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Higgs boson production at hadron colliders with soft gluon effects: Backgrounds
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The gold-plated discovery mode of a standard model like Higgs boson at the CERN Large Hadron Collider
~LHC! is theH→Z0Z0 decay mode. To find and then measure the properties of the Higgs boson, it is crucial
to have the most precise theoretical prediction both for the signal and the QCD background in this mode. In
this work we calculate the effects of the initial-state multiple soft-gluon emission on the kinematic distributions
of Z0 boson and photon pairs produced in hadron collisions. The Collins-Soper-Sterman formalism is extended
to resum the large logarithmic terms due to soft gluons. The resummed total rates, the invariant mass, trans-
verse momentum, and rapidity distributions of theZ0 and photon pairs, and the transverse momentum distri-
butions of the individual vector bosons are presented and compared to the fixed order predictions in the whole
kinematic range, for the LHC energies and for the upgraded Fermilab Tevatron. Our conclusion is that the
resummed predictions should be used when extracting the Higgs signal at the LHC.@S0556-2821~99!05709-4#

PACS number~s!: 12.38.Cy, 13.85.Qk
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I. INTRODUCTION

The underlying dynamics of the electroweak symme
breaking sector of the standard model~SM! awaits under-
standing. The principal goal of the CERN Large Hadron C
lider ~LHC! is to shed light on this open question. The dire
searches at the CERN Large Electron Positron~LEP! collider
have constrained the mass of the SM Higgs boson to
higher than 90 GeV@1#. Furthermore, global analyses o
electroweak data@2# and the values of the top quark and t
W6 boson masses@3# suggest that the SM Higgs boson
light, less than a few hundred GeV. Arguments based
supersymmetry~SUSY! also indicate that the lightest Higg
boson is lighter than the top quark@4#. Hence, the existenc
of a light Higgs boson is highly possible.

It has been shown in the literature that a SM like Hig
boson with a mass less than or about 180 GeV can be
tected at the upgraded Fermilab Tevatron viapp̄→W6

(→ l 6n)H(→bb̄,t1t2) @5#, or pp̄(gg)→H(→W* W*
→ ln j j and ln ln) @6#, and a SUSY Higgs boson can be d
tected in theW6h and hbb̄ modes@7#. To observe a light
(mH,120 GeV) neutral Higgs boson at the LHC, the mo
promising detection mode is the di-photon channelH→gg
@8# via the production processpp(gg)→HX. In the interme-
diate mass (120 GeV,mH,2mZ) region, theZ0* Z0 chan-
nel is also useful in addition to thegg channel@8#. If the
Higgs boson is heavier than twice the mass of theZ0 boson,
the gold-plated decay mode into twoZ0 bosons~which se-
quentially decay into leptons! @8# is the best way to detect it
At the LHC, as at any hadron-hadron collider, initial-sta
radiative corrections from the quantum chromodynam
~QCD! interaction to electroweak processes can be la
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Some fixed order QCD corrections have been calculate
the Higgs signal and to its most important backgroun
@9–12#. The next-to-leading order~NLO! corrections to the
total cross section ofpp(gg)→HX have been found to be
large ~50–100 %! @9#, and the largest contribution in th
fixed order corrections results from soft gluon emission@13#.
This signals the slow convergence of the perturbative ser
and the importance of still higher order corrections. Furth
more, the fixed order corrections fail to predict the transve
momentum distributions of the Higgs boson and its dec
products correctly. The knowledge of these distributions
necessary to precisely describe the signal and the backgr
in the presence of various kinematic cuts, in order to ded
the accurate event rates to compare with theory predict
@14#. To predict the correct distribution of the transverse m
mentum of the photon orZ0 pair and the individual vector
bosons, or the kinematical correlation of the two vec
bosons produced at hadron colliders, it is necessary to
clude the effects from the initial-state multiple soft-gluo
emission. In this work, we present the results of our calcu
tion for the most important continuum backgrounds to t
Higgs boson signal detected at hadron colliders. The dis
butions of the Higgs boson signal for theh1h2→H→ggX
and Z0Z0X processes, including the soft-gluon effects, w
be discussed in our future work@15#.

In scattering processes involving hadrons, the dynam
of the multiple soft-gluon radiation can be described by
resummation technique. We extend the Collins-Sop
Sterman~CSS! resummation formalism@16–18# to describe
the production of photon andZ0 pairs. This extension is
analogous to our recent resummed calculation of the h
ronic production of photon pairs@19#. In comparison, an ear
lier work @20# on the soft-gluon resummation for theqq̄
→Z0Z0X process did not include the complete NLO corre
tions. In the present work, the effect of initial-state multip
soft-gluon emission inqq̄→Z0Z0X is resummed with the
©1999 The American Physical Society07-1
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inclusion of the full NLO contributions, so that the inclusiv
rate of theZ0 boson pair production agrees with the NL
result presented in Ref.@10#. Furthermore, we also includ
part of the higher order contributions in our results by us
the CSS resummation formalism.

