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The latest CTEQG6.6 parton distributions, obtained by global analysis of hard-scattering data in the
framework of general-mass perturbative QCD, are employed to study theoretical predictions and their
uncertainties for significant processes at the Fermilab Tevatron and CERN Large Hadron Collider. The
previously observed increase in predicted cross sections for the standard-candle W and Z boson
production processes in the general-mass scheme (compared to those in the zero-mass scheme) is further
investigated and quantified. A novel method to constrain parton distribution function (PDF) uncertainties
in LHC observables, by effectively exploiting PDF-induced correlations with benchmark standard model
cross sections, is presented. Using this method, we show that the 7 cross section can potentially serve as a
standard-candle observable for the LHC processes dominated by initial-state gluon scattering. Among
other benefits, precise measurements of ¢7 cross sections would reduce PDF uncertainties in predictions for
single top-quark and Higgs boson production in the standard model and minimal supersymmetric standard

model.
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I. INTRODUCTION

Parton distribution functions (PDFs) are essential inputs
required to make theoretical predictions for the CERN
Large Hadron Collider (LHC) and other hadron scattering
facilities. They are extracted from a comprehensive global
analysis of hard-scattering data from a variety of fixed-
target and collider experiments in the framework of per-
turbative QCD. Experimental groups envision an ambi-
tious program to tightly constrain PDF degrees of
freedom using the upcoming LHC data. Such constraints
will not be feasible in the early runs of the LHC, when
experimental systematic errors will typically be large, and
the collider luminosity itself will not be known to better
than 10-20%. Thus the experiments plan to perform real-
time monitoring of the collider luminosity through the
measurement of benchmark standard model cross sections,
notably those for production of massive electroweak bo-
sons [1-4]. These cross sections are large and can be
measured fairly precisely soon after the LHC turn-on. To
realize this goal, as well as to carry out the general physics
program of the LHC, it is important, on one hand, to
systematically explore the dependence of W, Z, and other
“standard-candle” cross sections on the PDFs and other
aspects of QCD theory; and, on the other hand, to establish
and exploit correlations with these observables arising
from the dependence on the universal parton distributions.
These tasks must be carried out using the most up-to-date
PDFs, with quantitative estimates of their uncertainties.

In a series of recent papers [5—7], we have extended the
conventional CTEQ global PDF analysis [8,9] to incorpo-
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rate a comprehensive treatment of heavy-quark effects and
to include the most recent experimental data. The PDFs
constructed in those studies consist of (i) the base set
CTEQ6.5M, together with 40 eigenvector sets along 20
orthonormal directions in the parton parameter space [5],
(ii) several PDF sets CTEQ6.5Sn (n = —2,...4), designed
to probe the strangeness degrees of freedom under the
assumption of symmetric or asymmetric strange sea [6],
and (iii) several sets CTEQ6.5XCn (n = 0.... 6) for a study
of the charm sector of the parton parameter space, in
particular, the allowed range of independent nonperturba-
tive (“‘intrinsic’’) charm partons in several possible models
[7]. Some prominent physical consequences of these new
PDFs compared to previous PDFs, particularly for W and Z
production cross sections at hadron colliders, were pointed
out in these papers.

The current paper pursues a more detailed exploration of
the physical implications of our new generation of PDFs,
particularly at the LHC. In the process of this detailed
study, we found it desirable to expand and improve the
CTEQG.5 analysis on several fronts. The new general-
purpose set of error PDFs, designated as CTEQ®6.6, in-
cludes an independent strangeness parametrization con-
strained by the dimuon deep-inelastic scattering (DIS)
data, in contrast to the CTEQ6.5 error PDF set, which
assumed proportionality of the strangeness distribution to
the sum of up and down antiquark PDFs. Improvements
made in the numerical treatment of heavy-quark contribu-
tions to DIS cross sections lead to a better agreement of
CTEQ6.6M predictions with the DIS heavy-flavor produc-
tion data (F§, F5) as compared to CTEQ6.5M. The range of
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x covered by the PDF parametrizations was extended to
lower values, and the PDFs in the intrinsic charm frame-
work were updated. The default values of the heavy-quark
masses and QCD coupling strength are kept the same as in
the CTEQG6.5 analysis (m. = 1.3 GeV, m;, = 4.5 GeV,
and a,(M,) = 0.118). In addition, we present the best-fit
PDF parametrizations for alternative values of m, =
1.4 GeV, m;, = 4.75 GeV, and a,(M,) = 0.112-0.125.
All new results discussed in this paper are based on these
improved PDFs.! They will be further described in Sec. III.

We make a systematic effort to address the quantitative
challenges described in the first paragraph of this introduc-
tion. We study the impact of the new PDFs on the predicted
cross sections for important physical processes at the LHC,
with their associated uncertainty ranges. The PDF uncer-
tainties in future measurements may behave at odds with
initial intuitions because of rich connections between PDFs
of different flavors and in different kinematical ranges
arising from (a) physical symmetries, such as scale invari-
ance and parton sum rules, and (b) experimental con-
straints. In some cases, notably in Z boson production at
the LHC, the largest PDF uncertainty arises from less-
constrained subleading scattering channels rather than
from the well-known dominant subprocesses. In order to
access such rich interconnections efficiently and com-
pletely, we introduce in Sec. II a quantitative measure of
correlations existing between the PDFs and physical ob-
servables. The correlation analysis extends the Hessian
method [8,10] to investigate pairwise relations between
collider observables. This analysis is employed in
Sec. IV as a tool to enhance the power of certain crucial
phenomenological predictions, notably for W and Z boson
production cross sections, and to examine the role of 7
production as an additional standard-candle process. At the
end of Sec. IV, we apply the gained knowledge to identify
the main sources of PDF uncertainty in single-top produc-
tion and in several processes for Higgs boson production in
the standard model (SM) and minimal supersymmetric
standard model (MSSM).

II. CORRELATIONS DUE TO PDFS

In many applications, it is instructive to establish
whether a collider observable shares common degrees of
freedom with precisely measured SM cross sections
through the nonperturbative PDF parametrizations, a fea-
ture that can be exploited to predict the observable more
reliably. In Sec. IV, we will explore such PDF-induced
correlations between interesting collider cross sections.
But first we will define the relevant theoretical framework.

"The CTEQ6.6 PDFs represent improvements over their coun-
terparts in CTEQ6.5, while preserving the same physics inputs.
Therefore we recommend that CTEQ6.6 be the preferred PDFs
to use in future phenomenology studies.
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Let X be a variable that depends on the PDFs. It can be
any one of the physical quantities of interest, or even a PDF
itself at some given (x, u). We consider X as a function of
the parameters {a;} that define the PDFs at the initial scale
o. Thus we have X(a), where d forms a vector in an
N-dimensional PDF parameter space, with N being the
number of free parameters in the global analysis that
determines these PDFs. In the Hessian formalism for the
uncertainty analysis developed in [10] and used in all of
our recent work, this parton parameter space is spanned by
a set of orthonormal eigenvectors obtained by a self-
consistent iterative procedure [5,8].

