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QCD corrections to associated Higgs boson production
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We compute QCD corrections to the proceszes‘ee*—ﬂt_h0 andpp-»tﬁwo by treating the Higgs boson as
a parton which radiates off a heavy quark. This approximation is valid in the Idhjts <M, andM,,M;
<< \/s. The corrections increase the rate fogg—tth° at the CERN LHC by a factor of 1.2 to 1.5 over the
lowest order rate for an intermediate mass Higgs bobbg< 180 GeV. The QCD corrections are small for
ete —tth® at /s=1 TeV.[S0556-282(98)01511-2

PACS numbd(s): 14.80.Bn, 12.38.Bx

I. INTRODUCTION There is considerable expertise available concerning QCD
corrections to Higgs boson production. The radiative correc-

The search for the Higgs boson is one of the most importions of O(ag’) to gg—h° involve two-loop diagrams and
tant objectives of present and future colliders. A Higgs bosorhave been calculated with no approximati¢ff They have
or some object like it is needed in order to give tNé and  also been computed in the limit in whidy, /M,— 0, where
Z gauge bosons their observed masses and to cancel the dn effective Lagrangian can be used and the problem reduces
vergences which arise when radiative corrections to electo a one-loop calculatiofi6]. In the intermediate mass re-
troweak observables are computed. However, we have fegion, one expects this to be a reasonable approximation. The
clues as to the expected mass of the Higgs boson, which QCD corrections to the procegg— h° can be conveniently
priori is a free parameter of the theory. Direct experimentaldescribed in terms of K factor:
searches for the standard model Higgs boson at CERN
colliders LEP and LEPII yield the limif1] a(pp—h"X)™M°

K(w)pp—h=—""—"575"

®
0\LO
Mp>77.5 GeV, (1) o(pp—h")

whereu is an arbitrary renormalization scale, which we take
to beu=M,,. Figure 1 shows th& factor at the LHC com-
puted exactly and in thél,,/M;—0 limit. The important

. ) . o . point is that theM,,/M;—0 limit is extremely accurate and
mediate mass regioand is the most difficult Higgs mass ohq4yces the exact result for tiefactor to within 10% for

region to _probe ex_perimentally. . . all M, <1 TeV[4], although the smaM,, /M, limit does not
In the intermediate mass region, the Higgs boson decays

predominantly tobb pairs. Since there is an overwhelming - - T -
QCD background, it appears hopeless to discover the Higgs

boson through théb channel alone. The associated produc-

tion of the Higgs boson could offer a tag through the leptonic 2,60
decay of the associataf boson or top quark2]:

with no room for a very light Higgs boson. LEPII will even-
tually extend this limit to around,>95 GeV. Above the
LEPII limit and below the Z threshold is termed thimter-

pp—WH°

pp—tth®. 2

2.20

~~a
~
-~

Both of these production mechanisms produce a relatively M=175 GeV =
small number of events, making it important to have reliable
predictions for the rates. . : . .

The QCD radiative corrections to the procggs— Wh° 50.0 100.0 1800 2000 2500 3000

2.00

have been computed and increase the rate significantly M, (GeV)

[~30-40% at the_C_ERN Larg_e Hadron Collidél'_HC)_] FIG. 1. Ratio of the radiatively corrected cross section to the
[3,4]_. The QCD radiative corrections to the processés lowest order result fopp—h® at the LHC, JS=14 TeV, with u
—tth® andpp—tthC do not yet exist and are the subject of =Mm,,. This figure uses the 2-loop value ef(u) for both the
this paper. lowest order and the next-to-leading ordBiLO) predictions.
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accurately give the total cross section fdy,>M;,. The rea- PEDP_ t t _PED
son theK factor for this process is so accurately computed in T~
the smallM /M, limit is that a significant portion of th& ho‘:'k(Eh,E)
factor comes from a constant rescaling of the lowest order r’/@\
reSl_JIt, along with a_umversal_contrlt_)utlon from the soft and BBy € X px(ExBx)
collinear gluon radiation which is independent of masses
[5.,6], FIG. 2. The scattering process” —tX can be used to extract
the Higgs boson structure functidp.,(x,), assuming that the am-
a( ) , 11 plitude is dominated by thechannel Higgs pole.
K(u)ppn~1+ T +?+-- 4) _ _
™ The spin- and color-averaged cross section for the scatter-

ing procesge—tX throught-channel Higgs If°) exchange
Hence an accurate prediction for the rate(’,t()aﬁ) can be is
obtained by calculating thi€ factor in the largeM, limit and
multiplying this by the lowest order rate computed using the
full mass dependence.