The collected di-photon data at the Fermilab Tevatron
pp̄ collider with center-of-mass energyAS51.8 TeV with
84 and 81 pb21 integrated luminosity@for the Collider De-
tector at Fermilab~CDF! and DO” Collaborations#, are in the
order of 103 events per experiment@21,22#. After the up-
grade of the Tevatron, withAS52 TeV and a 2 fb21 inte-
grated luminosity, about 43104 photon pairs can be de
tected, and more than 33103 Z0 boson pairs can be
produced. At the LHC, aAS514 TeV pp collider with a
100 fb21 integrated luminosity, we expect about 63106

photon and 1.53106 Z0 pairs to be produced, after impos
ing the kinematic cuts described later in the text. This la
data sample will play an important role in the search for
Higgs boson~s! and new physics that modifies the producti
of the vector boson pairs~e.g., by altering the vector boso
tri-linear couplings@23#!.

The rest of this paper is organized as follows. Section
briefly summarizes the extension of the CSS resumma
formalism to theZ0Z0 pair production. In Sec. III, the nu
merical results of the resummed and fixed order calculati
are compared for various distributions of the photon andZ0

pairs produced at the LHC and the upgraded Tevatron. S
tion IV contains our conclusions.

II. ANALYTICAL RESULTS

A. The CSS resummation formalism forZ0 pair production

When QCD corrections to theZ0 boson pair production
cross section are calculated order by order in the strong
pling constantas , the emission of potentially soft gluon
spoils the convergence of the perturbative series for sm
transverse momenta (QT) of the Z0 boson pair. In theQT
!Q region, the cross section can be written as@18#

lim
QT→0

ds

dQT
2

5 (
n51

`

(
m50

2n21

as
n nvm

QT
2 lnmS Q2

QT
2D 1OS 1

QT
D ,

whereQ is the invariant mass of theZ0 boson pair, and the
coefficientsnvm are perturbatively calculable. At each ord
of the strong coupling the emitted gluon~s! can be soft and/or
collinear, which yields a smallQT . When the two scalesQ
andQT are very different, the logarithmic terms lnm(Q2/QT

2)
are large, and forQT!Q the perturbative series is dominate
by these terms. It was shown in Refs.@16–18# that these
logarithmic contributions can be summed up to all order
as , resulting in a well behaved cross section in the fullQT
region.

The resummed differential cross section of theZ0 boson
pair production in hadron collisions is written, similarly t
the cross sections of the lepton pair production@24#, or pho-
ton pair production@19#, in the form
11400
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ds~h1h2→Z0Z0X!

dQ2 dy dQT
2 d cosu df

5
1

48pS

b

Q2H 1

~2p!2E d2beiQW T•bW

3(
i , j

W̃i j ~b* ,Q,x1 ,x2 ,u,f,C1,2,3!W̃i j
NP~b,Q,x1 ,x2!

1Y~QT ,Q,x1 ,x2 ,u,f,C4!J . ~1!

In this case, the variablesQ, y, and QT are the invariant
mass, rapidity, and transverse momentum of theZ0 boson
pair in the laboratory frame, whileu andf are the polar and
azimuthal angle of one of theZ0 bosons in the Collins-Sope
frame @25#. The factor

b5A12
4mZ

2

Q2

originates from the phase space of the massiveZ0 boson
pair. The parton momentum fractions are defined asx1

5eyQ/AS, andx25e2yQ/AS, andAS is the center-of-mass
~c.m.! energy of the hadronsh1 andh2.

The renormalization group invariant functionW̃i j (b)
sums the large logarithmic termsas

nlnm(b2Q2) to all orders in
as . For a scattering process initiated by the partonsi and j,

W̃i j ~b,Q,x1 ,x2 ,u,f,C1,2,3!

5exp$2Si j ~b,Q,C1,2!%

3@Ci /h1
~x1 ,b,C1,2,3,t,u!Cj /h2

~x2 ,b,C1,2,3,t,u!

1Cj /h1
~x1 ,b,C1,2,3,u,t !Ci /h2

~x2 ,b,C1,2,3,u,t !#

3Fi j „a~C2Q!,as~C2Q!,u,f…. ~2!

Here the Sudakov exponentSi j (b,Q,C1,2) is defined as

Si j ~b,Q,C1,2!5E
C1

2/b2

C2
2Q2dm̄2

m̄2 FAi j „as~m̄ !,C1…lnS C2
2Q2

m̄2 D
1Bi j „as~m̄ !,C1 ,C2…G . ~3!

In Eq. ~2!, Fi j originates from the hard scattering proces
and will be given later for specific initial state parton
Ci /h(x) denotes the convolution of the perturbative Wils
coefficient functionsCia with parton distribution functions
~PDF! f a/h(j) ~describing the probability density of partona
inside hadronh with momentum fractionj):
7-2
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Ci /h~x,b,C1,2,3,t,u!

5(
a
E

x

1dj

j
CiaS x

j
,b,m5

C3

b
,C1 ,C2 ,t,uD

3 f a/hS j,m5
C3

b D . ~4!

The invariantss, t and u are defined for theq(p1)q̄(p2)
→Z0(p3)Z0(p4) subprocess as

s5~p11p2!2, t5~p12p3!2, u5~p22p3!2, ~5!

with s1t1u52mZ
2 .

