PHYSICAL REVIEW D 68, 073003 (2003

Electroweak radiative corrections to associatedVH and ZH production at hadron colliders
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Higgs-boson production in association withl or Z bosons,pp—WH/ZH+X, is the most promising
discovery channel for a light standard model Higgs particle at the Fermilab Tevatron. We present the calcula-
tion of the electroweald(«) corrections to these processes. The corrections decrease the theoretical prediction
by up to 5%—-10%, depending in detail on the Higgs-boson mass and the input-parameter scheme. We update
the cross-section prediction for associai&itH and ZH production at the Tevatron and at the CERN LHC,
including the next-to-leading order electroweak and QCD corrections, and study the theoretical uncertainties
induced by factorization and renormalization scale dependences and by the parton distribution functions.
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[. INTRODUCTION process by contributions where the Higgs boson couples to a
heavy fermion loop. The impact of these additional terms is,
The search for Higgs particléd] is one of the most im- however, expected to be small in gendrid], and next-to-
portant endeavors for future high-energy collider experi-next-to-leading ordefNLO) QCD corrections should not in-
ments. Direct searches at the CERNe™ collider LEP have ~crease theéVH cross section at the Tevatron significantly,
set a lower limit on the standard mod@M) Higgs-boson Similar to the Drell-Yan cross sectigil]. As described in
mass ofM,;>114.4 GeV at the 95% confidence level.L.) more detail in Sec. IV, the renormalization and factorization

[2]. SM analyses of electroweak precision data, on the otherc@l€ dependence is reduced to about 109 (aty), while

. o the uncertainty due to the parton luminosity is less than
hand, result in an upper limit dfl ;<211 GeV at 95% C.L. .
[3]. The search forpE)he Higgs l:H)oson continues at the up(_albout 5%. At this level of accuracy, the electrowe@ka)

graded Fermilab proton—antiproton collider Tevatrp# corrections become significant and need to be included to

. . further improve the theoretical prediction. Moreover, the
with a center-of-mas&.m) energy of 1.96 TeV, followed in QCD uncertainties may be reduced by forming the ratios of

the near future by the CERN Large Hadron CollideHC) 0 associated Higgs-production cross section with the corre-
[6] with 14 TeV c.m. energy. Various channels can be eX-ponding Drell—Yan-likew- and Z-boson production chan-
ploited at hadron colliders to search for a Higgs boson. Atye|s je. by inspecting5.vu+x/0p5_vix- In these ra-
the Tevatron, Higgs-boson production in association With  tjos higher-order electroweak effects should be significant.

or Z bosons, For the Drell-Yan-likeW- andZ-boson production the elec-
_ _ troweak corrections have been calculated in REI&,13
pp—WH+X and pp—ZH+X, (1.D) and[14], respectively.

) o ) ) In this paper we present the calculation of the electroweak
is the most promising discovery channel for a SM Higgs () corrections to the processe®/pp—W*'H+X and
particle with a mass below about 135 GeV, where decay?)app_)ZHer_z We update the cross-section prediction
into bb final states are dominaf#,5]. for associatedVH and ZH production at the Tevatron and at
At leading order, the production of a Higgs boson in as-the LHC, including the NLO electroweak and QCD correc-
sociation with a vector bosopp—VH+X(V=W,Z) pro-  tions, and we quantify the residual theoretical uncertainty

ceeds througlyq annihilation[7], due to scale variation and the parton distribution functions.
_ The paper is organized as follows. In Sec. Il we outline
qq —V*—=V+H. (1.2  the computation of thé(«) electroweak corrections. The

. ] o calculation of the hadronic cross section and the treatment of
The next-to-leading ordeiNLO) QCD corrections coincide  the initial-state mass singularities are described in Sec. lll. In
with those for the Drell-Yan process and increase the crosgec. |V we present numerical results for associatéd and

section by about 30%8]." Beyond NLO, the QCD correc-  zH production at the Tevatron and at the LHC. Our conclu-
tions for VH production differ from those for the Drell-Yan sjons are given in Sec. V.

'QCD corrections to the background procesggspp—W/Z 2The electrowealO(«) corrections to associatesH production
+bb+ X have been calculated [9]. ate*e” colliders have been presented in Rdf5].
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where &3 (\y) is the polarization vector of the bosow,

v(pq ) andu(pg) are the Dirac spinors of the quarks, and
=1(1+ ys5) denote the chirality projectors. The coupling
factors are given by

FIG. 1. Lowest-order diagram for qq’—V*—VH

(V=wW,2). ud My
Juaw= \/— 07—, gWWH_S_

Il. THE PARTON CROSS SECTION Sw W

A. Conventions and lowest-order cross section
3
We consider the parton process Sw g Mz
P P 9qz= ~ g Qut o g 0rr Gzzn=g . (24
w wow wowW

A(Pq.7q) +a" (Pg  7q) — V(Pyv, Ay) +H(pr)[ + 7(k,>\()],)
2.1
whereQ, and|§= +1/2 are the relative charge and the third
component of the weak isospin of quagkrespectively. The
weak mixing angle is fixed by the mass raNq,\,/Mz, ac-

where V=W",Z. The light up- and down-type quarks are
denoted byg andq’, whereq=u,c andq’=d,s forWw"H
production andg=q’=u,d,s,c,b forZH production. The di to th hell diti P 1— 1
variables within parentheses refer to the momenta and hellcCor Ing to the on-shell condition sif= ﬁ" CW

—M\,\/MZ Note that the CKM matrix element for thed
ties of the respective particles. The Mandelstam variables are 2
defined by transition,V,4, appears only as global factpv,q* in the

cross section fokWH production, since corrections to flavor

mixing are negligible in the considered process. This means

o 2 _ _ 2 o _ 2
$=(PqtPg)%  t=(Pg=Pv)%  U=(Pg—Pv)%, that the CKM matrix is set to unity in the relative corrections
5 and, in particular, that the parame¥éy need not be renor-
Svh= (Pt pv)° (2.2 malized. The same procedure was already adopted for Drell—

R Yan-like W production[12,13.
Obviously, we haves=s,y for the nonradiative process The differential lowest-order cross section is easily ob-
aq’—VH. We neglect the fermion masseg,, mg when-  tained by squaring the lowest-order matrix elemant of
ever possible, i.e. we keep these masses only as regulatorsgy. (2.3),
the logarithmic mass singularities originating from collinear
photon emission or exchange. As a consequence, the fermion
helicities 7, and 7y are conserved in lowest order and in ther( dao) 1 1 A\YAMZ M2 s)

> MY

virtual one-loop Correctlons i.e. the matrix elements vanis -
12 6442 52 spins

unless7q=— 7 =7=*1/2. For brevity the value of is dQ
sometimes indicated by its sign.
In lowest order only the Feynman diagram shown in Fig.

1 contributes to the scattering amplitude, and the correspond- a?

