincides with the correspond-
of the wave function counterterm in th®S scheme, ing mass counterterm insertions in tB&scheme a®(a?).
(629)os. as expected from the LSZ prescription itself. The  Therefore, using OS oMS to define the renormalized
Cross sectior_l does not depend on the renormalization of thgottom quark mass @(a?d) is perturbatively consistent, the
external particle wave functions. _ difference between the two schemes being of higher order
We therefore focus on the scheme dependence induced Rxg hence, strictly speaking, part of the theoretical uncer-
the choice of different subtraction schemes for the bottomainty of the NLO calculation. One notices however that
quark mass. We note that the bottom quark mass countertergyme of the large logarithms involved in the renormalization
has to be used twice: once to renormalize the bottom quarkrocedure of the NLO cross section come from the renormal-
mass appearing in internal propagators and once to renormaation of the bottom quark mass, and are nicely factored out
ize the bottom quark Yukawa coupling. Indeed, if one CONpy using theM S bottom mass in the bottom quark Yukawa
siders only QCD corrections, the counterterm for the bono”l:oupling[see Eq(10)]. Therefore one should consider reor-
quark Yukawa coupling, ganizing the perturbative expansion in terms of leading loga-
sm rithms [of the form ag(,u)ln”(,uzlmﬁ)] or next-to-leading-
8= —0, (9)  logarithms[of the form a(u)In""Y(u?mf), for u=My], as
v obtained by replacing th1S bottom mass in the Yukawa
coincides with the counterterm for the bottom quark massCoupling by the corresponding 1-loop or 2-loop renormaliza-

since the SM Higgs vacuum expectation vaguis not renor- tion group improvedM S masses,
malized at 1-loop in QCD. This stays true when we general- co/bo
ize theg,p, coupling from the SM to the case of the scalar my( @)y =m M
b\ M) 1) b @ (mb)
S

. : (13
Higgs bosons of the MSSM.
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— ag(p) %P0 Co : . . :
My )= M|~ )} 1+ - (c=by)[as() o
s{Mp 0 Vs=2 TeV Onioos
4 as( mb) Mh=120 GeV e OnLoms
—as(mp) ]| 1= 5 ———/, (14 w,=m_+M,/2 - S5
0.4 r \\\ =777 Ooms
where & g p; >20 GeV
9 b . nl<2
1(11 2 1 5 Mg T
bo=7_| 3 N=3M|, o=, (15 602 | Sag e .
_isN-tey 1 e
1727 1IN-2n 1= 727 —10m0), T
O 1 1 1 1
(16) 03 05 07 1 2 4
. : /g
are the one and two loop coefficients of the QBBunction
and mass anomalous dimensiggy, while N=3 is the num- 0.08 . , . .
ber of colors andh;=5 is the number of light flavors. ' Vs<14 TeV
In both Higgs boson decays to heavy quarks and Higgs IVSI_—1206G Vv OnLo,os
boson production with heavy quarkséie™ collisions, us- h— SV e OnLoms
ing Eqg. (13) at LO and Eq.(14) at NLO in the Yukawa 0.06 -\\ Ho=m,+M,/2 77" Op0s ]
coupling proves to be a very powerful way to stabilize the £ e s
perturbative calculation of the cross sect[dT]. The differ- = 2 S %50 GeV
ence between LO and NLO rates is reduced and the deper & 0.04 L \\ \\\ pr >20 Ge
dence on the renormalization and factorization scales at NLC 2 e B In|<2.5

NL

is very mild, indicating a very small residual theoretical error
or equivalently a very good convergence of the perturbative
expansion of the corresponding rate. This is due to the fac
that in these cases to a large extent ¢thgr;) QCD correc-
tions amount to a renormalization of the heavy quark mass ir
the Yukawa coupling. In more complicated cases, like the 0 ; ; i ;
case of the hadronic cross section discussed in this paper, tr 0.2
previous argument is not automatically true.