Along this line, we compute the QCD corrections to the
processee’e” —tth® and pp—tth® in the M;/M,—0 X 84 (k+pe=Px)| A(te—tX)|?dTy, (5)
and high energy limits, which we expect to be reasonably . .
accurate from our experience with tiggg—h® process. In  where the kinematics are given in Fig.%, andv, are the
these limits the Higgs boson can be treated as a partovelocities of the incoming particles, amtl’y is the Lorentz
bremsstrahlung off a heavy quark. Section |l computes thénvariant phase space of the final st&eWe factorize the
distribution of Higgs bosons in a heavy quafk,.p,, to lead- amplitude as
ing order inM;,/M,, M,/\s, Mp/+/s and toO(ay) in the ,

QCD coupling. In Sec. III,_We use the results of Sec. Il to |A(te—>tX)|2=|A(eh°_>x)|2( i 1 2) At thO)2.
compute the QCD corrections to the procese™ —tthC. ke—Mj

We then combine th&(ad) corrections topp—tt [7,8] ©®)
with the O_(as) corrections tof, ., to compute thex factor This factorization is the crucial step in defining the Higgs

for pp—tth? in the high energy and largd, limits. Justas distribution function and assumes that the dominant contri-
is the case for thggg—h® process, thisk factor can be pytion comes from an on-shell Higgs boson.

combined with the lowest order result computed with the full e define the energy carried by the Higgs boson to be
mass dependences to obtain an accurate estimate of the ra-

diatively corrected cross section. Section IV contains some E,=x;E, (7
conclusions.

d®p’ 1
P (2m

1
o(te—tX)= < f
48EE. [v,—v ) (27)% 2E’

and neglect all masses, except when they lead to a logarith-

. . . l .
Il. HIGGS BOSON DISTRIBUTION FUNCTION: mic singularity. Using

THE EFFECTIVE HIGGS APPROXIMATION 1
0 X)= — 4 _
o(eh’—X) 8EhEede(21-r) 5K+ pe— Py)

For a Higgs boson which has a mass much lighter than all x| A(eh0—X)|2 ®)
of the relevant energy scales in a given procé4g=<M,, ’
the Higgs boson can be treated as a parton which radiates Oeﬁq
of the top quark. This approach was first proposed by Ellis,

A. Lowest order

dd3p ' = (1—x,)2E3dx,dQ’ we find

Gaillard, and Nanopould®], and we will refer to it as to the E2

effeﬁtive Higgs approximatio(EHA). The processqi(gg) o(te—tX)= WJ dx, Xp(1—xp,)

Htt_h0 can be thought of in this approximation gs/(gQ)

—tt, followed by the radiation of the Higgs boson from the % J da’ 0|2 0

final state heavy quark line. This procedure is guaranteed to k* [A(t—th%)[*a(eh’~X). (9)

correctly reproduce the collinear divergences associated with
the emission of a massless Higgs boson. We expect thaW/e now define the Higgs boson structure function by the
treating the Higgs boson as a massless parton should berelation
good approximation for the purpose of computing radiative
corrections and th& factor.

The distribution functionf,_,, of a Higgs boson in a
heavy quarkt, can be found from the diagram of Fig. 2
using techniques which were originally derived to find the
distribution of photons in an electrgfO]. This approach has it is straightforward to include masses in the analysis. However,
also been successfully used to compute the distributidif of experience with the effective/ approximation has shown that the
bosons in a light quarkl1]. mass corrections are typically numerically unimportant.

U(tthX)EI ft_,h(Xh)O'(EhOHX)dXh. (10)
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This is a Lorentz invariant definition which can be used be- (@@W% o , ,

yond the leading order. We use the notatitth, ,(x,) to T . R . 2 H— 2
denote the lowest order result, ? o 3)% ?ph ?p.. gpg
, ! 9 b9
E dQ’
f?ﬂh(xh)zwxh(l_xh)j?|A(t_’th0)|21 (13) @ ®) ©

FIG. 3. Virtual (a) and real(b), (c) QCD corrections to be com-

WhereA(t—>thO)E _ igtéi‘u_(p’)u(p). puted in orde.r to obtain th®(«as) corrections to the structure func-
. J . tion f,_h(X,) in the EHA.
We now consider a Higgs boson which couples to heavy

qguarks with the Yukawa interaction, o

(16)