If d, represents the best fit obtained with a given set of
theoretical and experimental inputs, the variation of X(a)
for parton parameters d in the neighborhood of d, is given,
within the Hessian approximation, by a linear formula

AX(a) = X(a) — X(a,) = VX|;, - Ad, (1)

where VX is the gradient of X(d), and Ad = a — d,. As
explained in detail in Refs. [5,8,10], the uncertainty range
of the PDFs in our global analysis is characterized by a
tolerance factor 7, equal to the radius of a hypersphere
spanned by maximal allowed displacements Ad in the
orthonormal PDF parameter representation. 7 is deter-
mined by the criterion that all PDFs within this tolerance
hypersphere should be consistent with the input experi-
mental data sets within roughly 90% C.L. The detailed
discussions and the specific iterative procedure used to
construct the eigenvectors can be found in Refs. [5,8,10].

In practice, the results of our uncertainty analysis are
characterized by 2N sets of published eigenvector PDF sets
along with the central fit. We have 2 PDF sets for each of
the N eigenvectors, along the ( = ) directions, respectively,
at the distance |Ad| = T. The i-th component of the gra-

dient vector VX may be approximated by
X
da i

1 _
=9,X = E(Xf-” - x\), )

where X,m and X E_) are the values of X computed from the
two sets of PDFs along the ( =) direction of the i-th
eigenvector. The uncertainty of the quantity X due to its
dependence on the PDFs is then defined as

- 1 |& _
AX = |VX| = E\IZ(XE.” D 3)

i=1

where for simplicity we assume that the positive and
negative errors on X are the same.”

We may extend the uncertainty analysis to define a
correlation between the uncertainties of two variables,
say X(a) and Y(a). We consider the projection of the
tolerance hypersphere onto a circle of radius 1 in the plane

2A more detailed equation for AX accounts for differences
between the positive and negative errors [9,11]. It is used for #7
cross sections in Table II and Fig. 12.
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FIG. 1 (color online).
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of the gradients VX and VY in the parton parameter space
[10,11]. The circle maps onto an ellipse in the XY plane.
This “tolerance ellipse” is described by Lissajous-style
parametric equations,

X = X, + AX cosb, (@]

&)
where the parameter 6 varies between 0 and 27, X, =
X(dy), and Y, = Y(dy). AX and AY are the maximal
variations 6X = X — X, and 6Y =Y — Y, evaluated ac-
cording to Eq. (3), and ¢ is the angle between VX and VY
in the {a;} space, with

VX - VY
AXAY

1

4AXAY

Y=Y, + AYcos(6 + ¢),

cosp =

N
X=X -y ©
i=1

The quantity cos¢ characterizes whether the PDF de-
grees of freedom of X and Y are correlated (cosg = 1),
anticorrelated (cos¢ = —1), or uncorrelated (cosg = 0).
If units for X and Y are rescaled so that AX = AY (e.g.,
AX = AY = 1), the semimajor axis of the tolerance el-
lipse is directed at an angle /4 (or 377/4) with respect to
the AX axis for cose > 0 (or cose < 0). In these units, the
ellipse reduces to a line for cos¢ = *=1 and becomes a
circle for cosg = 0, as illustrated by Fig. 1. These prop-
erties can be found by diagonalizing the equation for the
correlation ellipse,

(6_X)2_|_ g2_28_X<ﬁ) = qin2 7)
AX (AY) (AX) Ay)Cose = simte (

A magnitude of | cose| close to unity suggests that a
precise measurement of X (constraining 6X to be along the
dashed line in Fig. 1) is likely to constrain tangibly the
uncertainty 8Y in Y, as the value of Y shall lie within the
needle-shaped error ellipse. Conversely, cos¢ = 0 implies
that the measurement of X is not likely to constrain 6Y
strongly.3

>The allowed range of 8Y/AY for a given & = 8X/AX is
A7) = 8Y/AY = A7, where £ = 8 cosp + V1 — 8% sing.

e
\

:\6X

N
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Dependence of the correlation ellipse formed in the 6X — &Y plane on the value of cose.

The parameters of the correlation ellipse are sufficient to
deduce, under conventional approximations, a Gaussian
probability distribution P(X, Y|CTEQ6.6) for finding cer-
tain values of X and Y based on the pre-LHC data sets
included in the CTEQ®6.6 analysis. If the LHC measures X
and Y nearly independently of the PDF model, a new
confidence region for X and Y satisfying both the
CTEQ6.6 and LHC constraints can be determined by com-
bining the prior probability P(X, Y|CTEQ6.6) with the new
probability distribution P(X, Y|LHC) provided by the LHC
measurement. For this purpose, it suffices to construct a
probability distribution

P(X, Y|CTEQ6.6 + LHC) = P(X, Y|CTEQ6.6)

X P(X, Y|LHC), (8)
which establishes the combined CTEQ6.6 + LHC confi-
dence region without repeating the global fit.

The values of AX, AY, and cos¢ are also sufficient to
estimate the PDF uncertainty of any function f(X, Y) of X
and Y by relating the gradient of (X, Y)to dxf = af/9X
and dyf = 9f/0Y via the chain rule:

Af = 1Vyl

= J(AXayf)? + 2AXAY cospay fayf + (AYayf)>
&)

Of particular interest is the case of a rational function
f(X,Y) = X™/Y", pertinent to computations of various
cross section ratios, cross section asymmetries, and statis-
tical significance for finding signal events over background
processes [11]. For rational functions Eq. (9) takes the
form

Af ( AX)2 AX AY (
— =4||m—) — 2mn— — cosgp +
Xo Yo

AY>2
n—1J>.
¥y

(10)

For example, consider a simple ratio, f = X/Y. Then
Af/f, is suppressed (Af/fo = |AX/X, — AY/Y,]) if X
and Y are strongly correlated, and it is enhanced (A f/f, =
AX/X, + AY/Y,) if X and Y are strongly anticorrelated.
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As would be true for any estimate provided by the
Hessian method, the correlation angle is inherently ap-
proximate. Equation (6) is derived under a number of
simplifying assumptions, notably in the quadratic approxi-
mation for the y?> function within the tolerance hyper-
sphere, and by using a symmetric finite-difference
formula (2) for {9,X} that may fail if X is not monotonic.
With these limitations in mind, we find the correlation
angle to be a convenient measure of interdependence be-
tween quantities of diverse nature, such as physical cross
sections and parton distributions themselves. For collider
applications, the correlations between measured cross sec-
tions for crucial SM and beyond SM processes will be of
primary interest, as we shall illustrate in Sec. IV. As a first
example however, we shall present some representative
results on correlations between the PDFs in the next
section.