Using theOS or M'S bottom quark mass mainly affects
the Yukawa coupling. Therefore, in the hadronic case, we FIG. 2. oy o ando o for pp—bbh at/s=2 TeV (top) and for
will look at the different behavior of the NLO cross section pp_.pph at s=14 TeV (bottom as a function of the
when the bottom quark Yukawa coupling is renormalizedrenormalization/factorization scalg, for M,=120 GeV. The
either in theOS or in the MS scheme, keeping the bottom curves labeledo g os and oy 05 Use theOS renormalization
quark pole mass everywhere else. Figure 2 of Sec. Il showscheme for the bottom quark Yukawa coupling, while the curves
the renormalization and factorization scale dependence of thebeledo o s and oy o ms Use theM S scheme.
LO and NLO cross sections fqmp, pp—>bbh obtained using
in the Yukawa coupling either the pole masg or theM S
running massﬂ,(,u) in Eq. (13 (at LO) and Eq.(14) (at  NLO cross sections illustrated in Fig. 2 can be understood by
NLO). The use ofmb(,u) both at LO and NLO seems to studying the numerical effect of the higher order terms that
improve the perturbative calculation of the cross section® included in the NLOMSS cross section whemy(u) is
since the NLOMS cross section is better behaved than thet!Sed in the Yukawa coupling. The parton level NLO cross
NLO OScross section at low scales and since the differenc&ections forij —bbh (ij =qq,gg) in the OSand MS pre-
between the LO and NLO cross section is smaller when th&cription explained above can be written as
bottom quark Yukawa coupling is renormalized in thES
scheme than in th@©S scheme. However, both the OS and &il\leO,OS(XliXZ'/L)
the MS cross sections have very well defined regions of
minimum sensitivity to the variation of the renormalization/
factorization scale and these regions do not quite overlap.
The difference between tf@SandM S results at the plateau
should rather be interpreted, in the absence of a NNLO cal-
culation, as an upper bound on the theoretical uncertainty.

o
|
©

0.02

The origin of the large difference between BsandMS

ag(um)

bas(M) gLO(Xl Xo)+ —— ype

[gNLO(Xl X, )

|

(17)

N m,
—29/0(X1,%2) SCT(p) + m_;glcjl(xl 1X2)
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ThLoFE(X1 X2 ) 50 . . ,
s(M) ij Vs=2 TeV - |Are|(mb(”)2|)|
=ma( ) ad(1)] 9lo(Xa.Xo) + ——| Gio(Xa Xz ) 40 - M, =120 GeV = Ayl
= p,>20 GeV
m . o
+ =——gl(x1.%,) ] : (18 < 30 Inl<2
Mp( ) T |
where the dependence on the renormalization scale is explic gn 20 P
itly given. ag(u) is the 2-Ic5)p strong couplingn, is the £
bottom quark__pole mass, ama,(u) is the bottom quarlM S 4@
mass.glo, 9NLo andgy have been defined in such away = 10
that they are the same in tl@Sand theM S schemes. They e S
correspond respectively to th&(a?)(gly) and O(ad) . _ .

(gnLo) contributions to the NLO QCD cross section, from
which we have singled out th&(«) virtual corrections
where the Higgs boson couples to a top quark in a closec
fermion loop @¢,, see, e.g., diagrams in Fig) as well as
6CT(u), i.e. the difference between ti@SandM S bottom
mass counterterms defined in E@0). Using Eqgs.(17) and
(18), one can easily verify that the difference between the
parton level NLO cross sections obtained by using either the
OSor theM S scheme for the bottom quark Yukawa coupling

is, as expected, of higher order in, i.e.

A~ o
A=oyLo0s ONLOMS

= a2(1)9]o(X1,X2)| Mg—ME( ) — Mg ;(“) SCT(w)
S(M) — i
+ . [mz—mp()]| Ol Lo(X1, X2, )
m; N
+ ———=——04(X1,%2) |- (19
mp+Mp(u)

The term in the first bracket of EQL9) vanishes a(’)(ag),
as can be easily verified by using E(q_O) Hence all the
terms in Eq(19) only contribute aD(a?) and higher. How-

0.5 0.7 i 2
W,
50 T T T T
I\ \s=14 TeV
40 -y M,=120 GeV
! p,’>20 GeV
:\0\ 30 \\ [n|<2.5
3 o0 i
3 >z
E 1w0¢ |
o R o
= 0 F \\\,/// |Arel(mb(p’)2|)| |
- A g(my(w) )1
-10 1 L I L 1
0.2 05 0.7 1 2 4 8
Wi,