B R {(xﬁ—(xﬂ“‘“ﬁ)(xa“”—xh)
L£=—g,tth°, (12 =

(X=X, +4M2/s)

In the standard modely;=M,/v, with v =246 GeV. Our
calculation is, however, valid in any model wheM, \ye can define the distribution of Higgs bosons in a heavy

<My, such as a supersymmetf$USY) model. quark by the relation
Performing the integral of Eq11), we obtain our primary
result:
0 O [4Aox(AERL X o(qq—tth®)=2 f X (qa—tt) i n(xp),  (17)
t-n(Xn) =752 BT
M¢ My My, 13  Where the factor of 2 reflects the fact that the Higgs boson
E'E "M/ 13 ¢an radiate from either quark. Using E@7) we find an

alternate definition of the Higgs distribution function:

The dominant numerical contribution comes from the (1
—Xp) /X, term, i.e. from thenfrared part of the Higgs dis-
tribution function. In fact, we can also reproduce the first
term in Eqg.(13) if we calculate, in the eikonal approxima-
tion, the bremsstrahlung ofsoft Higgs boson from the final
state of thee*e”—tt process. This provides us with an
independent check of the leading behavior of the HiggsTaking the limits>M?>M?2 of Eq. (14), we find
structure function we are going to use in the following.

It is instructive to compute the neglected mass dependent
terms using a different approach. The cross sectionyfpr - gt2 S(1—xp) 1-—xy

ft—»h(xh)z W Xhlo +

—tth° has been computed many years &), 2 Xp,

1

do(qgq—tth)
20(qg—tt) '

dxp

fon(Xn) = (18)

(19
AMZ—M?3

do(qg—tth®)  aZg?
dx;, ~ 27as| |

Except for the argument of the logarithm, this agrees with
Eqg. (13). It is easy to convince ourselves that this discrep-
ancy can only introduce a difference of the same order of

2 (AM{=Mp)(2M{—M7)
T 2

Xh S magnitude as the effects we are neglecting and is therefore
) R - irrelevant in our approximation. We have explicitly checked

N 8My | Xnt B ap that the use of,_(xy,) in the form of Eq.(13) or of Eq.(19)

SX, Xh_g Xﬁ_Bz is numerically irrelevant for an intermediate mass Higgs bo-

son and parton sub-energies above around 1 TeV.

( 2M2\ [ 4aMZ—M2 ]

x| 1+ , (19
S S B. QCD corrections

The utility of the results of the previous section is that it is
straightforward to compute th@(«) corrections tof;_,.
The discussion here parallels that of Réf3].

where x,,=2E;,/\/s is the exact equivalent of the quantity
defined in Eq(7) and varies in the range between

2 2
XN and xmax=q AM{ n % 1. Virtual corrections
S S The virtual corrections include contributions from the ver-
(195 tex renormalization of Fig. 3a, from the top quark wave
function renormalization, and from the top quark mass renor-

while 3 is defined to be malization. The virtual correction from Fig. 3a is given by
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2 €

0 o &s dap 1 )
AV:A (t—>th )ECF Mt2 4(1+ ZE)FU\/(E)_G —-6— §rh+O(rh) (25)
47T,u In the limit r,—0 we have
+ (2 rn) F.R(6)+ (1 e)l'r(e)
t virt 0 3as
fioh(Xn) = Fion(Xp)] 1— 7CF . (26)
+0(rd) (20)
2. Real corrections

where we define,=M2/M2 andCr=4/3. A%(t—th®) de- The gluon bremsstrahlung diagrams are shown in Figs. 3b
notes the tree level amplltude for-th®, and can be directly and 3c. In the soft gluon limit, the amplitude is given by
read from Eq(12). We have explicitly separated the infrared

(€/r) and ultraviolet €y) divergences and we have defined A(t—th0g)seft=g T Ao(t—>th°) P& %) )
p pg p- pg
1 1 (27)
Fe)=_—7=—. (21) o R .
€ The contribution to the Higgs distribution function is found