ITII. OVERVIEW OF CTEQ6.6 PDFS

A. CTEQ6.6 versus CTEQ6.1

The CTEQ6.5 PDFs [5-7] and their improved version
CTEQ®6.6 presented here are based on a new implementa-
tion of heavy-quark mass effects in perturbative QCD cross
sections, realized in the Aivazis-Collins-Olness-Tung
(ACOT) general-mass (GM) variable number scheme
[12,13] and supplemented by more recent conceptual de-
velopments (SACOT [12,14] and ACOT-y [15] ap-
proaches) introduced to simplify computations involving
the heavy-quark mass and to treat adequately particle
kinematics at energies close to the heavy-quark mass
thresholds. A detailed discussion of the heavy-quark
scheme employed in our work was published recently in
Ref. [5]. The quality of the global analysis is further
enhanced by the inclusion of newer data sets, replacement
of structure functions F,(x, Q) and F3(x, Q) by the directly
measured cross sections in H1 and ZEUS DIS data sets,
relaxation of ad hoc constraints on the parametrization of
strange quark PDFs, and improvements in the global fitting
procedure. The CTEQ6.6 PDF set includes four additional
PDF eigenvectors to accommodate the free strangeness
parametrization, as described below. It is also in a better
agreement with HERA charm production cross sections
than CTEQ6.5. The public distributions, available at the
LHAPDF depository [16], include a central PDF set, de-
noted as CTEQ6.6M, and 44 eigenvector sets that span the
range of uncertainties in the parton parameter space due to
input experimental errors.

Incorporation of the full heavy-quark mass effects in the
general-mass formalism leads to the suppression of heavy-
flavor contributions to the DIS structure functions F,(x, Q)
compared to the ordinary zero-mass (ZM) scheme. For
neutral-currents F,(x, Q), which dominate the global
analysis, the suppressions occur in (a) the flavor-excitation
partonic processes with incoming ¢ and b quarks, through
the rescaling of the light-cone momentum fraction vari-
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able, and (b) the light-flavor scattering processes involving
explicit flavor creation (such as the gluon-photon fusion),
through the mass dependence in the partonic cross section
(Wilson coefficient) [5,15]. Since the theoretical calcula-
tions in the global fit must agree with the extensive DIS
data at low and moderate Q, the reduction in ¢, b, and g
contributions in the GM next-to-leading order (NLO) fit
must be compensated by larger magnitudes of light-quark
and antiquark contributions. One therefore expects to see
an increase in the light-quark PDFs extracted in the GM
scheme compared to those from ZM analyses in the appro-
priate (x, Q) region. This improvement leads to significant
changes in some key predictions compared to the ZM
formalism.

We illustrate the impact of the improved treatment of
heavy-quark scattering by comparing predictions made
using the CTEQ6.6 PDFs (realized in the GM scheme)
and zero-mass CTEQ6.1 PDFs [9] (realized in the ZM
scheme). All of the cross sections in our global analysis
are calculated at NLO in perturbative QCD. Figures show-
ing comparison of CTEQ6.6 and CTEQ®6.1 for various PDF
flavors are collected at [17]. Since these figures are rather
similar to their counterparts comparing the CTEQ6.5 and
CTEQ6.1 PDFs [5], we do not reproduce them in this
paper, except for the strangeness and charm PDFs.

The most consequential differences between CTEQ6.6
and CTEQ6.1 PDFs for u and d quarks occur at x < 1073,
cf. Ref. [17]. They can substantially affect predictions for
quark-induced processes at the LHC, making the predicted
cross sections larger by several percent (6-7% in W, Z
production), as will be discussed in more detail in Sec. I'V.

As a new feature, the CTEQ6.6 analysis allows the shape
of strange quark distributions to be independent from the
nonstrange sea distributions. We no longer impose the
familiar ansatz s(x, wo) = i(x, wo) + d(x, o), because
the included dimuon DIS data (vA— utu~X) [18]
probes the strange quark distributions via the underlying
process sW — ¢, making the above ansatz unnecessary.
However, as shown in Ref. [6], the existing experimental
constraints on the strange PDFs remain relatively weak and
have power to determine at most two new degrees of free-
dom associated with the strangeness in the limited range
x> 1072, Thus in the CTEQ6.6 analysis we add two new
free parameters characterizing the strange PDFs.* We con-
tinue to assume s(x) = 5(x) in these fits, since the current
data do not place statistically significant constraints on the
difference between s(x) and 5(x) [6].

At x < 1072, the available data probe mostly a combi-
nation  (4/9)[u(x) + a(x)] + (1/9)[d(x) + d(x) + s(x) +
5(x)] accessible in neutral-current DIS, but not the detailed
flavor composition of the quark sea. The shape of s(x, wq)
at very small x can vary over a large range, accompanied by

4Assignment of more than two free strangeness parameters
does not tangibly improve the quality of the fit and creates
undesirable flat directions in the Hessian eigenvector space [6].
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FIG. 2 (color online).
factorization scales wu = 3.16 and 100 GeV.

corresponding adjustments in the other sea quark flavors.
In other words, the strangeness to nonstrangeness ratio at
small X, Rs = hmx—>0[s(x’ IU“O)/(’Z(xr IL'LO) + d(x’ /-LO))]a is
entirely unconstrained by the data. But, on general physics
grounds, one would expect this ratio to be of order 1 (or,
arguably, a bit smaller). Thus, in the current CTEQ6.6
analysis, we adopt a parametrization for the strange PDF
of the form s(x, wy) = AgxA1(1 — x)*2P(x), where A, is set
equal to the analogous parameter of # and d based on
Regge considerations. A smooth function P(x) (of a fixed
form for all 45 CTEQG6.6 PDF sets) is chosen to ensure that
the ratio R, stays within a reasonable range. There is
considerable freedom in the choice of P(x), and that is a
part of the theoretical uncertainty associated with any
parametrization of the initial PDFs.” Fig. 2 shows the
CTEQ6.6 uncertainty bands of 5(x, u) at two values of
M, along with the corresponding CTEQ6.1M PDFs. The
values of R, for the 44 eigenvector sets in this PDF series
span 0.63-1.15.

Since the PDFs are de facto used for ultra-high-energy
and astrophysics applications at x < 107, the CTEQ6.6
PDFs are tabulated down to x = 1073 to provide numeri-
cally stable PDF values obtained by QCD evolution from
parametrized initial parton distributions in this extreme x
region. At the initial scale g, the PDFs are extrapolated

The theoretical uncertainty associated with the small-x quark
flavor composition is generally larger than the Hessian uncer-
tainty bands due to propagation of experimental errors for a
given P(x).
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CTEQ6.6 PDF uncertainty bands (green shaded area) and CTEQ6.1M PDF (red solid line) for s =5 at

into the region x < 1072, not covered by the fitted data, by
a Regge-like functional form proportional to x¢, where the
negative parameter a is found from the fit at x > 1075, At
larger u scales, the PDFs are predicted from the initial
condition at w = u, based on the NLO Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution. No
extra dynamical effects that may be significant at small x
are included in this parametrization.

B. Fits with nonperturbative charm

In the general-purpose CTEQG6.6 PDFs, we assume there
is no nonperturbative intrinsic charm (IC), so that
c(x, mg) = ¢(x, o) = 0 at the initial evolution scale uq =
m. = 1.3 GeV. To facilitate studies of the effect of pos-
sible IC, we have also created fits in which various amounts
of IC (with ¢ = ¢) are assumed. These fits amount to
updated versions of the light-cone motivated [19] and the
sealike models for the shape of the input charm PDF
discussed in [7]. For each IC model, we provide two
PDF parameterizations with moderate and strong IC con-
tributions, corresponding to charm quarks carrying 1% and
3.5% of the parent nucleon’s momentum at w = m,, re-
spectively. Figure 3 shows that the assumption of IC can
substantially increase the amount of ¢ = ¢ at factorization
scales as large as 100 GeV.