2 2
ing Born matrix element is given by 48M2 29VVH[(gqq’V) +(gqq/V) ]
_EOr G- s , - (T=MHU—-M§)+MIs
Mo=—v(%)év(hv)w u(py), (2.3 XNAME M ) —— , (2.9
s—MV (s—My)

FIG. 2. Contributions of different vertex functions tm— WH.
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FIG. 3. Contributions of different vertex functions ¢@— ZH.

where the explicit factor 1/12 results from the average ovedifferent vertex functions are shown in Figs. 2 and 3. Explicit

the quark spins and colors, afil is the solid angle of the results for the transverse parts of &\ ZZ, and yZ self-
vector bosonV in the parton c.m. frame. The total parton €nergiedin the ‘t Hooft—Feynman gaugean, e.g., be found

cross section is given by in [17]. The diagrams for the gauge-boson—fermion vertex
corrections are shown in Figs. 4, 5, and 6. The diagrams for
A o the corrections to th&VWH ZZH, and yZH vertices can,
oo(qq —VH)= —zAg\2/VH[(g+ )2 H (Gggy) ] e.g., be found in Figs. 8 and 9 [f8]. The box diagrams are
72M28? ad ad depicted in Figs. 7 and 8, whegeis the would-be Goldstone

. partner of theW boson.
><?\l/2('\/|\2/,|\/|2 ,S) The actual calculation of the one-loop diagrams has been
carried out in the 't Hooft—-Feynman gauge using standard
techniques. The Feynman graphs have been generated with
FEYNARTS[19,2( and are evaluated in two completely inde-
pendent ways, leading to two independent computer codes.
where \ is the two-body phase space functiafx,y,z)  1he results of the two codes are in good numerical agree-
—x2+y2+ 72— 2xy—2xz—2yz. The electromagnetic cou- ment(i.e. within gpproxmately 12 d|_g|ts for non_excep.tlonal
pling a=e?/(4) can be set to different values according to phase-space pointsin both cglculatlons uItra_onet diver- '
different input-parameter schemes. It can be directly identigences are regulated dimensionally and IR divergences with
fied with the fine-structure constamt(0) or the running &0 infinitesimal photon massi, and small quark masses.
electromagnetic coupling(k?) at a high-energy scale For Thg renormalization is carneq out in the on-shell renormal-
instance, it is possible to make use of the valuex¢M %) Ization scheme, as €.g. described 117].
that is obtained by analyzind 6] the experimental rati®® In the first calculqtlon, the Feynman graphs are generated
—o(e*e —hadrons)é(ete —u*p ). These choices with FEYNARTS version 1.0_[19]. With the help of_MATH-
are calleda(0)-schemeand a(M%)—schemerespectively, in  EMATICA routines the amplitudes are expressed in terms of

the followina. Another value forr can be deduced from the standard matrix elements, which contain the Dirac spinors
Fermi g G ieldi — [2G M2&2 /7 thi and polarization vectors, and coefficients of tensor integrals.
ermi- constantG,,, yielding @G, ~ pMwSw/ 7, IS The tensor coefficients are numerically reduced to scalar in-

choice is referred _to a6 ,-schemeThe (_jifferenges between tegrals using the Passarino—\Veltman algorift2t]. The sca-
these schemes will become apparent in the discussion of thgr integrals are evaluated using the methods and results of

X)\(MZ,Mﬁ,g)leZM\Z,%
(s—MP)?

: (2.6

correspondingd(«) corrections. [17,22.
The second calculation has been made USIBENARTS
B. Virtual corrections version 3[20] for the diagram generation arfEYNCALC

version 4.1.0.3§23] for the algebraic manipulations of the
amplitudes, including the Passarino—Veltman reduction to

The virtual corrections can be classified into self-energyscalar integrals. The latter have been numerically evaluated
vertex, and box corrections. The generic contributions of theising theLoopTooLspackagd 24] version 2.

1. One-loop diagrams and calculational framework

FIG. 4. Diagrams for the corrections to the
udW vertex.
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U

FIG. 5. Diagrams for the corrections to the
gqZ vertices.

2. Renormalization and input-parameter schemes

i i i SWAT= 5Z o+ 5géqz+ ! 827+ 6Z]— 9 6z
Denoting the one-loop matrix element 7, in O(«a) the ot T 9%e 9’ 9 957z q 9’ AZ>
squared matrix element reads qaz aaz
2
Mt M= M2+ 2 R§MG* M T+ - - - s Q8 gy &_1),
s
=(1+2 RS DIMF2H . (2.7 Yaaz
2 _ 2 2
Substituting the right-hand side of this equation [ |2 in SZZH_ 57 4 2Sw— Cw 5&% 5MW+5Z N 552
. . . . . ct e 2 2 VA H-
Eq. (2.5 includes the virtual corrections to the differential Cyy Sw 2My, 2
parton cross section. The full one-loop corrections are too (2.8

lengthy and untransparent to be reported completely. Instead

we list the relevant counterterms, all of which lead to contri-The indexr has been suppressed for those counterterms that
butions toM ] that are proportional to the lowest-order ma- do not depend on the chirality. The explicit expressions for
trix elementM ;, ML= 81M . Explicitly the counterterm the renormalization constants can, e.g., be found in [R&.

factors 67, for the individual vertex functions read We merely focus on the charge renormalization consfait
in the following. In thea(0)-schemdi.e. the usual on-shell

2 schemeg the electromagnetic couplingis deduced from the
5¥¥W=—5Zw+ % fine-structure constan&(0), as defined in the Thomson
— My limit. This fixes 6Z, to
W L st oz LA s 350)
SUIWT=| 57— ——+ = 8Zy+ = 62, + = 625 | 5., 8Ze| yy= 5 ——— - (2.9
T a(0) ’
Sw 2 2 2 2 ok? o Cw M%
Ssy M3 1 TSV - '
5\cAt/WH: 5Ze——W+ W+5ZW+_5ZH! with =1V (k) denoting thg transverse part of the\{
Sw 2|\/|\2N 2 gauge-boson self-energy with momentum trangfeln this
scheme the charge renormalization constédt contains
5 logarithms of the light-fermion masses, inducing large cor-
8L2= — 67,5+ % rections proportional tax In(m?/s), which are related to the
S—Mz running of the electromagnetic couplimgk?) from k=0 to
a high-energy scale. In order to render these quark-mass
Q M2 logarithms meaningful, it is necessary to adjust these masses
SYET= Tq 0Zza 1- == +68Zpz7|, to the asymptotic tail of the hadronic contribution to the
qqz vacuum polarizatiod1*(k?)=314(k?)/k? of the photon.
U U d d
Z W Z w
H H H
u ---- d -—-- d ---- H_
zZ w zZ w
u u d d

FIG. 6. Diagrams for the corrections to tqgH vertices.
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FIG. 7. Diagrams for box cor-
rections toud— WH.