) o ) by integrating over the gluon phase space,
The wave function renormalizatiorZ§) contributes to the

virtual amplitude, 1 T(l1-¢ Eé—Ze
(PSg=—"—~ (4m)<T'(1-2¢€)Jo E9(2W)3*26
2
0 Oy_ _ 40 0, %s [ 4T - ™
ZZA (t*)th )_ A (t*)th )477_ Mtz X fo Sinl—Zealdgljo Sin—2692d02, (28)
XCel(1+2€)l'yy(e)

whereEg is the gluon energy. The integral of E@8) is cut
+2(1+e)l'r(e)] off at an arbitrary energy scalé, and the dependence @h
must vanish when the hard gluon terms are included. Per-

0 o @s 41’ forming the integrals of Eq(28), the soft gluon bremsstrah-
=~ AN(t—=th’)— VE lung term is given by
t
a 47T,u
X Cp iJr i+4 . (22) tLehm(Xh)zf?—»h(Xh)ﬁ rhr(flR) +A
€bv  €ir
The sum of(22) and (20) has both an UV pole and an IR +0(r2) (29)
pole. The UV pole in fact is cancelled by the renormalization i

of the mass term in the Higgs-fermion couplingy; (

=M,/v), while the IR pole will be cancelled by the soft In Eq.(29), A is the sum of all the remaining finite contri-
gluon bremsstrahlung contributidsee Figs. 3b and 3cTo  butions,

complete the calculation of the virtual part, we add(2Q)

and(20) the mass renormalization, i.e. Aeo Erhlog(4)+ ilog 1+ 8, N ilog 1+ By
o 4 M 3 ﬁp 1_Bp Bpr 1_ﬁpr
=— M, —
M= Mt47TC t2 Fuv(e)(3+4e) (23 i 1+ﬁv(u)
o9 —%
. 1 du 1-p3,(u)
and we obtain —(2—r f 30
@] g mutwny 0
0 oy s 2 4 p?
A irn=A"(t—th )ECF - §th|R(e) M2 -6 and we have denoted by
. Mtz 1/2 . . Mtz 1/2
=|1-— an =l 1-—
—Srnrord) | ey  PT\TE o=t ge
(3D
Therefore, the virtual processes contribute to the QCD corthe velocities of the incomingp) and of the outgoingg’)
rected nggs distribution fUnCtion, t_quark respective'y, while
2\ € 1/2
virt s 2 dmu m,(u)?
i h(Xn) = ftah(xh)[ 1+ z,n_CF —§th|R(e) —t2 ﬁv(u):(l— E ()7 (32)
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40.0 T T T T Il. CROSS SECTIONS

—— LO, E=500 GeV e T

—— NLO, E=500 GeV A eer—tth

300 F ———- LO, E=1TeV i As a first application of the formalism previously derived,
—-—-- NLO, E=1 TeV we want now to estimate the impact of QCD corrections on

the cross section fa@" e~ —tth°. This will require us to use
the QCD corrected distribution function derived in Eg§4)
together with the NLO expression for the cross section for
efe —tt.

Let us start testing the validity of the EHA approach in
the absence of QCD corrections. For this purpose, we evalu-

ate and compare the cross section ére~—tth in the
exact theoryi.e. the standard modedind in the EHA, for an
000 02 oa Y 08 1o intermediate mass Higgs boson.

h The cross section foe"e” —tth® has been first calcu-
lated in[14] (photon-exchange contribution onlgnd then
completed in[15] (both photon andZ-exchange contribu-
tions). To make the comparison with the formalism ex-

] ] plained in Sec. Il easier, we will write the cross section in the
is the B-term velocity for the 4-vectov=up+(1-u)p’,  form

which we use in the integration of the interference term be-

(/) £, (x,)

FIG. 4. The Higgs distribution functior,_,,,(x;) in units of
g2l (4m)>2.

tween the two real emission diagrams. In the limit-~0 and _ M do(ete” —tth?)
M<E,E’, a(e*e*—>tth°)=fn?in X d , (39
X Xh
A—>l 4(E+ E’ log E_')+8 33) where x,=2E,,/+/s and the integration bounds have been
2 E-E’ E ' defined in Eq.(15). The differential distribution in Eq(35)
can be written as
We can see that in the sum (#5) and (29) the residual IR - =0
divergences cancel. do(e"e” —tth")
The final QCD corrected result is dxy
ag(u) 2—Xp (0] 2QQ{VeVy
foon(xp)=f2 (X)) ] 1+ Cel| -1+ =N 2024+ ——°
t—n(Xn) =T h(Xn F X © 4m)? QeQs 1-MZ/s
6
xlog(1—xp)| | + £ o(r,) . (V2+A2)(VZ+A2) VZ+A2 AS G
(1—MZ/s)? Ya-mys?| s
as(pm) VeV
=10 ()| 1+ S—th<xh>}. (34 V(G Ge) | + % RS (36