FIG. 3. The absolute value of the relative differenae,

=(onLo,0s™ OnLoms)/ (OnLo,0sT OnLoms) for pp—bbh at s
=2 TeV (top) and forpp— bbh at \/s=14 TeV (bottor as a func-
tion of the renormalization/factorization scale,, for My

ever, while the first term is in general quite small, the term=2120 GeV. TheOS and MS labels refer to the renormalization

proportional togNLO(xl,xz u) can be large and has a non-
trivial scale dependence that we can formally write as

2
?) . (20

gir\leo(Xl Xo, )= gy (X1,X2) +62 (X1,X2)In

From renormalization group arguments3,15 one can see
that gl (x;,x,) is given by

§!<x1,x2>=2[ (4mbo+4)glo(X1, %)

-2

fdzl ik Zl)gLO(XlzliXZ)

1 _
+f dz,P(22)91'5(X1,X22,) } (21
p

scheme chosen for the bottom quark Yukawa coupllng The curves
labeled asA o ;(My()1;) and A,q(My(i),) use theMS bottom
quark Yukawa coupling with the 1-loop running mass of ELB)

and the 2-loop running mass of Ed.4), respectively, in the calcu-
lation of oy o ws-

where p=(2m,+M,)?/s, Pi;(2) denotes the lowest-order
regulated Altarelli-Parisi splitting functiops5] of partoni
into partonj, whenj carries a fractiorz of the momentum of
partoni (see e.g. Sec. V of Ref15]), andb, is given in Eq.

(15). As a resultA, defined in Eq(19), turns out to have a
nontrivial scale dependence and, thus, the difference between
the NLO hadronic cross section calculated with 8 or

with the M S definition of the bottom quark Yukawa coupling
can be numerically quite significant for some values of the
renormalization/factorization scale, as we will illustrate in
Sec. lll (see Figs. 2 and)3
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Ill. NUMERICAL RESULTS the corrections from the renormalization of the bottom quark

Our numerical results are obtained using CTEQ5M parton Yull<|awa ;:cr)]upr!mg tr:jat a_ﬁ?earbm thet NLO crosst secttlon tﬁs
distribution functions for the calculation of the NLO cross WE! @S @t higher order. This observation seems 1o Jus ify the

section, and CTEQSL parton distribution functions for theuse ofmy(x)y at LO andmy(u), at NLO. One also ob-
calculation of the lowest order cross sect{@®]. The NLO  serves that thé'S NLO cross section is better behaved at
(LO) cross section is evaluated using the 2-lodploop low values of the renormalization/factorization scales. At the
evolution of ag(u) with ad-°(M;)=0.118. The bottom same time, both th©S and MS cross sections show well
quark pole mass is taken to ma,=4.6 GeV. In the OS defined but distinct regions of least sensitivity to the
scheme the bottom quark Yukawa coupling is calculated agenormalization/factorization scale. In both cases this hap-
gbbh—mb/v, while in the MS scheme asgupn(u) pens in the region where the LO and NLO cross section are
= mb(,u)/v where we usen,(u)y from Eq.(13) for oo closer. The variation of the NLO cross section withabout
andmy(u), from Eq. (14) for oy o. its point of least sensitivity to the renormalization/
We evaluate the fully exclusive LO and NLO cross sec-factorization scale is almost the same whether one uses the

tions for bbh production by requiring that the transverse OSor MS schemes for the bottom quark Yukawa coupling.
momentum of both final state bottom and antibottom quarkd his indicates that the running of the Yukawa coupling is not
be larger than 20 GeVpP>20 GeV), and that their pseu- the only important factor to determine the overall perturba-
dorapidity satisfy the conditiofy,|<2 for the Tevatron and  tive stability of the NLO cross section. .