The functionsAi j , Bi j and Ci j are calculated perturba
tively in powers ofas /p:

Ai j „as~m̄ !,C1…5 (
n51

` S as~m̄ !

p
D n

Ai j
~n!~C1!,

Bi j „as~m̄ !,C1 ,C2…5 (
n51

` S as~m̄ !

p
D n

Bi j
~n!~C1 ,C2!,

Ci j ~z,b,m,C1 ,C2 ,t,u!

5 (
n50

` S as~m!

p D n

Ci j
~n!(z,b,C1 ,C2 ,t,u).

The dimensionless constantsC1 ,C2 andC3[mb were intro-
duced in the solution of the renormalization group equati
for W̃i j . Their canonical choice isC15C352e2gE[b0 ,
C25C1 /b051, andC45C251 @18#, wheregE is the Euler
constant.

For largeb, which is relevant for smallQT , the perturba-
tive evaluation of Eq.~2! is questionable. Thus in Eq.~1!,
W̃i j is evaluated atb* 5b/A11(b/bmax)

2, so that the pertur-
bative calculation is reliable. Herebmax is a free parameter o
the formalism@18# that has to be constrained by other da
~e.g. Drell–Yan!, along with the non-perturbative functio
W̃i j

NP(b) which is introduced in Eq.~1! to parametrize the

incalculable long distance effects. Since theqq̄→gg or
Z0Z0, and theqq̄→V→ l l 8 processes have the same init
state as well as the same QCD color structure, in this w
we assume that the non-perturbative functionW̃i j

NP(b), fitted
to existing low energy Drell-Yan data@26#, also describes the
non-perturbative effects in theqq̄→gg andZ0Z0 processes.
Needless to say, this assumption has to be tested by ex
mental data.

The functionY in Eq. ~1! contains contributions from the
NLO calculation that are less singular than 1/QT

2 or
ln(Q2/QT

2)/QT
2 as QT→0. This function restores the regula

contribution in the fixed order perturbative calculation tha
not included in the resummed pieceW̃i j . In the Y function,
both the factorization and the renormalization scales are c
sen to beC4Q. The detailed description of the matchin
between the resummed and the fixed order cross section
QT;Q can be found in Ref.@24#.
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B. The qq̄, qg and q̄g˜Z0Z0X subprocesses

The largest background to the Higgs boson signal in
Z0Z0 channel is the continuum production ofZ0 boson pairs
via the qq̄→Z0Z0X partonic subprocess@27#. The next-to-
leading order calculations of this process are given in R
@10,11#. A representative set of Feynman diagrams, includ
in the NLO calculations, is shown in Fig. 1. The applicatio
of the CSS resummation formalism for theqq̄→Z0Z0X sub-
process is the same as that for the case ofqq̄→ggX @19#.
TheA(1), A(2) andB(1) coefficients in the Sudakov expone
are identical to those of the Drell–Yan case. This follow
from the observation that to produce a heavyZ0 boson pair,
the virtual-quark line connecting the twoZ0 bosons in Fig. 1
is far off the mass shell, and the leading logarithms due
soft gluon emission beyond the leading order can only
generated from the diagrams in which soft gluons are c
nected to the incoming~anti-!quark. This situation was de
scribed in more detail for di-photon production@19#.

The resummed cross section is given by Eq.~1!, with i
and j representing quark and anti-quark flavors, respectiv
and

Fi j ~g,gs ,u,f!52d i j ~gL
21gR

2 !2
11cos2u

12cos2u
.

The left- and right-handed couplingsgL,R are defined
through theqq̄Z0 vertex, which is written asigm@gL(1
2g5)1gR(11g5)#, with

gL5g
T32sw

2 Qf

2cw
and gR52g

sw
2 Qf

2cw
. ~6!

Hereg is the weak coupling constant,T3 is the third compo-
nent of the SU(2)L generator (T351/2 for the up quarkQu ,
and 21/2 for the down quarkQd), sw (cw) is the sine~co-
sine! of the weak mixing angle, andQf is the electric charge
of the incoming quark in the units of the positron char
(Qu52/3 andQd521/3). The numerical values of the pa
rameters will be given in the next section.

FIG. 1. A representative set of Feynman diagrams included
the NLO calculation ofZ0 pair production.
7-3
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The explicit forms of theA andB functions, used in the
numerical calculations are

Aqq̄
~1!

~C1!5CF ,

Aqq̄
~2!

~C1!5CFF S 67

36
2

p2

12DNC2
5

18
Nf22b1lnS b0

C1
D G ,

Bqq̄
~1!

~C1 ,C2!5CFF2
3

2
22 lnS C2b0

C1
D G , ~7!

whereNf is the number of light quark flavors,NC53 is the
number of colors in QCD,CF54/3, and b15(11NC
22Nf)/12.