The hard gluon terms cannot be reproduced in this approxiwheregoz47m§/3s, a. is the QED fine structure constant,

mation and they would require the full calculation of the andQ;, V; andA; (i=e, t) denote the electromagnetic and

bremsstrahlung of a hard gluon in the final stateedk ™ weak couplings of the electron and of the top quark respec-

—tth? or pp—tth® Note that to leading order in, there tively,

is no dependence on the gluon energy cutdih the soft . ) _

bremsstrahlung contribution of E¢29) and sofMa can v 215, —4Q;sy 2l 3

contain only finite terms. In addition, there can be ng,1/ T 4sycyw " 4spcw’ 37

singularities inf"2"® and so we expect this term to be small. _

The emission of a hard gluon should have a very distinguishwith 15, = +1/2 being the weak isospin of the left-handed

able experimental signature and should not affect the studfermions ands?,=1—c2,=0.23. The coefficient&,; andG,

of efe”—tth® or pp—tth®. Therefore we do not include describe the radiation of the Higgs boson off the top quark

the study of hard gluon emission in this context and drop théboth photon an& boson exchangewhile G;, . . . ,Gg rep-

fhard part of the structure functiofy_p(xy). resent the radiation of the Higgs boson off tAeboson.
Figure 4 shows the lowest order and radiatively correctedExplicit expressions for the coefficients,, ... ,Gg are

results for 2 typical energy scales. It is clear that the domigiven in the Appendix.

nant contribution is from the (£ x,)/x, term with little en- As already observed in Refl15], the most relevant con-

ergy dependence and that the ord¥rx,) contributions are tributions are those in which the Higgs boson is emitted from

small. a top quark leg, i.e. those proportional@& andG, in Eq.
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(36). This is further confirmed when we calculate the same y ' '
process in the EHA and we see that it is numerically consis-
tent with the exact result to within a factor of +3.8 for
50<M,=<150 GeV andy/s=1 TeV (the agreement is clearly
improved when we go to higher values ¢$).

In fact, according to Sec. ll, the cross section édre” 170 L
—tth? is evaluated in the EHA as the convolution of the % '
Higgs boson distribution function with the cross section for ©

1.90 b

ete —tt, ie. Z
©
1.50
~ —5 Xhmax 0
o(e"e” —tth%)gya=2 [ " dxpfi p(xp)
XLnln
% + o P ) . A )
o(e’e —tt), (38) %00 75.0 100.0 125.0 150.0
M, (GeV)

and therefore only the emission of a Higgs boson from a top
quark is taken into account. FIG. 5. Ratio of the lowest order cross section computed in the
In the absence of QCD_(:OfFGCtiOFfé)Mh(Xh) is given by EHA for e*e”—tth to the same quantity computed exactly, for
Eq. (13), while o(e"e”—tt) can be easily calculated and intermediate mass Higgs bosons\&=1 TeV.
reads[16,17
Within the EHA formalism, we can parameterize the ef-

= 1, 3 fect of QCD corrections as
o(e’e” —tt)=p; 1+§,th oyt Bioan (39
whereu=2M,/V/s, B2=(1—u?), andayy and o, corre- o(ete ttho)=2 fxﬂ_]axdth? h(Xh)
spond respectively to the product of two vector or two axial X" -
currents(the interference between the two gives zero upon
angular integration e )
S
(1+ th(xm)
22 S 2/\/2 2
oyv=Ncog| QeQf +2QeQiVeVi—— + Vi (Ve +Ag) o ag(w) -
s—Mz x| 0%+ ——oat], (42)
2
S
s—M2 ’ 0

wheref;_, is the Higgs boson distribution function without
) QCD corrections, as in Eq13), while the exact expression
S (40) of ftlﬁh(xh) can be derived from Eq(34). Moreover, we
S— M% ' have schematicilly represented the QCD corrected cross sec-
tion o(ete”—tt) in the form
using the same notation we introduced before. We notice that
o(ete”—tt) does not depend om;, and the associated
Higgs boson production, in the EHA, is obtained by simply
multiplying o(e*e” —tt) by a prefactor, as can be seen
from Eq. (38).
In Fig. 5 we compare the exact cross section of B§) to R
the EHA one of Eq(38), in terms of their ratio where o is given in Eq.(39).
Numerical expressions far® at various energies can be
. found in the literatur¢17] and we refer to these numbers in
glete” —tth®eya our discussion. The impact of QCD corrections on the pre-