| 75| <2.5 for the LHC. This corresponds to an experiment AS discussed in Sec. Il B, the numerical difference be-
measuring the Higgs decay products along with two Iggh tween the two renormalization schemes can be significant.
bottom quark jets that are clearly separated from the beanT.his is illustrated in Fig. 3 where we plot the absolute value
Furthermore, we present LO and NLO transverse momenturaf the normalized relative differencg,., between the had-
and pseudorapidity distributions. In order to better simulatgonic cross sections oy 00s and onLows, Arel

the detector response, _thg gluon and the bpttom/antibottpm(aN,_O]OS— onLowms)/ (onLoost OnLows), at both the
quarks are treated as distinct par_thles only if the separatiomevatron and the LHC. The two curves in Fig. 3 are obtained
in the azimuthal angle-pseudorapidity plandR>0.4. For  py using either the 1-loop running mass of Ef3) or the
smaller values oAR, the four momentum vectors of the two 2-loop running mass of Eq(14) in the calculation of
particles are combined into an effective bottom/annbottom(,NLOMS This investigates the dependence/qf, on the
quark momentum four-vector. resummation of higher order correctlonsmg,(,u) As dis-

cussed in detail at the parton level in Sec. Iﬂﬁeﬁ defined

in Eqg. (19)], the difference between the two schemes is scale

dependent and can be very big for small and large scales. At
In Fig. 2 we show, foM,=120 GeV, the dependence of he | HC, the relative difference can be well approximated by

the LO and NLO cross sections fpp— bbh at the Tevatron Aei=3AB with A=(ad4m)dno/9dlo and B=[1

(top) and forpp— bbh at the LHC(bottom) on the unphysi- —(my/mp)?], where gyLo 0 correspond to theJHLo,Lo
cal factorization and renormalization scafe, when using contributions of Eqgs.(17) and (18) calculated at hadron
either theOS or the MS renormalization schemes for the level. This approximation can be easily verified by using
bottom quark Yukawa coupling. In both tf®S and MS  these equations and neglecting the contributions of the
schemes the stability of the cross section is greatly improveglosed fermion loops. For instance, at the LHC we find that,
at NLO, given the much milder scale dependence with reat u=0.7u,, A=0.28 andB=0.57, while atu=4uq, A
spect to the corresponding LO cross section. The results pre=0.92 andB=0.66. The fact thah strongly depends op
sented in Fig. 2 are obtained by setting= u, = u, i.e. by  while B varies only little withu illustrates that the difference
identifying the renormalizationy,) and factorization f¢) between théV S and theOSschemes for the renormalization
scales. We have checked that varying them independentlyf the bottom quark is not necessarily dominated by the run-
does not affect the results significantly. By varying the scalening of the bottom quark mass as would be the case when the
w in the ranges 0Zy<u<4ug (Tevatron and 0.5up<u majority of the NLO corrections can be absorbed in the run-
<8ug (LHC), when using theOS scheme for the bottom ning of m,. This is also supported by observing that using
quark Yukawa coupling, and in the ranges @e& u<2po  my(u), instead ofm,(u);, does not improve thg depen-
(Tevatron and 0.24o<u<2uq (LHC) when using theMS  dence ofA,,,.
scheme, i.e. in the plateau regions, the value of the NLO |n conclusion, the NLOM S cross section shows an over-
cross section varies by at most 15-20(%here uo=m,  all better perturbative behavior, but, as the previous discus-
+Mp/2). sion also illustrates, the use of tMeS bottom quark Yukawa

As can be seen in Fig. 2, the cross section calculated Wltgoup“ng should not be overemphasized. It is probably a
Obbh in theMS scheme shows a better perturbatlve behaVlorgood appro)qmaﬂon to take the difference betww\mo os
since the difference between o and oy, o is smaller. This  and oy, o 15 at their points of least scale sensitivity as an
is in part due to the fact that the LO cross section is calcuypper bound on the theoretical error of the NLO cross sec-
lated usingm, ()4, and therefore already contains some oftion, on top of the uncertainty due to the residual scale