. 2 . . . . . . N
Using a(M7), as defined i 16], as input this adjustment is qyark masses, since all corrections of the fagfin"(nmé/s)
implicitly incorporated, and the charge renormalization con-gre absorbed in the lowest-order cross section parametrized

stant is modified to by a(M2)=a(0)/[1-Aa(M2)]. In the G,-scheme, the
1 transition from «(0) to G, is ruled by the quantityAr
0Z¢| a(M2)= 0Z¢| a0y~ EAa(M%), (2.10  [17,28, which is deduced from muon decay,
z
where J2G, M2,
ag = — W 4(0)(1+Ar)+0(ad). (2.12
Aa(K)=TI{4(0) - Re(IIFA(KD)}, (21D g ™

with TI#2, denoting the photonic vacuum polarization in-
duced by all fermions other than the top quéske also Ref.
[17]). In contrast to thea(0)-scheme the counterterm
5Ze|a(,\,,§), and thus the whole relativ®(«) correction in

Therefore, the charge renormalization constant reads

1
5Ze|G//.: 5Ze|a(0)_ =Ar. (213’

the a(M%)-scheme, does not involve logarithms of light 2

FIG. 8. Diagrams for box cor-
rections toqq—ZH.
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FIG. 9. Bremsstrahlung diagrams fod—WH+ .

Since Aa(M3) is explicitly contained inAr, the large HELAS [28]. The result has been verified by an independent
fermion-mass logarithms are also resummed in thecalculation based on standard trace techniques. The contribu-
G,-scheme. Moreover, the lowest-order cross section ifion o, of the radiative process to the parton cross section is
G -parametrization absorbs large universal corrections to thgjyen by
SU(2) gauge coupling/sy, induced by thep-parameter.

Finally, we consider the universal corrections related to 1
the p-parameter, or more generally, the leading corrections 0,=75 1292 f
induced by heavy top quarks in the loops. To this end, we
have extracted all terms in the corrections that are enhanced
by a factormtle\zN. These contributions are conveniently
expressed in terms of

dr,>, |M,|2 (2.17)

splns

where the phase-space integral is defined by

3a m?
Ap=rg s (214 o o ok
16msd, M3, j ar,- f P f Pv f

(2m)32py o) (2m)32pyo)  (2m)32k
which is the leading contribution to the parameter. For the o o °
various channels we obtain the following correction factors X (2m)*8(Pg+ Pg — P~ Py—K). (2.189
to the cross sections in th@,-scheme:

to __glo . . ..
5qap’~>WH|GM_ 25WQNH|GM1 D. Treatment of soft and collinear singularities

. B The phase-space integrd.17) diverges in the softk;
_ 2QqCw(9gqzt 9gq2) —0) and collinear ok, pzk—0) regions logarithmically if
sW[(gng)er(g;qz)Z] ' the photon and fermion masses are se't'to zero. For the treat-
(2.15 ment of the soft and collinear singularities we have applied
' the phase-space slicing method. For associdtégroduc-

top ¢
6 qﬂZH|G 252°§H|GM+ Apy

with tion we have additionally applied the dipole subtraction
5 method. In the following we briefly sketch these two ap-
5{/?/QNH|GM: 5tzogH|GM: - EAPt ) (2.16 proaches.

. . . 1. Phase-space slicing
in agreement with the results of R4R26]. As mentioned

before, forWH production the only effect of p, is related to Firstly, we made use of phase-space slicing, excluding the
the WWH vertex correction in theS ,-scheme, while such soft-photon and collinear regions in the integfall?).
corrections to theyq’ W coupling are entirely absorbed into
the renormalized coupling/sy .

C. Real-photon emission

Real-photonic corrections are induced by the diagrams
shown in Figs. 9 and 10. Helicity amplitudes for the pro-
cessesqq —VH+y (V=W,Z) have been generated and
evaluated using the program package®GRAPH [27] and FIG. 10. Bremsstrahlung diagrams fgg—ZH+ .
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In the soft-photon regiom, <k,<AE< s the brems- a 2AE g
strahlung cross section factorizes into the lowest-order cross  dso= — —~Qq| 2 In| ———]In| — | +2In| —
. . . ¥ S Y
section and a universal eikonal factor that depends on the

photon momenturk (see e.g. Ref$17,29). Integration over 1 m2 m2\ 2
k in the partonic c.m. frame yields a simple correction factor +-1In? 2| +In| = +? . (2.19
S t0 the partonic Born cross sectiowrgl For ZH produc- s s
tion this factor is For WH production the soft factor is
|
5 @ | o, [ 22E) mg i 28E) L o(ma) (me) | o (28E) m;,
Soft— E Qq n m, S +21In m, +§n ? +1n ? +? +Qq, n § n ?
2AE| 1 _[m, my,| 20E\ [ M 20E| 1 [ M§
+21In +=In’l =] +In| — |+ —=|+|21In In| —|+2In +=In S
2 S S 3 m, S y | 2 (PwtIpPwl)
S 2AE NE
pW ) +2Qq| 2 In| —5— In( +Li2<l+ﬁ(p3\,—|pw|))
|I0vv| Vv+||ow|) M2,—1 y t—M2,
+Liy| 1+ \/— ( [pwl) 2Q,| 21 s I(ZAE)+L 1+ \/: ( [pwl)
i - /| 21n ~|In i —
2 T Mw pw Pw q M\ZN—U m, 2 0 Mw Pw Pw
+le(1 —— (Pt pw) )H (2.20
a—MZ,
|
whereQq— Q4 =+1. The difference betweeZiH and WH 1+272
production is due to the soft photons emitted by\teoson. Pi(2)=7—- (2.22

The factor 55, can be added directly to the virtual cor-

rection factor 2 RSy} defined in Eq.(2.7. We have )

checked that the photon masa, cancels in the sum Note that the quark momentum is reduced by the factar

2 REST N+ St 4 so that the partonic c.m. frame for the hard scattering re-
I SO

The remaining phase-space integration in &j17) with ceives a boost.

ko>AE still contains the collinear singularities in the re-

gions in which pgk) or (pgk) is small. Defining 6, 2. Subtraction method

=2(ps,k) as the angle of the photon emission dff Alternatively, for ZH production, we applied the subtrac-
=0,q’, the collinear regions are excluded by the angulation method presented if80], where the so-called “dipole

cuts 0, <A #<1 in the integral2.17). formalism,” originally introduced by Catani and Seymour

In the collinear cones the photon emission anglgscan  [31] within massless QCD, was applied to photon radiation
be integrated out. The resulting contribution to the bremsand generalized to massive fermions. The general idea of a
strahlung cross section has the form of a convolution of th&ubtraction method is to subtract and to add a simple auxil-
lowest-order cross section, iary function from the singular integrand. This auxiliary

function has to be chosen such that it cancels all singularities
. . . of the original integrand so that the phase-space integration

Ocoll= Ocoll,gt Tcoll g » of the difference can be performed numerically. Moreover,

the auxiliary function has to be simple enough so that it can

A 6%s 2z subtracted contribution is added again.
In Am2 B 1+ 72 The dipole subtraction function consists of contributions
f . .

labeled by all ordered pairs of charged external particles, one

—ZH we, thus, have two different emitter/spectator cases
ff’: qqg, qq. The subtraction function that is subtracted from
with the splitting function S spindM ,|? is given by

Qfa 1-2AE/B
Ucollf(pf)— 27TJ dz

be integrated over the singular regions analytically, when the
XPi(z)ao(zpy), T=0,q (2.21  of which is calledemitter; the other onespectator For qq
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pp—=> WHH+ X

o/%

20 .