C. Correlations

As mentioned before, correlations can be computed for
any variables, including the PDFs themselves. The x and
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FIG. 3 (color online). CTEQ6.6 PDF uncertainty band for ¢ =
¢ with radiatively generated charm only (green shaded area) and
PDFs with intrinsic charm: light-cone motivated form with
moderate (long-dashed line) and strong (long-dash-dotted line)
IC; sealike form with moderate (short-dashed line) and strong
(short-dash-dotted line) IC. The red solid line is for CTEQ6.1M
PDF. A factorization scale u = 100 GeV is assumed.

dependence of the PDF-PDF correlations provides broad
insights about theoretical and experimental constraints
affecting physical cross sections. To explore this depen-
dence, we present contour plots of the correlation cosine
cos¢ for pairs of PDFs f, (x, u1) and f,, (x5, u,) at scales
m12 = 2 and 85 GeV, plotted as a function of momentum
fractions x; and x,. A few such plots relevant for the
ensuing discussion are shown in Fig. 4. A complete set of
the contour plots in color and gray scale versions is avail-
able at [20].

Light (dark) shades of the gray color in Fig. 4 corre-
spond to magnitudes of cos¢g close to 1 ( — 1), as indicated
by the legend. Several interesting patterns of the PDF
correlations can be generally observed. First, consider
self-correlations, in which the correlation cosine is formed
between two values of the same PDF (a; = a,, w; = ®y)
evaluated at momentum fractions x; and x,. The examples
include the u — u, g — g, and ¢ — ¢ correlations at u; =
Mo = 85 GeV shown in Figs. 4(a)—4(c).

Each self-correlation plot includes a trivial correlation,
cos¢ = 1, occurring when x; and x, are about the same.
This correlation occurs in light-colored areas along the
Xx; = x, diagonals in Figs. 4(a)-4(c), of the shape that
depends on the flavor of the PDF and the associated w
scale.
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In the case of an up quark (Fig. 4(a)), the trivial corre-
lation is the only pronounced pattern visible in the contour
plot. The gluon PDF (Fig. 4(b)) and related ¢, b PDFs
(Fig. 4(c)) show an additional strong anticorrelation in the
vicinity of (x}, x,) = (0.2, 0.01) arising as a consequence
of the momentum sum rule. Important implications of this
anticorrelation will be discussed in Sec. I'V.

The gluon-strangeness correlation in Fig. 4(d) illustrates
some typical patterns encountered in the case of sea par-
tons. The gluons show a correlated behavior with strange
quarks (and generally, sea quarks) at x < 107% — 103 as a
reflection of the singlet evolution (a light area in the lower
left corner). The gluon PDF is anticorrelated with the
strangeness PDF at x; ~ 0.1, x, <0.01 because of the
momentum sum rule (a dark area at the bottom). This
anticorrelation significantly affects predictions for W and
Z cross sections at the LHC. More complicated (and not so
well-understood) patterns occur at x;, > 0.3, where the
sea-parton behavior is less constrained by the data. Other
types of correlation patterns, associated with the sum rules,
perturbative evolution, and constraints from the experi-
mental data, can be observed in the full set of contour plots
[20].

IV. IMPLICATIONS FOR COLLIDER
EXPERIMENTS

Soon after its turn-on, the LHC will provide vast samples
of data in well-understood scattering processes at the elec-
troweak scale, notably production of massive weak bosons
W= and Z°. These data will facilitate useful experimental
calibrations, as well as measurements of the LHC lumi-
nosity and PDFs, with tentative experimental accuracy of
about 1% [1-3]. To utilize such measurements of standard-
candle cross sections most productively, one must under-
stand how they constrain PDF degrees of freedom. It is
necessary to explore how the predicted cross sections
change due to improvements in the theoretical model,
such as the transition from the zero-mass to general-mass
factorization scheme, as well as due to the remaining
freedom in the PDF parameters allowed by the data in
the global fit.

In this section, we examine the quantitative connections
between the PDFs and physical observables by applying
the correlation analysis introduced in Sec. II. Since only
large correlations (or anticorrelations) will be useful for
practical purposes, we concentrate on pairs of cross sec-
tions characterized by large magnitudes of the correlation
cosine, chosen in this paper to be | cose| > 0.7. Overall
dependence on the heavy-quark scheme is explored in
Sec. IVA. A focused study of total inclusive cross sections
is presented for W, Z, top-quark, and Higgs boson produc-
tion in Secs. IV B, IV C, and IV D. The total cross sections
are computed at the NLO in the QCD coupling strength «,
using W boson mass My, = 80.403 GeV, Z boson mass
Mz = 91.1876 GeV, and top-quark mass m, = 171 GeV.
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FIG. 4. Contour plots of correlations cosg between two PDFs f(x;, u) and f5(x,, u) at w = 85 GeV: (a) u — u; (b) g — g; ()

¢ —c; (d) s— g. Both axes are scaled as x%2.

In all calculations, both the renormalization and facto-
rization scales are set to be equal to the mass of the final-
state heavy particle, unless specified otherwise. The results
presented below are representative of generic patterns
observed in the PDF dependence of the studied cross
sections. They depend weakly on theoretical assumptions
about the quark flavor composition at small x discussed in
Sec. III.

The LHC collaborations intend to measure ratios of
LHC cross sections to standard candle (especially W and
Z) cross sections. If two cross sections X and Y share
common systematics, both experimental and theoretical,
the systematic uncertainties partially cancel in the ratio
r = X/Y. This cancellation is especially important in the
first year or two of the LHC running, when the collider
luminosity will only be known to the order of 10-20%.
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Eventually the LHC ratios can provide important precision
tests of the standard model, such as a precise measurement
of the W boson mass from the ratio of W and Z total cross
sections [21-24].

The PDF uncertainty on r is reduced (Ar/r = |[AX/X —
AY/Y]) if X and Y are strongly correlated,
cf. Equation (10). It is enhanced (Ar/r = AX/X +
AY/Y)if X and Y are strongly anticorrelated. It is therefore
beneficial to construct the cross section ratios from pairs of
correlated cross sections to reduce the PDF uncertainties.
We will examine a ratio between the highly correlated W
and Z total cross sections in Sec. IVB 3. We will also
explore the inclusive tf production cross section, poten-
tially useful for building ratios when an anticorrelation
with W and Z cross sections occurs. W, Z, f total cross
section values for 45 CTEQ6.6 sets suitable for the com-
putation of various PDF correlations can be downloaded at
[17].

Leading channels for neutral Higgs boson (h°) produc-
tion in the standard model [25] are also investigated,
including gluon-gluon fusion gg — h°, the dominant
Higgs production mechanism; vector boson fusion (VBF)
qGg — WW — h° or gg — ZZ — h°, a prominent channel
employed at the LHC for both discovery and measurement
of '"WW (or h°ZZ) couplings; and associated production
of Higgs boson with a massive weak boson, ¢gg — Wh°
(qg — Zh), the leading discovery mode for Higgs masses
my, <200 GeV at the Tevatron.