To obtain the value of the total cross section to NLO, it
necessary to include the Wilson coefficientsCi j

(0) and Ci j
(1) ,

which can be derived similarly to those for di-photon pr
duction @19#. The results are

Cjk
~0!S z,b,m,

C1

C2
,t,uD5d jkd~12z!,

CjG
~0!S z,b,m,

C1

C2
,t,uD50,

Cjk
~1!S z,b,m,

C1

C2
,t,uD

5d jkCFH 1

2
~12z!2

1

CF
lnS mb

b0
D Pj←k

~1! ~z!

1d~12z!F2 ln2S C1

b0C2
e23/4D1

V~ t,u!

4
1

9

16G J ,

CjG
~1!S z,b,m,

C1

C2
,t,uD5

1

2
z~12z!2 lnS mb

b0
D Pj←G

~1! ~z!.

~8!

In the above expressions, the splitting kernels are@28#

Pj←k
~1! ~z!5CFS 11z2

12z D
1

and

Pj←G
~1! ~z!5

1

2
@z21~12z!2#. ~9!

For Z0 boson pair production the functionV in Eq. ~7! is
given by

V~ t,u!5V Z0Z0~ t,u!5241
p2

3
1

tu

t21u2

3@F~ t,u!1F~u,t !22#.

The definition of the functionF(t,u) is somewhat lengthy
and can be found in Appendix C of Ref.@10# @cf. Eqs.~C1!
and ~C2!#. The functionV(t,u) depends on the kinemati
correlation between the initial and final states through
11400
s

dependence ont and u. In the mZ→0 limit, F(t,u)
1F(u,t) reduces toFv irt (t,u) of the di-photon case which is
given in Ref.@19#.1

The non-perturbative function used in this study is@26#

W̃qq̄
NP

~b,Q,Q0 ,x1 ,x2!5expF2g1b22g2b2 lnS Q

2Q0
D

2g1g3b ln~100x1x2!G ,
with g150.11 GeV2, g250.58 GeV2, g3521.5 GeV21,
and Q051.6 GeV. These values were fit for the CTEQ2
parton distribution function, with the canonical choice of t
renormalization constants, i.e.C15C35b0 andC251, and
bmax50.5 GeV21 was used. In principle, these coefficien
should be refit for CTEQ4M distributions@30# used in this
study. We have checked that using the updated fit in R
@31# does not change largely our conclusion because at
LHC and Tevatron energies the perturbative Sudakov con
bution is more important compared to that in the low ene
fixed target experiments.

Before concluding this section we note that for the
photon production, we use the formalism described in R
@19# to include thegg→ggX contribution, in which part of
the higher order corrections has been included via resum
tion. Since a gauge invariant calculation of thegg→Z0Z0g
cross section in the SM involves diagrams with the Hig
particle, we shall defer its discussion to a separate work@15#.

III. NUMERICAL RESULTS

We implemented our analytic results in the ResBos Mo
Carlo event generator@24#. As an input we use the following
electroweak parameters@32#:

GF51.1663931025 GeV22, mZ591.187 GeV,

mW580.41 GeV, a~mZ!5
1

128.88
.

In the on-shell renormalization scheme we define the eff
tive weak mixing angle

sin2uw
e f f512

mW
2

rmZ
2

,

with

r5
mW

2

mZ
2 S 12

pa~mZ!

A2GFmW
2 D 21

.

1This is connected to the fact that asmZ→0 the virtual corrections
of the Z0 pair and di-photon productions are the same~up to the
couplings!, which is apparent when comparing Eq.~11! of Ref. @29#
and Eq. ~12! of Ref. @10#, after including a missing factor o
1/(16ps) in the latter equation.
7-4
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In Eq. ~6!, the coupling of theZ0 boson to fermions,g, is
defined using the improved Born approximation:

g254A2GF~cw
e f f!2mZ

2r,

with cw
e f f5A12sin2uw

ef f, the cosine of the effective wea
mixing angle.@In Eq. ~6! cw is identified withcw

e f f .# We use
the NLO expression for the running strong and electrow
couplingsas(m) anda(m), as well as the NLO parton dis
tribution function CTEQ4M@defined in the modified mini-
mal subtraction, (MS̄) scheme#, unless stated otherwise. Fu
thermore, in all cases we set the renormalization scale e
to the factorization scale:mR5mF5Q.

Table I summarizes the total rates for the leading or
~LO!, i.e. O(as

0), and resummed photon- andZ0-pair pro-
duction cross sections at the LHC and the Tevatron. For
lowest order calculation we show results using L
~CTEQ4L! and NLO ~CTEQ4M! parton distributions, be-
cause there is a noticeable difference due to the PDF cho
As it was discussed in Ref.@24#, the resummed total rate i
expected to reproduce theO(as) rate, provided that in the
resummed calculation theA(1), B(1) and C(1) coefficients
and theO(as) Y piece are included, and theQT distribution
is described by the resummed result forQT<Q and by the
O(as) result forQT.Q. In our present calculation we adde
the A(2) coefficient to include the most important higher o
der corrections in the Sudakov exponent. Our matching p
scription~cf. Ref. @24#! is to switch from the resummed pre
diction to the fixed-order perturbative calculation as th
cross aroundQT;Q. This switch is performed for any give
Q andy of the photon orZ0 boson pairs. In the end, the tot
cross section predicted by our resummed calculation is a
the same as that predicted by the NLO calculation. The sm

TABLE I. Total cross sections of di-photon andZ0 boson pair
production at the LHC and the upgraded Tevatron, in units of
The kinematic cuts are described in the text. The ‘‘% ’’ sign refers
to the matching prescription discussed in the text.