A. Standard model results
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0.8 : : tions of the final state particles, the bottom and antibottom
quarks, and the Higgs boson, both for the Tevatron and for
0.7 | Vs=2 TeV E the LHC. Both LO and NLO differential cross sections are
M,=120 GeV obtained in the SM and using tl@@Sscheme for the bottom
0.6 | w=m, +M /2 I quark Yukawa coupling. For the renormalization/
05 | |11b|<2h | factorization scale we chooge=2my,+ My, at the Tevatron
= andu=2(2m,+ M,) at the LHC. These two scales are well
04t within the plateau regions where tRESNLO cross sections
% \ vary the least with the value qg&. Similar results can be
b9 03 r obtained using thé1 S bottom quark Yukawa coupling.
g | In Fig. 5 we show the LO and NL@+ distributions of the
. bottom or antibottom quark with highegt;, while Fig. 6
01 | displays thepy distributions of the SM Higgs boson. The
pseudorapidity distributions of the bottom quark and the
: : Higgs boson are shown in Fig. 7 and Fig. 8, respectively.
19 B 20 25 To illustrate the impact of the NLO corrections on the
Pr (GeV) and 7 distributions, we show in Figs. 9 and 10 the corre-
sponding relative correctiongl{y o/dO)/(do o/dO)—1
0.06 ' ' (in percent, for O=pr max,PT,7b,7n- As can be seen at
Js=14 TeV least at the Tevatron, the NLO corrections considerably af-
0.05 [ M =120 GeV . fect the shape of the distributions and their effect cannot be
M 1 obtained from simply rescaling the LO distributions with a
0.04 L L w=m,+M,/2 i K-factor of oy o/ 0 o= 1.38+0.02(Tevatron,u=2u,) and
|n|<25 O'NLo/(TLo:].lEOOg(LHC, M:4M0)

B. MSSM results

Gonwo (PP)
o
b

The rate forbbh production can be significantly enhanced
in a supersymmetric model with large values of garin the
MSSM, the bottom and top quark couplings to the scalar

S p— G Higgs bosons are given by
0 1 1
° © o Gew) ® bbRO - oM e ¢ S
Pr : cosp Obbh sinB Otth
FIG. 4. oLows and oo ws for pp—bbh at y5=2 TeV (top) —o . Cose  — . sina
= e . bbH™ ' ——0ppn ttH” ' ——0un
and forpp—bbh at \'s=14 TeV (bottom as a function of the cut cosp sing

imposed on the final state bottom and antibottom transverse mo-
mentum @2), for M, =120 GeV andu= uo=my+M/2.
where g, and gip are the SM bottom and top quark

dependence. This would amount to an additional 1520 9ukawa couplingsh® and H® are the lighter and heavier

uncertainty arising from the dependence on the bottom quarReutral scalars of the MSSM, andis the angle which di-
Yukawa coupling renormalization scheme. agonalizes the neutral scalar Higgs mass mdts&|]. By

In Fig. 4 we illustrate the dependence of the exclusive€P/acing the SM top and bottom quark Yukawa couplings
cross section on the; cut imposed on the final state bottom With the corresponding MSSM ones, our calculation can then
and antibottom quarks, at both the Tevatr@op) and the bg straightforwardly generalized to the case of the scalar
LHC (bottom). We plot the LO and NLO cross sections ob- Hi99s bosons of the MSSM. The bottom quark Yukawa cou-
tained using théVl S bottom guark Yukawa coupling. Reduc- pling to the MSSM pseudoscalar H|ggs bosar, is "?"SO
ing the p; cut from 25 GeV to 10 GeV approximately in- eihanced at !arge tgh The cgrrespondlng Cross se_ctlo.n for
creases the cross section by a factor of 4. However, ag the bbA® pr.odluct|orl1 can be obtained from.our.calculatlon in t.he
cut is reduced, the theoretical calculation of the cross sectiof's— 0 limit, which we do not consider in this paper. We will
becomes more unstable, because the integration over thesent, however, complete results B&sA° production, i.e.
phase space of the final state bottom quarks approaches mdgg nonzerom,, in a future study.
and more a region of collinear singularities. Results without The MSSM Higgs boson masses and the mixing algle
a cut on the transverse momentum of the bottom quarks wilhave been computed up to two-loop order using the program
be presented in a later wofk7] (see also Ref.32]). FEYNHIGGS[59]. In Tables | and Il we provide the values of

Finally, in Figs. 5, 6, 7, and 8 we plot the LO and NLO the input parameterfiy M yo,tanB) or (Myo,tanB)] and the
transverse momentunp{) and pseudorapiditys{) distribu-  resulting values ofx used in the calculation of the top and
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dp’g:nax [Gf%] Tevatron ded:'nax [_G%] LHC