30 _
—G, |
P M) ! ! !

80 100 120 140 160 180 200

M,/ Gev

FIG. 11. Relative electroweak correctidhas a function of the
Higgs-boson mass for the total cross sectpm—W"H+X (/s
=1.96 TeV). Results are presented for th¢€0)-, a(M%)-, and
G,-schemes.

| Msud?=Q2€?| 94 Pq . Py k)spzms | M &(XqqPq P Kz.q9)|2

+qq(Pq+Pq ,k)sp%s | M §(Pq XqaPq Kz )]

(2.23
with the functions
ol k) 2 1
g p |p_! = X il
qa\Fa-Fg (Pk)Xqql 1—Xqg qq
Jqq(Pg:Pg . K) = ——— —1—Xqgl,
qa\ Mg+ Pg (Pak)XqqL 1—Xqg qq
(2.29
and the auxiliary variable
_ PaPg— Pgk—pgk
I — (2.29

pq pﬁ

PHYSICAL REVIEW D 68, 073003 (2003

pp > ZH+ X

Vs = 1.96 Tov
\ * \ * \
QLo . ----------- S N
ﬁgrﬁ;/_A
A0 e =
e [ i
]
20 _
30 |
.. a(0)
— G, i
-- a(my) \ \ \
-40
80 100 120 140 160 180 200
M,/ GeV

FIG. 12. Relative electroweak correctidhas a function of the
Higgs-boson mass for the total cross sectipp—ZH+X (4/s
=1.96 Te\j.

For the evaluation ofMg,? in Eq. (2.23 the Z-boson mo-
mentak; ¢, still have to be specified. They are given by

Kz qq=A(Pq.Pe)" Kz, Kzgq=A(Pg.Pg)* Kz,
(2.26

with the Lorentz transformation matrix

(P+I~3)"“(P+I~3)V+ 2P+P,
P2+ PP P2

A(pl ’ pZ)#Vz g”v_

Pr=KE+KE,  Pr=xqgpi+ps. (2.27
The modifiedZ-boson momenté; ¢, still obey the on-shell
condition kgff,=M§, and the same is true for the corre-
sponding Higgs-boson momenta that result from momentum
conservation. It is straightforward to check that all collinear
and soft singularities cancel Bgynd M ,|%— [ Mg,d? so that
this difference can be integrated numerically over the entire
phase spac&.19.

The contribution of| Mg,J?, which has been subtracted
by hand, has to be added again. This is done after the singu-
lar degrees of freedom in the phase sp&d8 are inte-

TABLE I. Total lowest-order hadronic cross sectiog(pp— W*H+ X) and corresponding relative elec-
troweak correction’ (/s=1.96 TeV). Results are presented for #gd)-, a(M2)-, andG,-schemes. The

integration error is given in parentheses.

My /GeV o0la(o) /PP 8la/%  Tolamz)/PD  Slamz) /% olg, /pb dle, /%
80.00 0.19261) 0.571) 0.217%1) —11.991) 0.20581) —-5.171)
100.00 0.09614) 0.251) 0.10861) —12.291) 0.10281) —-5.61(1)
120.00 0.0517@) —0.171)  0.058461)  —12.791)  0.055321)  —6.191)
140.00 0.02948) -0.891) 0.033271) —13.531) 0.031491) —7.051)
170.00 00136@)  —2.551)  0.015441)  —153Q1)  0.014611)  —8.901)
190.00 0.00851(1) —-1.971) 0.0096241) —14.661) 0.0091061) —8.391)
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TABLE IlI. Total lowest-order hadronic cross sectiog(pp—ZH+ X) and corresponding relative elec-
troweak corrections (ys=1.96 TeV).

My /GeV 0'0|Q(0)/pb 5|01(0)/% UO|a(M§)/pb 5|a(M§)/0/0 UO|G,u/pb 5|G”/%
80.00 02190)  0.991) 0.24841)  —11.521) 02351  —4.731)
100.00 0.114Q1) 0.951) 0.129Q1) —11.571) 0.12211) —4.91(1)
120.00 0.0635@) 0.9711) 0.071821) —11.551) 0.067961) —5.01(1)
140.00 0.0372) 0.91(1) 0.042111) —-11.611) 0.039841) -5.191)
170.00 0.01799@) 1.121) 0.020321) —11.381) 0.019221) —5.101)
190.00 0.01148) 1.261) 0.012971) —11.241) 0.012271) —5.041)

grated out analytically, keeping an infinitesimal photon mass _ , o (1 . N

m,, and small fermion masses; as regulatorg30]. The Usub,ipqapE)ZQqﬁf dx{[ Gqg(S:X) 1+ To(XPq . Py

resulting contribution is split into two parts: one that factor- 0

izes from the lowest-order cross sectiop and another part +[gq_q(§ax)]+(}0(pq XPH = (p 4 py2
q "q

that has the form of a convolution integral ové() with

reduced c.m. energy. The first part is given by

a (1 ~
+Q§Zf0 dX(l_X){Uo(qu 1pa)|7q—>77'q

2

N a N 27| . -
asub,1=Q§E[2£<s,m§)+3—— a9 (228 +00(Pg XPgl 2}, (230

3

where the usudl. .. ], prescription,
with the auxiliary function

m;
In| —
r

1 1
JO dx[f(x)].g(x)= fo dxf(x)[g(x)—g(1)], (2.31

m
r

a N

+In

2 2
& _Eln2 %
2

2y _
E(r,mq)—ln( ; ;

is applied to the integration kernels

| ' 1
nl—|—1|.
m;

c|1n Eqg. (2.30 we have indicated explicitly how the Mandel-
Stam variableg has to be chosen in terms of the momenta in
the evaluation of the part containiqdg (r,x)], . Note,

1 [ma
+§In rak (2.29

Gaa(r:X) = Ggq(r,X) = P(X) (2.32

The IR and fermion-mass singularities contained 3“5&3,1
exactly cancel those of the virtual corrections. The secon
integrated subtraction contribution is given by

pp — WTH + X pp » ZH + X
V5 = 14 TeV Vs = 14 TV
\ ‘ \ ‘ I ‘ ‘ ‘
Op=rmrseese — Qe L e -
-10 \ﬁ 3 a0 =
r _______________________ | N N
£ I | g | |
© -20— — > -20 —
-30 — 30— |
-~ a(0) - a(0)
J— Gu i — G, 1
() ‘ ‘ ‘ -- a(m2)
.40 40 \ \ \
80 100 120 140 160 180 200 80 100 120 140 160 180 200
M,/ Gev M,/ GeV
FIG. 13. Relative electroweak correctidhas a function of the FIG. 14. Relative electroweak correctidhas a function of the
Higgs-boson mass for the total cross sectm—W"H+X (/s Higgs-boson mass for the total cross sectipp—ZH+X (/s
=14 TeV). =14 TeV).
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TABLE IIl. Total lowest-order hadronic cross sectiam(pp—W"H+X) and corresponding relative
electroweak correctiod (\s=14 TeV).