In addition, Higgs production channels in MSSM are
considered: neutral CP-even or CP-odd Higgs boson pro-
duction via bottom-quark annihilation, bb— h (h=h",
H°, A%) [26]; charged Higgs boson production via s, ¢, b
scattering, c¢§ + ¢b — h™ [27]; and associated production
qg — W — Ah™ of CP-odd (A) and charged Higgs bo-
sons [28,29], with Higgs masses related as mfli = mi +
M3, at the Born level. The bb — h and ¢5+ cb — h*
cross sections may be greatly enhanced if the ratio tan8 =
v, /v, of vacuum expectation values for up- and down-type
Higgs doublets is of order 10 or more, a possibility that
remains compatible with LEP, Tevatron, and other con-
straints [30]. To be specific, we evaluate ggh couplings at
the tree level and choose effective tan8 = 50; but most of
our results (presented as cross section ratios for different
PDF sets and correlation cosines) are independent of the
tan8 value.

Supersymmetric neutral Higgs production bb — h is
sensitive largely to b(x, u) and g(x, x), while charged
Higgs production probes a combination of s(x, u),
c(x, m), and b(x, u). Long-distance hadronic functions
entering these processes require the general-mass scheme
approach [6,7,31,32]. In hard-scattering inclusive cross
sections, heavy-flavor mass corrections enter through ra-
tios mf b/ p? and are suppressed at large momentum scales
pi > m2,. We therefore neglect the charm and bottom-
quark masses in hard-scattering matrix elements at TeV
energies, while keeping the mass effects inside the PDFs.

PHYSICAL REVIEW D 78, 013004 (2008)

A. Total cross sections at the Tevatron and the LHC

To discuss common differences between the general-
mass (CTEQ6.6) and zero-mass (CTEQ®6.1) predictions,
we compute several total cross sections sensitive to light-
quark, gluon, or heavy-quark scattering using the NLO
programs WTTOT [33] and MCFM [34-36]. Figure 5 shows
several CTEQ6.6 and CTEQ6.1 total cross sections and
their PDF uncertainties at the pp collider Tevatron (/s =
1.96 TeV) and the pp Large Hadron Collider (/s =
14 TeV). They are plotted as ratios to CTEQ6.6M predic-
tions. We do not show predictions for the CTEQ6.5 set, as
those agree with CTEQ6.6 within the uncertainties.

The processes shown in the figure for the Tevatron occur
at relatively large momentum fractions x, where CTEQG6.6
and CTEQ6.1 PDFs agree well. Consequently the
CTEQ6.6 and CTEQ6.1 cross sections for the Tevatron
processes coincide within the PDF uncertainties, as illus-
trated in Fig. 5(a). The magnitudes of the PDF uncertain-
ties also remain about the same.

At the LHC (Fig. 5(b)), CTEQG6.6 cross sections for W
and Z boson production are enhanced by 6—7% compared

(a) o+60ppr in units of c(CTEQ6.6M)
Tevatron Run-2, NLO
w= —— = CTEQ6.6
z° —— * CTEQS.1
tt(171) e
WhO(120) B
Zh°(120) —.—
085 09 095 1 1.05 1.1 1.15 12 1.25
(b) o+6oppr in units of c(CTEQ6.6M)
LHC,NLO
Knnwo §
wr A = CTEQ6.6
w- A—=="—4 % CTEQS6.1
2% sk —=3%— 4 C-Sea
W*h°(120) g
W~h°(120) S
tt (171) Ay
99-h°(120) e
h*(200) e —— A
0.9 1 1.1 1.2 1.3

FIG. 5 (color online). Representative CTEQ6.6 (red boxes)
and 6.1 (blue stars) total cross sections and PDF uncertainties
at (a) the Tevatron and (b) LHC, normalized to the CTEQ6.6M
cross section. Green triangles indicate CTEQ6.6 cross sections
obtained under the assumption of a strong sealike intrinsic charm
production (IC-Sea-3.5%).
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FIG. 6 (color online).
for other PDF sets by (a) CTEQ and (b) other groups.

to CTEQ6.1 because of the larger magnitudes of YU(x, Q)

and (d)(x, Q) in the relevant range of x ~ My ;z/\/s =
1073-1072. The CTEQ6.6 light-quark parton luminosities
£q,-q'j(x1’ x2, Q) = q;(x1, 0)3;(x,, Q)  (and  therefore
CTEQG6.6 cross sections) are larger at such x by 26f =
6%, where 6f = 3% 1is the typical increase in the GM
light-quark PDFs compared to the ZM PDFs. The
Hessian PDF error obtained by our standard 90% C.L.
criterion has decreased from 4.5-5% in CTEQ6.1 to 3.5%
in CTEQ6.6, mostly because new DIS experimental data
were included in the CTEQ®6.6 fit. The differences between
CTEQG6.6 and CTEQ6.1 exceed the magnitude of the
NNLO correction to W and Z cross sections of the order
2% [37-40], indicated by a dashed line. Uncertainties of
this size have important implications for the calibration of
the LHC luminosity.

Other cross sections dominated by light-(anti)quark
scattering at x ~ 10~2 increase by comparable amounts.
For example, the CTEQ6.6 cross sections for associated
W*h or Z°h boson production exceed CTEQ6.1 cross
sections by 3—4%. In contrast, in processes dominated by
gluon or heavy-quark scattering, such as ¢7 production or
gg — h°X, the general tendency for the CTEQ6.6 cross
sections is to be a few percent lower compared to
CTEQ6.1. The CTEQ6.6M ¢35 + c¢bh — h™ cross section
is enhanced with respect to CTEQ6.1M by its larger
strangeness PDF (cf. Fig. 2), despite some suppression of
the cb contribution to this process. The LHC cross sections
in Fig. 5(b) may change substantially if a fraction of charm
quarks is produced through the nonperturbative intrinsic
mechanism. For example, the rate for production sc +

PHYSICAL REVIEW D 78, 013004 (2008)

W= & Z cross sections at the Tevatron Run-2
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CTEQ6.6 NNLL-NLO W= and Z production cross sections in the Tevatron Run-2, compared with predictions

sb — h™ of MSSM charged Higgs bosons with mass
200 GeV would increase by 30% if sealike intrinsic charm
contributions carry 3.5% of the parent nucleon’s momen-
tum, the maximal amount tolerated in the fit.

B. W and Z boson production cross sections
1. CTEQ6.6 vs other PDF sets

Large groups of collider cross sections, notably those
dominated largely by quark scattering or largely by gluon
scattering, exhibit correlated dependence on PDFs.
Production of charged W and neutral Z° bosons are
essential quark-quark scattering processes that show such
correlations.