Di-boson Collision AS Fixed OrderO(as
0) Resummed

produced type ~TeV! CTEQ4L CTEQ4M %O(aS)

Z0Z0 pp 14 9.14 10.3 14.8
Z0Z0

pp̄ 2 0.91 1.01 1.64

gg pp 14 22.1 24.5 60.8
gg pp̄ 2 8.48 9.62 22.8

gg pp̄ 1.8 6.30 7.15 17.0

TABLE II. Resummed cross sections of the subprocesses foZ0

boson pair production at the LHC and the upgraded Tevatron
units of pb. The kinematic cuts are described in the text.

AS Collision qq̄→Z0Z0X qg→Z0Z0X

~TeV! type

14 pp 10.9 3.91
2 pp̄ 1.62 0.02
11400
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difference of those two predictions can be interpreted as
estimate of the contribution beyond the NLO.

A. Z0 pair production at the LHC

In the LHC experiments theH→Z0Z0 channel can be
identified through the decay products of theZ0 bosons. The

.

in

FIG. 2. Transverse momentum distribution ofZ0 pairs from

qq̄1qg partonic initial states at the LHC. TheO(as) ~dotted! and
the asymptotic~dash-dotted! pieces coincide and diverge asQT

→0. The resummed~solid! curve matches theO(as) curve at about

QT5320 GeV. The resummedqq̄ contribution~excluding theqg
contribution! is shown as a dashed line.

FIG. 3. The integrated cross section forZ0 boson pair produc-
tion at the LHC. The resummed and theO(as) distributions are
shown in solid and dashed lines, respectively.
7-5
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FIG. 4. Invariant mass and rapidity distributions ofZ0 boson pairs, and transverse momentum distributions of the individualZ0 bosons

at the LHC. The resummed contribution of theqq̄1qg→Z0Z0X subprocess is shown by the solid curve, and of theqq̄→Z0Z0X subprocess

by the dashed curve. The leading order distribution ofqq̄→Z0Z0 is shown by the dash-dotted curve.
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detailed experimental kinematic cuts for this process
given in Ref.@8#. Since the aim of this work is not to analyz
the decay kinematics of the background, rather to presen
effects of the initial-state soft-gluon radiation, following Re
@10# for the LHC energies we restrict the rapidities of ea
Z0 bosons as:uyZu,3.0. We do not apply any other kine
matic cuts. The total rates are given in Table I. OurO(as

0)
rates are in agreement with that of Ref.@10# when calculated
using the same PDF. We expect the resummed rate to
higher than theO(as) rate due to the inclusion of theA(2)

term. Indeed, ourK factor, defined as the ratio of the re
summed to the LO rate using the same PDF in both calc
tions, is higher than the naive soft gluonK-factor (Knaive
5118pas(Q)/9;1.3) of Ref. @33#, which estimates the
NLO corrections to the production rate ofqq̄→Z0Z0X in the
DIS ~deep-inelastic scattering! scheme. OurK-factor ap-
proaches the naive one with the increase of the cente
mass energy, as expected.
11400
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The rates for the different subprocesses of theZ0 boson
pair production are given in Table II. At the LHC theqg
→Z0Z0X subprocess contributes about 25% of theqq1qg
→Z0Z0X rate. TheK-factor is defined as the ratios(qq̄
1qg→Z0Z0X)/s(qq̄→Z0Z0), which is about 1.4 when us
ing CTEQ4M PDF.

Figures 2–4 show our results for proton-proton collisio
at the LHC energy,AS514 GeV. Figure 2 shows the trans
verse momentum distribution ofZ0 pairs. The NLO@O(as)#

prediction for theqq̄1qg→Z0Z0X subprocesses, shown b
the dotted curve, is singular asQT→0. This singular behav-
ior originates from the contribution of terms which grow
least as fast as 1/QT

2 or ln(Q2/QT
2)/QT

2 . This, so-called
asymptotic part, is shown by the dash-dotted curve, wh
coincides with theO(as) distribution asQT→0. After expo-
nentiating these terms, the distribution is well behaved in
low QT region, as shown by the solid curve. Following o
matching prescription described in the previous section,
7-6
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find that the matching takes place aroundQT5320 GeV,
depending on the actual values ofQ and y. Figure 2 also
shows that at the LHC there is a substantial contribut
from qg scattering, which is evident from the difference b
tween the solid and dashed curves, where the dashed cu
the resummed contribution from theqq̄→Z0Z0X subpro-
cesses.