My /GeV Tola/PD  Hla@)/%  oolamz/Pb  Slamz /% oo, /pb dle, /%
80.00 2.6601) 0.31(1) 3.0051) —12.222) 2.8441) ~5.431)
100.00 1.41Q1) -0.11(2) 1.5941) —12.672) 1.5081) -5.991)
120.00 0.811®@) —0.651) 0.91662) —13.242) 0.86732) —-6.671)
140.00 0.496{) —-1.491) 0.561@1) —14.162) 0.53091) —7.681)
170.00 0.2608L) —-3.331) 0.29421) —16.122) 0.27841) —-9.722)
190.00 0.1776l) —2.921) 0.20071) —15.6712) 0.18991) —9.361)
however, that in Eq(2.30 the variables that is implicitly The O(a)-corrected parton cross sectiof’192) contains

used in the calculation ofo(...) is reduced to &p,p; ~Mass singularities of the form In(my), which are due to
collinear photon radiation off the initial-state quarks. In com-

rplete analogy to theVS factorization scheme for next-to-
leading order QCD corrections, we absorb these collinear
singularities into the quark distributions. This is achieved by
replacingg(x) in Eg. (3.1) according to

=Xs.
In summary, within the subtraction approach the real co
rection reads

“—1lfdr 2 M PP Meuf?| + Tsup st 0
Uy_l_zz_g ¥ spinsl y| | sud Osub,1™ Osub,2- , 1dz [x Ja I M2
(2.33 a(x)—q(x,M )—L?q Z:M75-QqyIn m—é
It should be realized that itrgp, ;and o, o the full photonic

phase space is integrated over. This does, however, not re- X[Ps1(2) ]+ —[Ps1(2)(2 In(1—z)+1)]+} ,(3.2
strict the subtraction approach to observables that are fully

inclusive with respect to emitted photons, but rather to ob-

; . ) whereM is the factorization scalésee Ref[13]). This re-
servables that are inclusive with respect to photons that arﬁlacement defines the same finite parts in @{er) correc-
soft or collinear to any charged external fermi@ee discus- P

) . tion as the usuallS factorization inD-dimensional regular-
sions in Sec. 6.2 of30] and Sec. 7 of31)). ization for exactly massless partons, where the@(tgrms
appear as 1[0 —4) poles. In Eq(3.2 we have regularized
the soft-photon pole by using the ..], prescription. This
procedure is fully equivalent to the application of a soft-
photon cutoffAE (see Ref[12]) where

Ill. THE HADRON CROSS SECTION

The proton-fanti-)proton cross sectioa is obtained from
the parton cross sections(91%) by convolution with the
corresponding parton distribution functiogg X x),

q0()—a(x,M?)

1- 202 1-In(2AE/3)
1 1 N T
do(s)= 2 f XmJ’o dx201(X1)Ga(X)do 9192 (py ,pg,),

0192 JO 3 M2
(3.1 —|nz(2AE/\/§)+(|n(2AE/\/§)+Z In| —

wherex, , are the respective momentum fractions carried by Ma
the partongy; ,. In the sumz, o the quark pairs);q, run 1-288/3dz (X ),
over all possible combinationgsq’ andq’q whereq=u,c _Jx 7q(E’M )ZQQP”(Z)
andq’ =d,s forWH production andj=q’' =u,d,s,c,b foizH
production. The squared c.m. enesyyf thepp (pﬁ) system n M_2 1 ) —l] 3.3
is related to the squared parton c.m. enesgdyy s=X;X»S. ma (1-2)2 ' '

TABLE |V. Total lowest-order hadronic cross sectiog(pp— ZH+ X) and corresponding relative elec-
troweak corrections (ys=14 TeV).

My /GeV oola) /PP lago)/% Tolamz) /b Slaquz) /% olg, /pb dle, /%
80.00 2.2991) 0.951) 2.5951) —11.561) 2.4571) —4.771)
100.00 1.2321) 0.831) 1.3921) —11.681) 1.31721) -5.031)
120.00 0.7134) 0.761) 0.80581) ~11.771) 07631  —5.221)
140.00 0.438(1) 0.54(1) 0.495@1) —12.011) 0.46841) —5.561)
170.00 0.2297) 0.371) 0.25951) ~12.181) 02451  —5.841)
190.00 0.1564) 0.321) 0.1765%1) —12.231) 0.167Q1) —6.01(1)
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pp— WHH+ X pp »WTH+ X
Vs — 1.96 TeV Vs = 14 TeV

< 8
S S
20 - 20 -
30— — 30— —
-+ Fermionic 4 ---- Fermionic 1
— Tota — Total
aol== Bosonic + Real Photonic | | wl== Bosonic + Real Photonic | |
80 100 120 140 160 180 200 80 100 120 140 160 180 200
M,/ Gev M,/ Gev

FIG. 15. Different contributions to the relative electroweak cor-  FIG. 17. Different contributions to the relative electroweak cor-
rection g in the G ,-scheme as a function of the Higgs-boson massrection § in the G ,-scheme as a function of the Higgs-boson mass
for the total cross sectiopp— W™ H+X (Vs=1.96 TeV). for the total cross sectiopp—W"H+X (Vs=14 TeV).

The absorption of the collinear singularities@f«) into . . .
quark distributions, as a matter of fact, requires also the inJEhat Is relevant for associatacH production at the Tevatron

clusion of the correspondin@®(e) corrections into the and the LHC. Therefore, the neglect of these corrections to
Dokshitzer-Gribov-LipaFt)ov-AItareIIi-PariS{DGLAP) evolu- the parton distributions is justified for the following numeri-

tion of these distributions and into their fit to experimental cal study.

data. At present, this full incorporation 6 «) effects in the

determination of the quark distributions has not yet been IV. NUMERICAL RESULTS

performed. However, an approximate inclusion of @)

corrections to the DGLAP evolution shof32] that the im- A. Input parameters

pact of these corrections on the quark distributions inviise For the numerical evaluation we used the following set of

factorization scheme is well below 1%, at least invange  input parameterg33]:

pp — ZII + X pp —+ LH + X
Vs = 196 TeV Vs =14 TeV
10 ‘ ‘ ‘ ‘ 10 ‘ ‘ ‘ ‘
(0] 2t o Qb m m -
e =
ﬁ I
N E— ) [ — L
9o DN N O ~ == b=-===--{
-20 — — 20 -
30 - 30 -
-+ Fermionic -+ Fermionic
-—- Photonic 4 =+ Photonic 4
— Totd i TOta|
aol== Weak Bosonic | | | | wl== Weak Bosonic | | | |
80 100 120 140 160 180 200 80 100 120 140 160 180 200
M,/ GeV M,/ GeV