Figures 6 and 7 summarize predictions for the total cross
sections o of W and Z production, obtained in the NNLL-
NLO resummation calculation (of the order O(«,) +
leading higher-order logarithms) [41-43] and using recent
PDF sets by CTEQ [5,8,9,44-48], Alekhin/AMP [49,50],
H1 [51], MRST/MSTW [52-55], and ZEUS [56,57]
groups. We include decays of the massive bosons into
lepton pairs in the improved Born approximation [42,58].
To provide a visual measure of the PDF uncertainty, each
figure shows an error ellipse corresponding to our usual
tolerance criterion.® The ellipses are found from Egs. (4)
and (5), using the parameters listed in Table I.

At the Tevatron, the CTEQ6.6 cross sections lie close to
the CTEQG6.1 and CTEQ6.5 predictions (Fig. 6(a)), i.e., the
dependence on the heavy-flavor scheme is relatively weak

°In two-dimensional plots, this criterion corresponds to a
probability somewhat smaller than 90%.
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(a) W=* & Z cross sections at the LHC
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FIG. 7 (color online).
(a) different PDF sets by CTEQ and (b) other groups.

in this case. The CTEQ®6.6 cross sections agree well with
predictions based on the PDF sets by the other groups
(Fig. 6(b)).

At the LHC, the general-mass CTEQ6.6 cross sections
exceed the zero-mass CTEQ®6.1 cross sections by 6—7%, as
shown in Fig. 7(a). The CTEQ6.6 and 6.5 Z° cross sections
are about the same. The CTEQ6.6 W™* cross section is
somewhat smaller than the CTEQG6.5 cross section and
does not lie on the same line in the W — Z plane as the
previous CTEQ sets. The predictions based on the latest
CTEQ6.6, MSTW’06, and AMP’06 PDFs agree within 3%
(Fig. 7(b)).

The total cross sections shown here are somewhat af-
fected by higher-order contributions, not included under
the current NNLL-NLO approximation. A prediction of
absolute magnitudes of W and Z cross sections with 1%
accuracy would require us to simultaneously evaluate

TABLE 1.

PHYSICAL REVIEW D 78, 013004 (2008)
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CTEQ6.6 NNLL-NLO W=* and Z production cross sections in the LHC, compared with predictions for

NNLO QCD contributions of the order O(a?) [37-40]
and NLO electroweak contributions of the order
O(a agy) [59-67] for both the hard cross sections and
PDFs, including all relevant spin correlations [68,69]. This
level of accuracy is not yet achieved. However, the higher-
order terms rescale the NLO hard cross sections by overall
factors with weak dependence on the PDFs [39,40].
Therefore our NLO-NNLL total cross sections should
reasonably estimate true relative differences caused by
the PDFs.

The NNLL-NLO cross sections for AMP’2006 and
MSTW’2006 are computed using the NNLO PDFs, since
the NLO PDFs for these sets are not available. Such a
combination is acceptable at the order we are working. For
example, mixing of NLO-NNLL and NNLO orders is of
little consequence in the case of the MRST’2004 set, for
which the replacement of the NLO PDFs by the NNLO

Total cross sections ¢, PDF-induced errors Ao, and correlation cosines cose for Z°, W=, and 7 production at the
Tevatron Run-2 (Tev2) and LHC, computed with CTEQ6.6 PDFs.

/5 (TeV) Scattering process o, Ao (pb) Correlation cos¢ with
Z° (Tev2) W= (Tev2) Z° (LHC) W= (LHC)

1.96 pp— (20— €T¢)X 241(8) 1 0.987 0.23 0.33
pp— (W= — €vp)X 2560(40) 0.987 1 0.27 0.37
pp — ttX 7.2(5) —0.03 —0.09 —0.52 —0.52

14 pp — (Z° = €1 )X 2080(70) 0.23 0.27 1 0.956
pp — (W= — {v)X 20880(740) 0.33 0.37 0.956 1
pp— (WH = €FTw)X 12070(410) 0.32 0.36 0.928 0.988
pp— W™ =L p)X 8810(330) 0.33 0.38 0.960 0.981
pp — ttX 860(30) —0.14 —0.13 —0.80 —0.74
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PDFs changes the cross sections by about 1.5%. Variations
of this magnitude are clearly permissible until a more
precise computation is fully developed.

2. Correlations between W, Z cross sections and PDFs

Although strong PDF-induced correlations between the
W and Z cross sections are observed at both colliders, the
mechanism driving these correlations at the LHC is not the
same as at the Tevatron. The essential point is that,
although the weak bosons are mostly produced in # and
d quark-antiquark scattering, this dominant process may
contribute little to the PDF uncertainty because of tight
constraints imposed on the up- and down-quark PDFs by
the DIS and Drell-Yan data.

Instead, a substantial fraction of the PDF uncertainty at
the LHC (but not at the Tevatron) is contributed by sizable,

CTEQ®6.6: correlation between oo and f(x,Q=85. GeV)
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FIG. 8 (color online).
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yet less-constrained, contributions from heavy-quark (s, c,
b) scattering. Subprocesses with initial-state s, ¢, and, to a
smaller extent, b and g partons deliver up to 20% of the
NLO rate at the LHC, compared to 2—4% at the Tevatron.
All these partons are correlated with the gluons via
DGLAP evolution, so that the LHC W and Z cross sections
are particularly sensitive to the uncertainty in the gluon
PDF. Consequently, W and Z cross sections at the LHC are
better correlated with processes dominated by gluon scat-
tering in the comparable kinematical range and not neces-
sarily with u and d quark scattering, in striking contrast to
the Tevatron.

To illustrate this point, Fig. 8 shows correlation cosines
(cos¢) between the W, Z cross sections and PDFs f,(x, Q)
of different flavors, evaluated as functions of the momen-
tum fraction x at Q = 85 GeV. The largest correlations
between the cross section and PDFs occur at momentum

CTEQ®6.6: correlation between oot and f(x,Q=85. GeV)

pp-WX, Vs=1.96 TeV - —_

0.5

Correlation
o

-0.5

0.05 0.1 0.2 0.5 0.7
X

10510% 1073 0.01 0.02

Correlation between ow:(LHC) and f(x,Q=85. GeV)

Correlation

0.05 0.1 0.2 0.5 0.7
X

0.010.02

107%10* 107

(a,b) Correlation cosine (cos¢) between the total cross sections for Z° and W= production at the Tevatron

and PDFs, plotted as a function of x for Q = 85 GeV; (c,d) the same for the LHC.
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fractions x of the order My, ,/+/s corresponding to central
rapidity production, i.e., at x ~ 0.04 at the Tevatron and
0.006 at the LHC. PDF flavors with a very large correlation
are associated with the major part of the PDF uncertainty in
the physical cross section. Additional constraints on this
flavor would help reduce the PDF uncertainty.

At the Tevatron Run-2 (Figs. 8(a) and 8(b)), large corre-
lations exist with u, i, d, and d PDFs, with cos¢ reaching
0.95. No tangible correlation occurs with PDFs for s, ¢, b
(anti)quarks and gluons.