In Fig. 3 we give the integrated distributions, defined

ds

dQT
min

5E
QT

min

QT
max

dQT

ds

dQT
, ~10!

whereQT
max is the largestQT allowed by the phase space.

the NLO calculation, this distribution grows without boun
nearQT

min50, as a result of the singular behavior of the sc
tering amplitude whenQT→0. It is clearly shown by Fig. 3
that theQT distribution of the resummed calculation is di
ferent from that of the NLO calculation. The different shap
of the two curves in Fig. 3 indicates that the predictedZ0

pair production rates, with a minimal value of the transve
momentumQT , are different in the two calculations. This
important at the determination of the background for the
tection of a Higgs boson even with moderately large tra
verse momentum. ForQT

min550 GeV, the resummed cros
section is about 1.5 times of the NLO cross section.

The invariant mass and the rapidity distributions of theZ0

boson pairs, and the transverse momentum distribution o
individual Z0 bosons are shown in Fig 4. When calculati
the production rate as the function of theZ0 pair invariant
mass, we integrate theQT distribution for anyQ, and y.
When plotting the transverse momentum distributions of
individual Z0 bosons, we include both of theZ0 bosons per
event. In the shape of the invariant mass and rapidity dis
butions we do not expect large deviations from the NL
results. Indeed, the shape of our invariant mass distribu
agrees with that in Ref.@10#. However, the resummed tran
verse momentum distributionpT

Z of the individualZ0 bosons
is slightly broader than the NLO distribution~not shown in
Fig. 4, cf. Ref.@10#!. This is expected because, in contra
with the NLO distribution, the resummed transverse mom
tum distribution of theZ0 boson pair is finite asQT→0 so
that thepT

Z distribution is less peaked.
In Figs. 5 and 6 we show the dependence of the

summed result on the values of the renormalization const
Ci ( i 51,2), and the values of the non-perturbative para
etersgi ( i 51,2,3), respectively. As Eq.~2! shows, both the
Sudakov exponentSi j and the Wilson coefficientsCi /h de-
pend on the renormalization constantsC1 andC2. The scale
C1 /b determines the onset of the non-perturbative phys
and C2Q specifies the scale of the hard scattering proce
We vary bothC1 andC2 by a factor of 2. In Fig. 5, we show
that the resummed calculation using the canonicalC1 andC2
values~upper solid curve! hardly differs from the one which
usesC15b0/2 andC251/2 ~lower solid curve!. This differ-
ence is certainly smaller than the difference between the
summed and fixed order~dashed! curves in theQT

ZZ550
2100 GeV region. In Fig. 6, we show two resummed curv
one with the non-perturbative parameters given at the en
11400
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s,
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,
of

Sec. II B ~solid curve!, and one with the following non-
perturbative parameters:g150.15 GeV2, g250.48 GeV2,
g3520.58 GeV21, and Q051.6 GeV ~dashed curve, cf.
Ref. @31#!. There is some difference only in the lowestQT

ZZ

FIG. 5. Resummed and NLO transverse momentum distri
tions of Z0 boson pairs at the LHC. The two resummed curves
calculated forC15b0 and C251 ~upper solid!, and forC15b0/2
and C251/2 ~lower solid!, respectively. The NLO curves are th
same as in Fig. 2.

FIG. 6. Resummed and NLO transverse momentum distri
tions of Z0 boson pairs at the LHC. The two resummed curves
calculated for g150.11 GeV2, g250.58 GeV2, and g35
21.5 GeV21 ~solid!, and for g150.15 GeV2, g250.48 GeV2,
and g3520.58 GeV21 ~dashed!, respectively. In both casesQ0

51.6 GeV was used. The NLO~dotted! curve is the same as in
Fig. 2.
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FIG. 7. Same as Fig. 4 but for the upgraded Tevatron.
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region (QT
ZZ,30 GeV), and this difference is negligibl

compared to the difference between the resummed and N
~dotted! calculations. Based on these results, we concl
that the CSS resummation gives a stable prediction for
gauge boson pair production at the LHC energy, and
same conclusions also hold for the Tevatron.

B. Z0 pair production at the upgraded Tevatron

After the upgrade of the Fermilab Tevatron, there a
more than 33103 Z0 boson pairs will be produced. Sinc
this data sample can be used to test the tri-linear gauge b
couplings @23#, we also give our results for the upgrade
Tevatron with proton–anti-proton collisions at a center-
mass energy of 2 TeV. Our kinematic cuts constrain the
pidity of both of theZ0 bosons such thatuyZu,3. Both the
LO and resummed total rates are listed in Table I. The ra
s(qq̄1qg→Z0Z0X)/s(qq̄→Z0Z0) is about 1.6, which is
larger than the naive soft gluonK-factor of 1.3. Table II
shows thatqg→Z0Z0X partonic subprocess contributes on
a small amount~about 3%! at this energy, in contrast to 25%
at the LHC.
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Figures 7–9 show the resummed predictions for the
graded Tevatron. The invariant mass and rapidity distri
tions of Z0 boson pairs, and the transverse momentum d
tribution of the individualZ0 bosons are shown in Fig. 7
The solid curve shows the resummed contributions from
qq̄1qg→Z0Z0X subprocess. The resummed contributi
from the qq̄→Z0Z0X subprocess is shown by the dash
curve. The leading orderqq̄→Z0Z0 cross section is also
shown, by the dash-dotted curve. The invariant mass di
bution of theqq̄1qg→Z0Z0X subprocess is in agreeme
with the NLO result of Ref.@10#, when calculated forAS
51.8 TeV. From this figure we also find that the contrib
tion from theqg→Z0Z0X subprocess at the energy of th
Tevatron is very small.