FIG. 16. Different contributions to the relative electroweak cor-  FIG. 18. Different contributions to the relative electroweak cor-
rection § in the G ,-scheme as a function of the Higgs-boson massrection s in the G ,-scheme as a function of the Higgs-boson mass
for the total cross sectiopp—ZH+X (y/s=1.96 TeV). for the total cross sectiopp—ZH+X (y/s=14 TeV).
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G, = 1.1663% 10°° GeV 2, a(0) = 1/137.03599976, a(M,) = 1/128.930,

My = 80.423 GeV, M, = 91.1876 GeV,

me = 0.510998902 MeV, m, = 105658357 MeV, m, = 177699 GeV,

m, = 66 MeV, m. = 1.2 GeV, m; = 1743 GeV,

mg = 66 MeV, mg = 150 MeV, m, = 4.3 GeV

Vud = 0.975, Vd = 0.222,

Ved = 0.222, Ved = 0.975. (4.1)

The masses of the light quarks are adjusted such as to reprdipole subtraction method. The results agree with those ob-
duce the hadronic contribution to the photonic vacuum potained using phase-space slicing. We observe that the inte-
larization of[16]. They are relevant only for the evaluation gration error of the subtraction method is smaller than that of
of the charge renormalization constaniZ, in the the slicing method by at least a factor of 2.

«(0)-scheme. For the calculation of tipg and pp cross

sections we have adopted the CTEQ6L1 and CTEQ8H) B. Electroweak corrections

parton distribution functions at LO ar@(ay), correspond- In this section we present the impact of the electroweak

; LO__ MS_ . . .-
ing to Ag~=165 MeV andAg™=226 MeV at the one- and o(4) corrections on the cross section predictions for the
two-loop Ievellof the strong coupllngs(,u'), respectively. processepp/pp—W*H+X and pplpp—ZH+X at the
The top quark is decoupled from the runningaafu). If not  Tevatron and the LHC. Figures 11 and 12 show the relative
stated otherwise the factorization scMds set to the invari-  gjze of theO(a) corrections as a function of the Higgs-
ant mass of the Higgs—vector-boson pdir= ysyy. Forthe  poson mass fopp—W"H+X and pp—ZH+X at the
treatment of the soft and collinear singularities we have apTevatron. Results are presented for the three different input-
plied the phase-space slicing method as described in Segarameter schemes. The corrections in tBe,- and
[ D. We have verified thaAt the results are independent of thea(M%)-schemes are significant and reduce the cross section
slicing parameters 2E/ \/g and A 6 when these parameters by 5%-9% and by 10%—15%, respectively. The corrections
are varied within the range 16— 10" In the case of as- in the (0)-scheme differ from those in th® ,-scheme by
sociatedZH production we have, in addition, applied the 2Ar~6% and from those in thea(Mg)-scheme by
2Aa(|\/|§)%12%. The fact that the relative corrections in
pp o WEH + X the a(O)?scheme are rather sm_aII results from accidente_ll
cancellations between the running of the electromagnetic

V& = 196 TeV . . . .
7\ e 1 coupling, which leads to a contribution of abou 2(M?2)
,"'*..._\\\ | pp— ZH + X
| S V5 = 196 TeV
N ] N \ ‘ \ ‘
-8_01j \\\\\ ] | \\\\ i
5 f N ] N
L \\\ i 01 N .
I N 1 a2 | ]
L N ] \o. L . e ]
TR o N 1
—_ NLOQCD RN | N i
— NLOQCD +EW R N
- LO | | | | e L \\\ i
80 100 120 140 160 180 200 - \\\
M,/ GeVv | B N ,
—— NLOQCD e \\\
FIG. 19. Total cross section fgrp—W*H+X (sum of W"H — EI(ISOQCD+EW Ty
andW™H) at the Tevatron{s=1.96 TeV) in LO, NLO QCD, and 00%5 0 o o e e 0o
including NLO QCD and electroweak corrections in the M/ Gev
G,,-scheme. The renormalization and factorization scales have been
set to the invariant mass of the Higgs—vector-boson pair, FIG. 20. Total cross section fqyp—ZH+ X at the Tevatron
=/syn. CTEQ6LL and CTEQ6M34] parton distribution func-  (y/s=1.96 TeVj in LO, NLO QCD, and including NLO QCD and
tions have been adopted at LO a@«), respectively. electroweak corrections in thge,-scheme.
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pp > WEH + X pp = ZH + X

Vs = LTV Vs = U TeV
‘ : ‘ ‘ 7 ‘ T ‘ T ‘
N . 3
S Y
SN N
. NS A |- . N3 .
Q N\
N\ . N3
NS N
NS N\
r NS N \3
Ny N
S NS
N 3
NS N
F \\\ B 1 \\\ —
N r S A
N L S a
a BN o s
[l RN o T N 7
— . I~ ~ | i N 4
b1l X — S Xk )
C I ] N
F o . \\ — N . \\
S R
: So : N
F — . \\
—- NLOQCD - N —- NLOQCD <]
— NLOQCD +EW > h — NLOQCD + EW
... LO | | | | - LO | | | | .
80 100 120 140 160 180 200 80 100 120 140 160 180 200
MH/GeV MH/GeV

FIG. 22. Total cross section fgrp—ZH+X at the LHC (/s
=14 TeV) in LO, NLO QCD, and including NLO QCD and elec-
troweak corrections in th& ,-scheme.

FIG. 21. Total cross section fopp—W*H+X at the LHC
(\/§= 14 TeV) in LO, NLO QCD, and including NLO QCD and
electroweak corrections in th@,-scheme.

the LHC differ from those tgpp—W"H+ X by less than

~+12%, and othernegative corrections of nonuniversal apout 2%.
origin. Thus, corrections beyor@(«) in the «(0)-scheme In order to unravel the origin of the electroweak correc-
cannot be expected to be suppressed as well. In all schemefns we display the contributions of individual gauge-
the size of the corrections does not depend strongly on thiawvariant building blocks. Figure 15 separates the fermionic
Higgs-boson mass. The unphysical singularities at the thresfeorrections (comprising all diagrams with closed fermion
olds My=2M,, and 2V, can be removed by taking into |oopg from the remaining bosonic contributions tEp
account the finite widths of the unstable particles, see e.g~W*H+ X at the Tevatron in th& ,-scheme. We observe
Ref. [35]. Representative results for the leading-order crosshat the bosonic corrections are dominant and that bosonic
section and the electrowed(«) corrections are collected and fermionic contributions partly compensate each other. A
in Tables | and II. similar result is found for thepp—ZH+ X cross section,