At the LHC (Figs. 8(c) and 8(d)), the largest correlations
are driven by charm, bottom, and gluon PDFs, followed by
smaller correlations with u, d, and s quarks. The correla-
tion with the u and d PDFs is reduced, although not entirely
eliminated. A large correlation with the gluon at x ~ 0.005
is accompanied by a large anticorrelation (cos¢ ~ —0.8)
with the gluon at x ~ 0.1-0.2, as a consequence of nucleon
momentum conservation (cf. Sec. III C). This feature im-
plies that the LHC W, Z cross sections are strongly anti-
correlated with new particle production in gluon or heavy-
quark scattering in the TeV mass range, and moderately
anticorrelated with ¢7 production (cf. Sec. IV C2).

3. Impact of strangeness

We stress that the large correlation between the LHC Z
cross section and the gluon distribution is generated pri-
marily by the sizable s5 scattering contribution, and not by
a smaller gg scattering contribution. Similarly, a large
correlation in W boson production is driven for the most
part by the ¢5 contribution. Yet the correlations of Z and W
cross sections with the strangeness PDF, taken on its own,
are rather small (see Figs. 8(c) and 8(d)). Adjustments in
s(x, Q) can be easily compensated by other quark PDFs
without changing the physical W and Z cross sections. This
extra freedom is absent in the case of the gluon PDF, since
it affects all sea PDFs at once through perturbative
evolution.

On the other hand, the ratio ry = o,/(oy+ + ow-) of
the Z° and W= cross sections is very sensitive to the
uncertainty in strangeness. Nominally ry, is an exemplary
standard-candle LHC observable because of the cancella-
tion of uncertainties inside the ratio. The CTEQG6.6 pre-
diction rzy = 0.100 = 0.001 is in an excellent agreement
with the predictions based on the other recent PDF sets.
This result can be derived from Eq. (10) by substituting the
correlated parameters of the W and Z cross sections in
Table I.

Figure 9 indicates that ry, is mostly correlated with the
strangeness PDF s(x, Q) in the region 0.01 < x < 0.05. Itis

anticorrelated with % and (d) at x ~ 1073, There is no
tangible correlation with the gluon, charm, and bottom
PDFs.

Since the strangeness is the least constrained distribution
among the light-quark flavors [6,53,70], it is thus important
to correctly model its uncertainty to estimate rgzy.

PHYSICAL REVIEW D 78, 013004 (2008)
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FIG. 9 (color online). Correlation cosine (cos¢) between the
ratio o,/oy of LHC total cross sections for Z° and W&

production at PDFs of various flavors, plotted as a function of x
for Q = 85 GeV.

CTEQG.6 is our first general-purpose PDF set that includes
an independent parametrization for strangeness. It predicts
a larger uncertainty in s(x, Q) (hence, a larger Ar ) than
the previous PDF analyses, which artificially linked s(x, Q)
to the combination (i + d) of the lightest sea quarks.

The increased fractional uncertainty Ar,y/rzy is re-
lated to weaker correlation between the CTEQ6.6 W and Z
cross sections at the LHC. According to Eq. (10),
Arzw/rzw scales approximately as (1 — cose)'/2, given
that the W and Z fractional uncertainties are about the same
(Aoy/d%, = Ao,/d%). The value of cose decreases
from 0.998 in CTEQ®6.1 to 0.956 in CTEQG6.6, or 0.982 if
s(x, Q) is fixed during the Hessian analysis at its best-fit
CTEQ6.6M shape. As a result of the smaller cose,
Ar,w /1w increases threefold in the CTEQ6.6 prediction,
even though the fractional uncertainties Aoy /oy 7 are
reduced.

The eccentricity of the o, — oy tolerance ellipse grows
with cos¢, implying a narrow CTEQ6.1 ellipse and a
broader CTEQ®6.6 ellipse shown in Fig. 10. The CTEQ6.6
ellipse narrows if the strangeness parameters are fixed at
their best-fit values as described above. Very different
values of r, can be obtained if one allows for the intrinsic
charm contribution. In Fig. 10, the empty triangles corre-
spond to the ‘““maximal” intrinsic charm scenarios. These
cross sections lie on the boundary or outside of the
CTEQ®6.6 tolerance ellipse. They can be potentially ruled
out by measuring rzy precisely at the Tevatron, as can be
deduced from Fig. 6(b).

4. W~ vs W cross sections

The charge dependence of weak boson production at the
LHC is explored by plotting W~ vs W™ cross sections in
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W#* & Z cross sections at the LHC
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FIG. 10 (color online). W and Z correlation ellipses at the
LHC obtained in the fits with free and fixed strangeness, as well
as with maximal intrinsic charm contribution.

Fig. 11(a). In this case, the CTEQ6.6 prediction agrees well
with the latest MSTW and AMP sets, while more substan-
tial differences exist with the earlier MRST and ZEUS PDF
sets. Possible intrinsic charm contributions (indicated by
the IC-BHPS and IC-Sea points) would increase both cross
sections.

(a) W= production at the LHC
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FIG. 11 (color online).

PHYSICAL REVIEW D 78, 013004 (2008)

The cross section ratio oy-/oy+ is most correlated
with the valence wu-quark PDF wuy =u—i at Q =
85 GeV, followed by the valence d-quark (cf. Fig. 11
(b)). There is a large correlation with uy(x, Q) at x = 0.1
and anticorrelation at x = 0.05. Other PDF flavors do not
demonstrate pronounced correlation with oy-/oy+ and
are not shown in the figure.

C. Top-quark production and gluon uncertainty

The prominent role of gluons in driving the PDF uncer-
tainty in many processes has been pointed out in the past by
noticing that most of the PDF uncertainty is often gener-
ated by a certain PDF eigenvector sensitive to the gluon
parameters. While the abstract eigenvectors give largely a
qualitative insight, the correlation analysis relates the PDF
uncertainty directly to parton distributions for physical
flavors at known (x, u). We will now apply the correlation
technique to investigate the uncertainties associated with
gluons and heavy quarks in two other prominent processes,
production of top-quark—antiquark pairs and single-top
quarks.

1. Parametrization of tt and single-t total cross sections
The inclusive rate for production of top-quark—antiquark

pairs, p(i)) — 11X, is measured with good precision in the
Tevatron Run-2. An even more precise measurement is
possible with the large event yield expected at the LHC.
Such a measurement can test the perturbative QCD pre-
diction and provide an alternative method to determine the

(b)

ow-/ow- at the LHC

e ats. Gev)
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(a) CTEQ6.6 W~ and W™ production cross sections at the LHC compared with predictions for other PDF

sets; (b) correlation (cosg) between the ratio oy+/oy- of W and W™ total cross sections and valence quark PDFs.
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mass of the top quark [71,72]. At leading order, ¢f pairs are
produced via gg scattering (contributing 85% of the rate at
the Tevatron) and gg scattering (contributing 90% of the
rate at the LHC). At NLO, both the fixed-order [73-76] and
resummed [72,77-88] cross sections have been computed.
In this study, we calculate the NLO ¢ cross section using
CTEQ6.6 PDFs and the MCEM code [34-36], for three
values of the factorization scale (u = 0.5m;, m,, and 2m,).