In Fig. 8 we compare the NLO and resummed distrib
tions of the transverse momentum of theZ0 pair. The figure
is qualitatively similar to that at the LHC, as shown in Fig.
The resummed and the NLO curves merge at about
GeV. The resummed contribution from theqq̄→Z0Z0X sub-
process is shown by the dashed curve, which clearly do
nates the total rate.
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In Fig. 9 we show the integrated distributionds/dQT
min

for Z0 boson pair production at the upgraded Tevatron. T
figure is qualitatively the same as that for the LHC~cf. Fig.
3!. The NLO curve runs well under the resummed one in
QT

min, 80 GeV region, and theQT distributions from the
NLO and the resummed calculations have different sha
even in the region whereQT is of the order 60 GeV. For
QT

min530 GeV, the resummed rate is about 1.5 times of
NLO rate.

C. Di-photon production at the LHC

Photon pairs from the decay processH→gg can be di-
rectly detected at the LHC. When calculating its most imp
tant background rates, we impose the kinematic cuts on
final state photons that reflect the optimal detection capa
ties of the ATLAS detector@8#:

pT
g.25 GeV, for the transverse momentum of each p

tons,
uygu,2.5, for the rapidity of each photons, and
pT

1/(pT
11pT

2),0.7, to suppress the fragmentation cont
bution, wherepT

1 is the transverse momentum of the phot
with the higherpT value.

We also apply aDR50.4 separation cut on the photon
but our results are not sensitive to this cut.~This conclusion

FIG. 8. Same as Fig. 2 but for the upgraded Tevatron.
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is similar to that in Ref.@19#.! The total rates and cros
sections from the different partonic subprocesses are
sented in Tables I and III. We have incorporated part of
higher order contributions to this process by includingA(2)

in the Sudakov factor andCgg
(1) in the Wilson coefficient

functions~cf. Ref.@19#!. Within this ansatz, up toO(as
3), the

gg→ggX rate is about 24 pb, which increases the to
K-factor by almost 1.0. The leading ordergg→gg rate, via
the box diagram, is about 22 pb and 14 pb for using the
PDF CTEQ4L and the NLO PDF CTEQ4M, respective
The large difference mainly due to the differences in t
strong coupling constants used in the two calculation2:
CTEQ4L requires as(mZ)50.132, while for CTEQ4M
as(mZ)50.116. The ratios(qq̄1qg→ggX)/s(qq̄→gg)
is 1.5, ands(gg→ggX)/s(qq̄→gg) is about 1. Hence, the
ratio of the resummed and theO(as

0) rates, is quite substan
tial.

Figures 10–12 show our predictions for distributions
di-photons produced at the LHC. In Fig. 10 we plot the
variant mass and rapidity distribution of the photon pai

2When using the CTEQ4L PDF, we consistently use the LO r
ning coupling constantas .

FIG. 9. Same as Fig. 3 but for the upgraded Tevatron.
raded
e

ts are
TABLE III. Cross sections of the subprocesses for di-photon production at the LHC and the upg
Tevatron, in units of pb. The resummedqg→ggX rate includes the fragmentation contribution. Th
O(as

2) gg→gg rates were calculated using both the CTEQ4L and CTEQ4M PDF’s. The kinematic cu
described in the text.

AS Collision qq̄→ggX qg→ggX gg→gg O(as
2) gg→ggg qg→gqX→ggX8

~TeV! type 4L 4M Fragmentation

14 pp 20.5 16.6 22.3 14.4 23.9 6.76
2 pp̄ 9.68 4.81 6.02 4.34 8.26 2.15
7-9
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FIG. 10. Invariant mass and rapidity distributions of photon pairs, and transverse momentum distributions of the individual photo

LHC. The total resummed contribution~upper solid!, and the resummedqq̄1qg→ggX ~dashed!, qq̄→ggX ~dotted!, gg→ggg ~dash-

dotted!, as well as the fragmentation~lower solid! contributions are shown separately. Theqq̄→gg O(as
0) distribution is shown in the

middle solid curve.
ua
bu
e

L
u
c

rs

lu-

t-

the
ro-

and

LO

SS
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ta
and the transverse momentum distribution of the individ
photons. When plotting the transverse momentum distri
tions of the individual photons we include both photons p
event. The total~upper solid! and the resummedqq̄1qg

→ggX ~dashed!, qq̄→ggX ~dotted!, gg→ggX ~dash-
dotted!, and the fragmentation~lower solid!, as well as the
leading order qq̄→gg ~middle solid! contributions are
shown separately. The ratio of the resummed and the
distributions is about 2.5 which is consistent with the res
in Table I. The relative values of the contributions from ea
subprocesses reflect the summary given in Table III.