Figures 13 and 14 and Tables Ill and IV show the correwhere we display the gauge-invariant contributions from
sponding results fopp—W"H+X andpp—ZH+X atthe  (photonig QED corrections, fermionic corrections, and weak
LHC. The corrections are similar in size to those at the Tevabosonic corrections in Fig. 16. Note that large logarithmic
tron and reduce the cross section by 5%-10% in theorrections from initial-state photon radiation have been ab-
G,-scheme and by 12%-17% in the(M2)-scheme. We sorbed into the quark distribution functions. The remainder
note that the electroweak corrections gp—W " H+X at  of the QED corrections turns out to be strongly suppressed

TABLE V. Total cross section fopp—W*"H+X (sum of W'H and W™H) at the Tevatron (s
=1.96 TeV) in LO, NLO QCD, and including NLO QCD and electroweak corrections inGpescheme.
The renormalization scaleuz) and the factorization scaleug) have been set to the invariant mass of the
Higgs—vector-boson paif = po= Jsyn. CTEQ6L1 and CTEQ6M34] parton distribution functions have
been adopted at LO an@(«ay), respectively. The last two columns show the minimal and maximal cross
section prediction obtained from varying the QCD renormalization and factorization scales independently in
the rangeu o/5< u<5ug.

My, /GeV aols, /Pb oRo/Pb oo Hipb ot Hipb
HMR=5H0 HR= pol5
ME=5u0 ME= fol5
80.00 0.41171) 0.56162) 0.54042) 0.50331) 0.58381)
100.00 0.2056l) 0.28011) 0.268%1) 0.24821) 0.29111)
120.00 0.1106L) 0.15041) 0.14361) 0.13181) 0.15621)
140.00 0.0629@) 0.085361) 0.080921) 0.073771) 0.088331)
170.00 0.0292(1) 0.0394@01) 0.036791) 0.033181) 0.040371)
190.00 0.0182(1) 0.024461) 0.022941) 0.020561) 0.02525%1)
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TABLE VI. Total cross section fOpE~>ZH+X at the Tevatron {s=1.96 TeV) in LO, NLO QCD, and
including NLO QCD and electroweak corrections in fg-scheme.

My, /GeV aols, /Pb oRo/Pb oo Hipb o Hipb
HMR=5H0 HR= pol5
ME=5u0 ME= fol5
80.00 0.235(1) 0.31811) 0.307G1) 0.28581) 0.33171)
100.00 0.12201) 0.16491) 0.15891) 0.147G1) 0.17221)
120.00 0.0679@) 0.091601) 0.088201) 0.081112) 0.09575%1)
140.00 0.03984) 0.053541) 0.051481) 0.047062) 0.056041)
170.00 0.0192Q) 0.0257@1) 0.024721) 0.022421) 0.027011)
190.00 0.0122@) 0.0163%1) 0.015731) 0.014181) 0.017221)

TABLE VII. Total cross section fopp—W*H+X at the LHC (ys=14 TeV) in LO, NLO QCD, and
including NLO QCD and electroweak corrections in @g-scheme.

My /GeV aols, /Pb oRio/Pb o *ipb oo *ipb

HR= S0 MR= pol5

ME= pol5 HE=D5ug
80.00 4.67®) 5.6762) 5.4232) 4.8752) 5.7495)
100.00 2.4601) 3.0051) 2.8591) 2.6062) 3.0332)
120.00 1.4081) 1.7261) 1.6331) 1.5051) 1.731(1)
140.00 0.853®@) 1.0541) 0.98923) 0.92043) 1.05Q1)
170.00 0.443@) 0.55041) 0.50781) 0.47821) 0.53883)
190.00 0.300Q) 0.374%1) 0.34661) 0.328%1) 0.367%2)

TABLE VIII. Total cross section fopp—ZH+X at the LHC (/s=14 TeV) in LO, NLO QCD, and
including NLO QCD and electroweak corrections in {g-scheme.

My /GeV aols, /Pb TNLo/Pb oo - pb oo /b
HR=S U0 MR= Mol5
ME= pol5 HE=5ug
80.00 2.4571) 2.9741) 2.8571) 2.5782) 3.0183)
100.00 1.317) 1.6051) 1.5391) 1.4071) 1.6291)
120.00 0.763@) 0.934€3) 0.89473) 0.82712) 0.94626)
140.00 0.468®) 0.57682) 0.55082) 0.51381) 0.583@3)
170.00 0.245@.) 0.30481) 0.290Q1) 0.27361) 0.30682)
190.00 0.167Q1) 0.20781) 0.19781) 0.18791) 0.20941)

073003-14



ELECTROWEAK RADIATIVE CORRECTIONS TO.. .. PHYSICAL REVIEW [¥8, 073003 (2003

TABLE IX. Parton distribution function(PDF) uncertainties: TABLE X. PDF uncertainties: Total cross section in pb fop
Total cross section in pb fopp—W*H+X at the Tevatron s —ZH+X at the Tevatron {s=1.96 TeV) including NLO QCD
=1.96 TeV) including NLO QCD and electroweak corrections in and electroweak corrections in ti@&,-scheme for different sets of
the G,,-scheme for different sets of parton distribution functions. parton distribution functions.

The results include an estimate of the uncertainty due to the param=

etrization of the parton densities as obtained with the CTER6 M, /GeV CTEQ6M[34] MRST2001[38]

and MRST2001[38] eigenvector set¢columns 2 and 3, respec-

tively). The renormalization and the factorization scales have bee§0-00 0.3070(13-0.012 0.3090(13-0.0039

set to the invariant mass of the Higgs—vector-boson peit,uq 100.00 0.1589(13 0.0064 0.1596(13 0.0020

= VSyh- 120.00 0.08820(1x 0.0036 0.08840(1}0.0011
140.00 0.05148(130.0021 0.05151(13 0.00066

My/Gev CTEQEM[34] MRST2001[38] 170.00 0.02472(130.0010  0.02469(130.00033

80.00 0.5404(2¥0.021 0.5448(2¥ 0.0097 190.00 0.01573(1) 0.00068 0.01568(1) 0.00021

100.00 0.2685(1)0.011 0.2698(1}0.0052

120.00 0.1436(1)0.0060 0.1437(1)0.0030

tonic c.m. energies/g are not yet large enough for the Suda-

140.00 0.08092(1:0.0035 0.08065(1}0.0018 kov logarithms to provide a good approximation for the full
170.00 0.03679(1}% 0.0017 0.03644(1)0.00091 correcgt;ions P 9 P
190.00 0.02294(1}%0.0011 0.02262(1) 0.00060 '