0.006 0.0006
0.005 [~ 0.0005 |~
0.004 - 0.0004 |-
0.003 0.0003 -
0.002 - 0.0002 -
0.001 | 0.0001

0 0

0 0 20 40 60 80 100 120
PT,max [GeV] PT,max [GeV]

FIG. 5. Transverse momentum distributions at LO and NLO of the bottom or antibottom quark with the fgrg&town are th@r nax
distributions forpp—bbh production atys=2 TeV (left) and pp—bbh production aty/s=14 TeV (right) in the SM and using the OS
scheme for the bottom quark Yukawa coupling. At the Tevatron we chpes@my+ M), while at the LHC we choosg.=2(2my
+My).

bottom quark Yukawa couplings to the light and heavy neuvalue, the mixing anglex becomes very small, as can be
tral MSSM scalar Higgs bosons. This choice of MSSM pa-clearly seen in Table I. This has the effect of suppressing the

rameters takes into account present experimental limits 0BphC rates at this point. A similar effect can be observed in
the MSSM parameter space, but represents otherwise jugife production of a heavy neutral Higgs boson wiveo is
one among many possible realizations of the MSSM paramapproaching its minimum valuesee Table )i, as shown in
eter space. The results obtained with this choice of MSSMne phottom part of Fig. 11. Again, we compare the production
input parameters illustrate the typical enhancements over thgf the SM Higgs boson with that of the heavier neutral scalar
SM results one can expect when considering the productiopjiggs boson of the MSSM and observe a significant en-
of neutral scalar Higgs bosons in association with bottonhancement of the rate in the MSSM for large @an
quarks.

The top part of Fig. 11 compares the Nlgp—bbh SM
cross section at the Tevatron with the corresponding cross V. CONCLUSIONS
section for production of the lightest neutral scalar Higgs
boson in the MSSM for taﬁ: 10, 20, and 40. A |arge en- We presented results fg the next-to-leading order QCD
hancement of up to three orders of magnitude is observed. Agross section for exclusiviebh production at both the Teva-
the light neutral Higgs boson mass approaches its maximurion and the LHC. Our NLO results show an improved sta-

do [ fb_ do_ | pb_
dph, [GBV] Tevatron dph [GEV] LHC
0.0035 0.00035 — —
NLO ——
0.003 - 0.0003 |- |75 Ro—
0.0025 - 0.00025 | -
0.002 - 0.0002 | -
|
0.0015 . 0.00015 |- [ -
»

0.001 . 0.0001 -’ .
0.0005 H . 5x 1073 = L .
: T —

0 0 | | 1 | 1 | | ~_IL-’I~"
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
ph [GeV] p’% [GeV]

FIG. 6. Transverse momentum distributions at LO and NLO of the SM Higgs boson. Shown qné thistributions forpaabgh

production atys=2 TeV (left) and pp— bbh production atJ/s=14 TeV (right) in the SM and using the OS scheme for the bottom quark
Yukawa coupling. At the Tevatron we chooge=2m,+ M,,, while at the LHC we choosg=2(2my+M,).
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d d
ﬁ [fb] Tevatron a{; [pb] LHC
0.07 — 0.006 —
0.06 |- ] 0.005
0.05 |- -]
0.004
0.04 |- — |
0.003 - i -
0.03 | _ . i
002 L | o002 -
0.01 |- - 0.001 |~ _
0 1 1 0 | 1 | 1 1 1 1 1 1
-5 -4 -3 5 -5 -4 -3 -2 -1 0 1 2 3 4 5
b b

FIG. 7. Pseudorapidity distributions at LO and NLO of the bottom quark. Shown arg,tlkstributions forpﬁﬂbgh production at

Js=2TeV (left) and pp—bbh production atys=14 TeV (right) in the SM and using the OS scheme for the bottom quark Yukawa
coupling. At the Tevatron we chooge=2m,+ M,,, while at the LHC we choosg=2(2m,+ M,).