R= o(e' e —tthY)exncr 4D giction of the cross section fa@*e~—tth® is described by
the K-factor,

oan=Neog AZ(VE+AY)

ag(u)

olete >tt)=ogo+ ot (43

. - THOYNLO
As we can see, the EHA reproduces the exact cross section to _ o(e"e” —tth’)
. h . A K(p)ete-—ith= _ - :
a good level of approximation and we are entitled to use it in o(ete —ttho)Lo
the estimate of the impact of QCD corrections on the asso-

ciated production of an intermediate mass Higgs bosdn in In the EHA, using Eq(38) and Eq.(42), theK-factor can be
events. written as

(44)
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max
X s(,u) as(p) ~
[thm'n dthtﬂh(xh) 1+ tﬂh h)) ( TO'
K(/—”e*e’—ﬂﬁ: ymax
0 -
[f,:m dxnfyn(xn) [0°
Xh
A
~1 Jmm dxnf (X i n(Xn)
aglu) | o Xh
=1+ —+ (45
5° B g0
min dxpf i n(Xp)

Using the results of Ref.17], we can estimate that'/¢°
=17 at s=1 TeV [taking u=+/s and a4(s)=0.088],
while the second term in parenthesis is roughly for My,
<180 GeV. Therefor&K(s)=.94 and the impact of QCD
corrections is estimated in the EHA to be very mild édre™
initial states.

B. pp—tth®

The QCD corrections to the procegssrpﬂtt_h0 can be
estimated using the EHA and the results of RETs] for the

NLO corrections topp—>tt The NLO cross section fart
production at a hadron collider can be conveniently param-
etrized at the parton level as

2

s(w)| o
—g[ fi(p)+amay(u)

o(ij —ttX)= v
t

2

)

whereij corresponds to thgg, qa qog, andq_g initial states
and

x| f(p)+ f.J(p)log( 2
t

4M?2

S

p=

(47)

with s the parton sub-energy. Analytic results for )

andf (p) and numerical parametrizations tff(p) can be
found in Ref.[7].

In the EHA, the cross section fcpx]oHtt_hO production at
lowest order is then

=0y 205w )
Uo(pp—>tth°)=%f dxlde; Fi(x0)Fj(x)f (p)
t i

h

whereF;(x) are the parton distribution functions argdand

X, are the momentum fractions carried by the incoming par-
tons. Again, the over-all factor of 2 reflects the fact that the
Higgs boson can be radiated off either top quark leg. The

parton sub-energy is=x;x,s. Note that because of the de-
pendence 08 in fi_n(Xn), the effect of the Higgs emission
is not a simple prefactor as was the casedbe™ (although
the energy dependence is very small

At lowest order, the proceqsp—>tt_h° includes both the
qq and gg initial states. As was the case fefe”, the

contribution from theqainitial state is well approximated at
lowest order in the intermediate mass Higgs region by the

EHA calculation. However, the procegg—>tth° also con-
tains thet-channel emission of a Higgs boson which is not
included in the EHA approximation and so the EHA is a
much poorer approximation to the lowest order hadronic
cross section than it is to the" e~ cross sectioR.We will
therefore use the EHA only to calculate tkefactor. The

best estimate of the rate fprp—>tt_h° will then be obtained
by using the exact calculation for the lowest order rate and

then multiplying by theK factor obtained using the EHA.

The cross section to NLO can easily be found using the
EHA,

ol(pp—tth?)
2a (,u)
=_° fdxldXZE Fi(x)Fj(X2) J’dxh Hh(xh)

as(um)

( tﬂh(xh)f” (P) + (4772)

X f*<13>+ﬂ(;3>log(“—2)m
ij ij M2 '
t

{flj(p)*—

(49

The K factor is then given as usual by

2The agreement between the exact calculation and the EHA cal-

culation ofpp—>tﬁ1° at the LHC can be improved by using Eq.
(19 instead of Eq(13) for th Even so, the EHA overestimates

the exact cross section féf,,~150 GeV by about a factor of 2.

xf dx, 2 (Xp), (48)

The K factors obtained using Eq413) or Eq. (19), along with Eq.
(34), are, however, almost identical.
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1.60