C. The cross section at NLO

with respect to the fermionic and weak bosonic corrections. N this section we present the cross section prediction for
A similar pattern is observed for thep—W*H+X and  @associate#HandZH production at the Tevatron and at the
pp—ZH+ X cross sections at the LHC, see Figs. 17 and 18LHC, including the NLO electroweak and QCD corrections,
At first sight, the large size of the nonuniversal correc-and we quantify the residual theoretical uncertainty due to
tions, i.e. corrections that are not due to the running ofscale variation and the parton distribution functions. The to-
«(k?), photon radiation, or other universal effects, might bet@! Cross sections for the procesgay pp—W=H+ X (sum
surprising. However, a similar pattern has already been o?f W™H and W™H) and pp/pp—ZH+X at the Tevatron
served in the electroweak corrections to the processedNd the LHC are displayed in Figs. 19-22. Representative
ete"—ZH [15] and ete7*H— voH [18,36. Also results are listed in Tables V-VIII. For the central renormal-

there large nonuniversal fermionic and bosonic correction&Zation and factorization scaje= o= ySyn the NLO QCD

of opposite sign occur. It was also observed that the Correcgorrections.increase j[he LO Cross section by typically 20%-
pp g 5%. As discussed in detail in Sec. IV B, the NLO elec-

tions cannot be approximated by simple formulas resultin roweak corrections are sizeable and decrease the cross sec
from appropriate asymptotic limitsFor instance, taking the . . -
pprop ymp g tion by 5%-10% in the5 ,-scheme. The size of th@(«ay)

large top-mass limitrfi,— ) in the fermionic corrections to )
WH production in theG ,-schemegsee Sec. Il B 2 the lead- a|_1d O(a) corrections does not depend strongly on the
K Higgs-boson mass.

) . : S o
Ing term in th.e relative .corre.ctlo.n IS given bséﬁp—>WH|G# The NLO prediction is very stable under variation of the
~—1.6%, which even differs in sign from the full restdee QD renormalization and factorization scales. We have var-
Fig. 15. The reason for this failure is that the relevant scalggq poth scales independently in the rangg5< u<5u,.

in the WWH vertex, from which the |eadin§ﬁt2 terminthe  For both the Tevatron and the LHC, the cross section in-
limit m—oo results, is set by the variabke which is not  creases monotonically with decreasing renormalization scale.
much smaller than but rather of the same ordemﬁs For At the Tevatron, the maximdminimal) cross section is ob-

the ZH channel, we gets'® 6~ 5:%’{ tained choosing both the renormalization and factorization

Zg?emareﬂr?)c):(tilr?qgat?gﬁ f%{g’;ie?;i;he tr;‘eea\xe_g)kp tl)l(r)nsl(t)gz ?:osrlrjel,:[(-:- TABLE XI. PDF uncertainties: Total cross section in pb for
: PP on. erning : €ChpWH+X at the LHC (/s=14 TeV) including NLO QCD
tions, large negative contributions are expected in the high:

limi ) h f Sudakov | ith and electroweak corrections in tiig,-scheme for different sets of
energy limit owing to t Ae o;:currence of Sudakov logarit msparton distribution functions.
of the form — o/ log’(s¥M§,). However, the relevant par-

~—10
H|G# 1/01

My /GeV CTEQ6M[34] MRST2001[38]
3In Ref. [37] the part of the fermion-loop correction that is en- 80.00 5.423(230.18 5.509(2)-0.071
hanced by an explicit factaem?/M%, was calculated. Moreover, in - 100.00 2.859(13x0.096 2.910(1¥0.035
the second paper ¢87] also diagrams with internal Higgs bosons 120 g 1.633(1)0.055 1.664(1¥0.021
were taken into account. Using=1/128, which roughly corre-
sponds to thea(M%)-scheme, these authors find abotfi% to 140.00 0.9892(3)0.034 1.010(1)-0.012
—2% for the sum of these corrections, which were assumed to h&70.00 0.5078(1x0.018 0.5193(13-0.0063
the leading ones. This has to be compared with our result of about90.00 0.3466(1) 0.012 0.3547(2)x0.0043

—12% for the fullO(«) corrections in thex(M%)-scheme.
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TABLE XII. PDF uncertainties: Total cross section in pb for the cross sectiorfsUsing the parton-distribution-error pack-
pp—ZH+X at the LHC (/s=14 TeV) including NLO QCD and  ages and comparing the CTEQ and MRST2001 parametriza-
electroweak corrections in the,,-scheme for different sets of par- tions, we find that the uncertainty in predicting the processes

ton distribution functions. pp/pp—W=H+ X andpp/pp—ZH-+ X at the Tevatron and

the LHC due to the parametrization of the parton densities is
My /GeV CTEQ6M[34] MRST2001[38] less than approximately 5%.
80.00 2.857(1)x0.095 2.936(1)%0.036

V. CONCLUSIONS

100.00 1.539(1¥0.051 1.583(1%0.019
120.00 0.8947(3)0.030 0.9217(3¥0.011 We have calculated the electrowe@{«) corrections to
140.00 0.5508(230.019 0.5681(23 0.0067 nggs-boso_n production in association withor Z bosons at _

hadron colliders. These corrections decrease the theoretical
170.00 0.2900(10.010 0.2994(150.0036 prediction by up to 5%-10%, depending in detail on the

190.00 0.1978(1)0.0069 0.2045(10.0025 Higgs-boson mass and the input-parameter scheme. We have
updated the cross section prediction for associgtétland
ZH production at the Tevatron and at the LHC, including the
scales smalllarge). At the LHC, in contrast, the maximal next-to-leading order electroweak and QCD corrections. Fi-
(minimal) cross section corresponds to choosing anally, the remaining theoretical uncertainty has been studied
large (smal) factorization scale. From the numbers listed inby varying the renormalization and factorization scales and
Tables V-VIII one can conclude that the theoretical uncerpy taking into account the uncertainties in the parton distri-
tainty introduced by varying the QCD scales in the rangepution functions. We find that the scale dependence is re-
mo/5<u<5uq is less than approximately 10%. We have duced to about 10% at next-to-leading order, while the un-
verified that the QED factorization-scale dependence of theertainty due to the parton densities is less than about 5%.
O(«)-corrected cross section is below 1% and thus negli-
gible compared to the other theoretical uncertainties. The
QED scale dependence should be reduced further when using
QED-improved parton densities. This work has been supported in part by the European
We have also studied the uncertainty in the cross-sectiotnion under contract HPRN-CT-2000-00149. M.L. Ciccolini
prediction due to the error in the parametrization of thejs partially supported by ORS Award ORS/2001014035.
parton densities. To this end we have compared the NLO
cross section evaluated using the default CTES param-
etrization with the cross section evaluated using the “4n addition, the MRST39] parametrization allows one to study
MRST2001[38] parametrization. The results are collected inthe uncertainty of the NLO cross section due to the variation of
Tables IX—XIIl. Both the CTEQ and MRST parametrizations For associatetH and ZH hadroproduction, the sensitivity of the
include parton-distribution-error packages which provide aheoretical prediction to the variation ofrg [agM2)=0.119
guantitative estimate of the corresponding uncertainties in-0.02] turns out to be below 2%.
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