bility with respect to the unphysical factorization and renor-tagged in the final state. In supersymmetric models with
malization scales as compared to the leading order resuligrge tang, bbh production can be an important discovery
and increase the reliability of the theoretical prediction. Thechannel, at both the Tevatron and the LHC.
uncertainty in the resummation of large logarithms from
higher order corrections, however, is also visible in the de-
pendence of the NLO cross section on the renormalization
scheme of the bottom quark Yukawa coupling. The residual We thank R. Harlander, M. Kraer, J. Kihn, F. Maltoni,
renormalization/factorization scale dependence is of thend S. Willenbrock for valuable discussions. S.D. and L.R.
order of 15-20% when the bottom quark Yukawa couplingwould like to thank the organizers of the Les Houches Work-
is renormalized in theOS or MS schemes respectively. shop onPhysics at TeV Colliderfor providing such a pleas-
We conservatively estimate the additional uncertaintyant and stimulating environment where many of the issues
due to the renormalization scheme dependence of the bottopresented in this paper were extensively discussed. L.R. ac-
quark Yukawa coupling to be at most of order knowledges the kind hospitality of the Theory Division at
15-20 %. CERN and of the Particle Physics group of the IST in Lisbon
Our calculation is important for Higgs boson searches atvhile part of this work was being completed. The work of
hadron colliders where two higlp; bottom quarks are S.D.(C.B.J. and L.R.is supported in part by the U.S. De-
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d d
ﬁ [b] Tevatron ﬁ [pb] LHC
0.05 0.005
0.045 - 0.0045
0.04 - 0.004
0.035 0.0035
0.03 0.003
0.025 - 0.0025
0.02 0.002
0.015 |~ 0.0015
0.01 0.001 |~
0.005 7 0.0005
0 b= - 0
-5 -4 -3 -2 -1 0 1 2 3 4 5
i "

FIG. 8. Pseudorapidity distributions at LO and NLO of the SM Higgs boson. Shown aug, tilistributions fOI’pHﬂ bbh production at

Js=2TeV (left) and pp—bbh production atys=14 TeV (right) in the SM and using the OS scheme for the bottom quark Yukawa
coupling. At the Tevatron we chooge=2m,+ M,,, while at the LHC we choosg=2(2m,+ M,).
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FIG. 9. The relative correctiorsoy o/do o—1 for thepr nax (l€ft) and p! (right) distributions tobbh production at the Tevatron and
the LHC as shown in Fig. 5 and Fig. 6, respectively.
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by the National Science Foundation under grant No. PHY- When usmg theDS schemes, the bottom wave function

0244875. and mass counterterms are given by
APPENDIX A: RENORMALIZATION COUNTERTERMS as [ 4mp?)© 1 2
. S
: (628 0s= — 7—=C¢| —5 F(l+e)(E+4+ o)
In this appendix, we summarize the explicit form of the b (A1)
renormalization counterterms used in this calculation. The
conventions are identical to those adopted in our previous
47T,u

calculations of the NLO cross section for hadrottib pro- omy ag
duction[_13,15|. This appendix is meant to complement Sec. | "y T 4nF
Il B and is presented here only for the reader’s convenience. S

As already explained in Sec. Il B, we fix the renormaliza- L
tion scheme ofsz{, 6z,, and 0Z,, While we consider while in theMS scheme we have that

F(1+e)(i+4) (A2)

donro donro
Gl — 1[%] donio _ 1 (%)
100 T T T T T T T T T 100 T T T T T
Tevatron Tevatron
80 LHC —---- 80 LHC ----- —
60 60
20 P S [ o T T
0 ) 0F o -
—20 | 4 -2} -
—40 | 4 -—w} -
1 1 I I I 1 1 1 I 1 I 1 I 1
-2 —-15 -1 =05 0 0.5 1 1.5 2 -3 -2 -1 0 1 2 3
b Thh

FIG. 10. The relative correctiontry, o/da, o~ 1 for the 5, (Ieft) and 7, (right) distributions tobbh production at the Tevatron and the
LHC as shown in Fig. 7 and Fig. 8, respectively.
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TABLE I. Values ofa andM 5, computed up to two-loop order
by using the progranFEYNHIGGS [59], corresponding to different
choices of tarB and Mpo. In the calculation ofa and M, we
choose the genuine SUSY input parameters as follddg:= My