>tth

APPENDIX A: COEFFICIENTS FOR o(e*e”—tth®)

pp

X140 As we have seen in E¢36), the differential cross section

for e"e"—tth® can be expressed in terms of six coeffi-

1.20 cientsGq, . ..,Gg. Two of them,G; andG, account for the
emission of a Higgs boson from a top quark and are explic-
itly given by

1.00 L L

50.0 100.0 150.0 200.0
M, (GeV)
29¢

FIG. 6. K factor for pp—tth® production at the LHC,/s
=14 TeV, foru=M,, using Morfin-Tung 18] structure functions.
The solid curve uses the 1-loop evolution @f(wx) and lowest
order structure functions far®, and the 2-loop evolution af4( )
and NLO structure functions fos!. The dashed curve uses the
2-loop evolution ofag(x) and the LO structure functions for both
o ando?.

o*(pp—tth®)

_ 50
a®(pp—tth?) 0

K(M)pp—»tt_hE

In Fig. 6, we show theK factor using structure functions
derived by Morfin and Tung18]. It is clear from this figure
that using the lowest order cross section with the 2-loop
evolution of ag(«) overestimates the size of the corrections.
(This is also true for thgpp—h° procesg4].) TheK factor
varies between around 1.2 and 1.5 for the intermediate mass
Higgs boson. Since the dominant production mechanism is
gluon fusion, the exact value of th¢€ factor is sensitive to
the choice of structure functions. We have found that chang-
ing the set of structure functions induces a 10-20% uncer-
tainty in theK factor shown in Fig. 6.

IV. CONCLUSIONS

We have computed the next-to-leading order QCD correc-
tions toe*e"—tth® and topp—tth® in the high energy
limit and the limit in whichM ,< <M, . We expect this to be
a reasonable approximation in the intermediate mass regio
The corrections t@* e~ —tth® are small and can safely be
neglected. The corrections pnp—>tt_h°, however, increase
the rate at the LHC by a factor of between 1.2 to 1.5 for

M,<180 GeV, although the numbers are sensitive to the G,=

choice of structure functions. Within the context of the EHA,
the bulk of these corrections can be identified with the

(’)(ag’) corrections to the p—>tt_sub—process. The signifi-
cant size of the corrections underscores the need for a com-
plete calculation.
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while the other four coefficient3s, . .
emission of a Higgs from th&-boson and can be written in
the following form:

=——————| —4B (4MZ—M}D) (2M?
1 SZ(BZ—Xﬁ)Xh( B (4Mq h) (ZM{+9)Xn

+(B2—x2)(16M{+2Mf— 2M2s X, + S°x2— 4M?

h

X (3M2—2s—25X,)) Iog( Xh+{g)
X

-2g?

62: ~
2 (B2 =Xp)Xn

(B Xn(— 96M{ +24M M2

—s(— M2+ s+8%,)(— B2+x2) +2(B2—x?)

X (24M 7+ 2(Mi—M2sx,)

+M2(— 14M2+ 1zsxh+sxﬁ))log( Xh+€> )
Xh— B

(A1)

.,Gg describe the

—2 BgoM?
MZ(M{—MZ+s—5x%,)

S[AMp+12M7+2M3sx,

+82(— 1+ xp)Xe— M2(BM3+s(— 4+ 4x,+x2))],

~ BgzMZ
6(MZ—M2+s—sx,)

S (ABME+12M 7~ s(— 24+ 3

+24x,— 3x2)), (A2)
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—40; 9z M, 80: 9z M M; -
Geom 409 =y B s+(4M{-M}
Mz s(—M;+M3+s(—1+Xx;)) S(—M;+M3+s (—1+xp))
X+ [
+2s—sx,)log i {3 ) .
X| B s(6M2+xp(—M2—s+5X,)) Xn=— B
In both Eq.(Al) and Eq.(A2), g; andg; denote the Yukawa
couplings of the top quarkgi=M,/v) and of theZboson
+2(M3(M2—3M2+5—5%,) + M2 Ping P quarkge=M,/v) and of thezboso
(g9z=Mz/v) respectively, while the quantitg is defined in
Eq. (16). Referencd15] presents the result fato/dx;dx,,
X+ B wherex,; andx, are the fractional energies of the top quarks.
X (—4M2+12M2+5%2)) Iog( h A)) After making a change of variables and integrating over
h— |x1—X,|, their expressions for th€&; agree with ours.
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