Figure 11 shows various contributions to the transve
momentum of the photon pair. At lowQT values (QT!Q),
theqq̄→ggX contribution is larger than theqg→ggX con-
tribution, while at highQT values (QT.Q), the qg→ggX
subprocess becomes more important. Thegg contribution
dominates the total rate in lowQT region, and the kink in the
11400
l
-
r

O
lt
h

e

gg curve at about 50 GeV indicates the need for the inc
sion of the completeO(as

3) gg→ggg contribution.~Recall
that our prediction for thegg contribution atO(as

3) only
holds for smallQT , where the effect of the initial-state sof
gluon radiation is relatively more important for a fixedQ.!

In Fig. 12 we give the integrated cross section as
function of the transverse momentum of the photon pair p
duced at the LHC. Similarly to theZ0 pair production, there
is a significant shape difference between the resummed
the NLO curves in the low to midQT region. ForQT

min

550 GeV, the resummed rate is about 1.5 times of the N
rate.

D. Di-photon production at the upgraded Tevatron

In Ref. @19#, we have presented the predictions of the C
resummation formalism for the di-photon production at t
Tevatron withAS51.8 TeV, and compared with the da
7-10
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@21,22#. In this paper, we show the results for the upgrad
Tevatron withAS52.0 TeV. We use the same kinemat
cuts which were used in Ref.@19#:

pT
g.12 GeV, for the transverse momentum of each p

tons,
uygu,0.9, for the rapidity of each photons.
An isolation cut ofDR50.7 is also applied. The tota

cross sections and the rates of the different subprocesse
given in Tables I and III. The ratio of theqq̄1qg→ggX

and qq̄→gg rates is about 1.5, similar to that at the LHC
The leading order rate for thegg→gg subprocess is abou
6.0 pb and 4.3 pb for using CTEQ4L and CTEQ4M PD
respectively. The NLO rate forgg→ggg is estimated to be
8.3 pb, using the approximation described in Ref.@19#,
which is about the same magnitude as the leading ordeqq̄
→gg rate. From our estimate of the NLOgg rate, we expect
that the completeO(as

3) contribution will be important for
photon pair production at the Tevatron.

Figures 13–15 show our results for photon pairs produ
at the upgraded Tevatron. The resummed predictions for
invariant mass and rapidity distributions of the photon pa
and the transverse momentum distribution of the individ
photons are shown in Fig. 13. In Fig. 14 we also plot t
contributions to the transverse momentum of the photon
from the qq̄1qg→ggX ~dashed!, qq̄→ggX ~dotted!, gg
→ggg ~dash-dotted!, and the fragmentation~lower solid!
subprocesses, separately. The leading orderqq̄→gg cross
section~middle solid! is also plotted. In the lowQT region,
the gg and theqq̄ rates are about the same, and theqg rate
becomes more important in the largeQT region. Further-
more, after imposing the above kinematic cuts, the fragm

FIG. 11. Transverse momentum distribution of photon pairs
the LHC. The total resummed contribution~upper solid!, the re-

summedqq̄1qg→ggX ~dashed!, qq̄→ggX ~dotted!, gg→ggX
~dash-dotted!, as well as the fragmentation~lower solid! contribu-
tions are shown separately.
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tation contribution is found to be unimportant.
Figure 15 shows the integratedQT distribution. The quali-

tative features of these distributions are the same as th
predicted for the LHC. ForQT

min510 GeV, the resummed
cross section is about twice of the NLO cross section.

IV. CONCLUSIONS

In this work we studied the effects of the initial-state mu
tiple soft-gluon emission on the total rates and various d
tributions of the most important background proces

(pp,pp̄→ggX,Z0Z0X) to the detection of the Higgs boso
at the LHC. We applied the extended CSS formalism to
sum the large logarithms induced by the soft-gluon radiati

We found that for theqq̄ andqg initiated processes, the tota
cross sections and the invariant mass distributions of
photon andZ0 boson pairs are in agreement with the fix
order calculations. From our estimate of the NLO rate of
gg initiated process, we expect that the completeO(as

3) con-
tribution will be important for photon pair production at th
Tevatron. We showed that the resummed and the NLO tra
verse momentum distributions of theZ0 and photon pairs are
substantially different forQT&Q/2. In terms of the inte-
grated cross section above a givenQT

min , this difference can
be as large as 50% in the low to mid-range ofQT

min . Using
the resummation calculation, we are able to give a relia
prediction of theQT and any other distribution in the ful
kinematical region at the LHC and the Tevatron, even in
presence of kinematic cuts. Since the bulk of the signal is
the low transverse momentum region, we conclude that
difference between the NLO and resummed predictions
the background rates will be essential when extracting
signal of the Higgs boson at hadron colliders.

t FIG. 12. The integrated cross section for photon pair produc
at the LHC. The resummed and theO(as) distributions are shown
in solid and dashed lines, respectively.
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FIG. 13. Same as Fig. 10 but for the upgraded Tevatron.
. .
FIG. 14. Same as Fig. 11 but for the upgraded Tevatron
11400
FIG. 15. Same as Fig. 12 but for the upgraded Tevatron
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