=M =M =Mg_=1TeV, MiR=2TeVv,  A,=A=M;
+ucotB, andu=M,=200 GeV.
tang= 10
Mpo [GeV] 100 110 120 130
M4 [GeV] 102.42 113.86 127.95 264.72
a [rad] —1.3249 —1.1963 —0.9054 —0.1463
tanB=20
Mo [GeV] 100 110 120 130
M, [GeV] 100.61 110.95 121.89 146.72
a [rad] —1.4420 —1.3707 —1.1856 —0.3108
tanB=40
Mo [GeV] 100 110 120 130
M4 [GeV] 100.15 110.23 120.46 133.71
o [rad] —1.5007 —1.4601 —1.3444 —0.4999
(b) ag 1
(025 )y ws=— —Cr(4m)°I'(1+€) —, (A3)
4 €Eyv
6mb qg 3
— =—-—Cr(4m)I'(1+te)—, (A4)
my WS 4 Eyv

TABLE Il. Values of @« andM ,, computed up to two-loop order
by using the progranfEYNHIGGS [59], corresponding to different
choices of tagd and M. In the calculation ofe and M, we
choose the genuine SUSY input parameters as folldwg= My
=Mi =M =Mg_=1TeV, MR=0,A,=A=M;"+pu cotg, and

pn=M,=1TeV.
tanB=10
Mo [GeV] 120 200 400 600 800
Ma [GeV] 108.05 198.55 399.41 599.64  799.74
«a [rad] —0.9018 —0.1762 —0.1140 —0.1057 —0.1030
tanB=20
Mo [GeV] 120 200 400 600 800
M, [GeV] 116.45 199.56 399.81 599.89 799.91
«a [rad| —0.5785 —0.0901 —0.0574 —0.0531 —0.0517
tanB=40
Mo [GeV] 120 200 400 600 800
M4 [GeV] 118.92  199.82 399.92 599.95 799.96
a [rad] —0.3116 —0.0460 —0.0289 —0.0267 —0.0259
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107 ¢ e —-eMSSM,tanp=40 3
10_6 1 1 1
0 200 400 600 800
M, (GeV)

FIG. 11. oy o s for pp—bbh production at/s=2 TeV (top)
andpp— bbh production at/s=14 TeV (bottom in the SM and in
the MSSM with tan3= 10, 20, and 40. For the Tevatron we con-
sideredpp—bbh® with M0=100,110,120, and 130 GeV, while
for the LHC we considered pp—bbH® with Mo
=120,200,400,600, and 800 GeV. For eachl,¢,tanB) and
(Myo,tanB) point, the corresponding values @fandM , are listed
in Tables | and II.

whereCg=(N?—1)/2N andN=23 is the number of colors.
We have explicitly distinguished between ultraviolet and in-
frared divergences. The infrared divergences are cancelled
between virtual and real soft and collinear contributions ac-
cording to the pattern outlined in Refd.3,15, to which we
refer for more details.

For the case of massless external quarks, we always use
the wave function renormalized in the on-shell scheme as
given by

[raacd -0
I(1+€)Cpl —— —].

€uv  €R

4 u?
@__[%s s
0Z3 (477)( S
(A5)

The wave-function of external gluons is renormalized in the
MS subtraction scheme far;=5 light flavors,
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2

2
m;

1
—+In
€uv

, (A6)

N 2 1 2
ERE L v

52322—;(477)7‘(14- E)[

according to which we also need to consider the insertion of a finite self-energy correction on the external gluon legs as
discussed in detail in Refl15]. For the renormalization of; we use theM S scheme, modified to decouple the top quark
[52,53. The firstnj; light flavors are subtracted using thS scheme, while the divergences associated with the top-quark
loop are subtracted at zero momentum,

2 11
§n|f_§N

o 1 2

062, = ﬁ(4ﬂ')51—‘(1+6)[

] , (A7)

such that, in this scheme, the renormalized strong coupling constén) evolves withn;;=5 light flavors.
The counterterms contribute to the NLO parton-level total cross section dREgs follows:

"qq  _ondq
5‘TNLo,CT— 2006

om
570+ 570+ 2+ 52, |, (AB)
2 2 m s
b

5&%%O,CT:2&EQO ; (A9)

om
SZ® + =24 57, + 67,
mb S

and the ultraviolet divergences are cancelled when these contributions are combined with the re@(m‘g)heirtual Cross
section.
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