Production of single-top quarks p(ﬁ) — =X [89-109]
provides a unique means to measure the Wtb coupling
with the goal of constraining new physics [91,110-113].
It was recently observed for the first time by the Tevatron
DO [114] and CDF Collaborations [115]. We will focus on
two single-top production channels, proceeding through
t-channel and s-channel exchanges of charged weak (W)
bosons. The #-channel W exchange involves bottom-quark
scattering gb — ¢'t and dominates both the Tevatron and
LHC rates. The s-channel W exchange is similar to con-
ventional W boson production, but occurs at larger typical
x values (of the order m,//s rather than My, /\/s). It may
be observable at the Tevatron, but has a relatively small
event rate at the LHC. We compute the NLO cross sections
for single-top production using the programs from
Refs. [103-107].

For each scale w, we parametrize the resulting cross
sections in the vicinity of the world-average top mass m, =
171 = 1.1(stat) = 1.5(syst) GeV [116] by a function

a(m, p) = A(p) + B(p)(m, — 171)
+ C(u)(m, — 171)%, (1)
where the units of o and m, are picobarn and GeV. The
variation with respect to the reference cross section (cor-

responding to u = m,) gives the NLO scale dependence
A, (m,), discussed in detail in Sec. IV D. The uncertainty in

TABLE II.

PHYSICAL REVIEW D 78, 013004 (2008)

o due to the variation of m, within the experimentally
allowed range gives the mass dependence, denoted by
A,,. We also calculate the relative PDF uncertainties, de-
noted by Appg(m,). The values of A, Appg, and coeffi-
cients A, B, C are listed in Table II. In single-top cross
sections, we set C = 0. A plot of this parametric depen-
dence in ¢ production at the Tevatron and LHC is shown in
Fig. 12. The correlation cosines between tf, single-top, W,
and Z cross sections are listed in Tables I and III.

2. PDF-induced correlations

The PDF dependence of the top-quark cross sections
follows a few nontrivial trends, which can be understood
by studying x-dependent correlations between the top-
quark cross sections and PDFs presented in Fig. 13. Our
discussion will also refer to Tables I, II, and III.

(1) Contrary to the naive expectation, the main PDF
uncertainty in #f production at the Tevatron is not
associated with the leading g4 scattering channel.
Rather, the uncertainty is mostly correlated with the
gluon PDF probed at x = 0.3, as clearly shown by
the t7-PDF correlations in Fig. 13(a). At such x
values, the quark PDFs are tightly constrained, re-
sulting in a small uncertainty in the leading ¢g
channel, while the gluons are poorly known, result-
ing in a very large uncertainty in the subleading gg
channel. The net result is a substantial total PDF
uncertainty, Appp = 7.4%, in the Tevatron ff cross
section, contributed mostly by gg scattering. By the
momentum sum rule, the Tevatron ¢f cross section is
strongly anticorrelated with gluon scattering at x ~
0.05. It does not exhibit a strong (anti)correlation
with W or Z production at either collider; cf. Table I.

(2) The Tevatron t-channel single-top cross section is
mostly correlated with the b-quark PDF at x ~ 0.2,

The fitting parameters (A, B, C) for the parametric form (11) of the CTEQ6.6M total cross section for inclusive 7 and

single-top production at the Tevatron and LHC, evaluated at NLO in the QCD coupling strength. Also shown are the relative scale and

PDF errors, A, and Appp at m, = 171 GeV.

pp— TX (s = 1.96 TeV) pp— TX (/s = 14 TeV)
Final state Parameter w=m./2 no=m, m=2m, n=m,/2 m=m m=2m,
T=1t A [pb] 7.546 7.197 6.412 951.2 857.9 761.6
B [pb:GeV™!] —0.237 —0.225 —0.201 —26.12 —23.43 —20.81
C [pb-GeV 7] 0.0041 0.0039 0.0034 0.44 0.37 0.33
A, (m, = 171) +5% reference —11% +11% reference —11%
Appp(m, = 171) 84(7.4)% +33(3.3)%
T =t (t-channel) A [pb] 1.96 2.01 2.058 248 248.4 249.1
B [pb-GeV!] —0.034 —0.036 —0.037 -1.93 -2.19 —2.24
A, (m, =171) —2.7% reference 2.6% —1.6% reference 2.4%
Appp(m, = 171) 10.3% 3.2%
T =t (s-channel) A [pb] 1.013 0.967 0.925 11.83 11.710 11.67
B [pb-GeV™!] —0.025 —0.024 —0.023 —0.248 —0.247 —0.248
A, (m, = 171) +5% reference —4% +1.0% reference —0.4%
Appp(m, = 171) 3.4% 3.0%
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FIG. 12 (color online).
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CTEQ6.6 predictions for inclusive 7 production at (a) the Tevatron Run-2 and (b) the LHC, showing the

NLO cross section in pb versus the top-quark mass m,. The three curves correspond to three choices for the factorization scale:
u = m,/2, m,, and 2m,. The error bars are the PDF uncertainties. Also shown is the 1o error range from the 2007 world-average
experimental m, value by the Tevatron Electroweak Working Group, m, = 171 = 1.1 = 1.5 GeV [116].

3)

“)

TABLE III.

as illustrated by Fig. 13(c). It has a substantial PDF
uncertainty, Appp = 10.3%. It is correlated with the
Tevatron tf cross section (cos¢ = 0.81) and anti-
correlated with Z, W production at the LHC
(cosp = —0.82 and —0.79) through the shared
correlation with the gluon at large x.

At the LHC (Figs. 13(b) and 13(d)), the #f and
t-channel single-top cross sections are also mostly
correlated with g, ¢, and b PDFs, which, however,
are well constrained at x ~ 0.05 and 0.01, typical
values in this case. The PDF uncertainty is of the
order 3% in both processes. The LHC 7 cross
sections are anticorrelated with the Z and W cross
sections. The 7 — Z and 7 — W correlation cosines
are large and negative: cosg = —0.8 and —0.74,
respectively. The strong anticorrelation reveals itself
in the shape of the tf — Z ellipse, plotted in Fig. 14
by using the PDF error parameters in Table 1. A
similar anticorrelation exists between the 7 and W
cross sections [117]. Interestingly enough, the LHC
t-channel single-top cross section is only mildly
anticorrelated with 7 production and mildly corre-
lated with W and Z production (see Table III), in
contrast to the Tevatron.

At both colliders, the s-channel PDF uncertainty is

_ “)
of the order 3% and correlated mostly with W and d

computed with CTEQ6.6 PDFs.

&)

To

PDFs (cf. Figs. 13(e) and 13(f)), as well as with the
Tevatron Z, W rates. Remarkably, the LHC
s-channel single-top cross section is not particularly
correlated with the LHC W, Z cross sections, despite
its similarities with W boson production. This pecu-
liarity is due to large x values (x ~ m,/\/s ~ 0.01)
typical for the s-channel single-top production. At
such x, charm and bottom initial-state contributions
are relatively small and do not affect single-top
production as much as W boson production, hence
preventing the gluon-driven PDF uncertainty from
contributing sizably to the s-channel cross section.
The improved evaluation of heavy-quark terms in
the CTEQ6.6 PDFs reduces the Tevatron (LHC) #7
cross sections by 4% (3.5%) compared to CTEQ6.1.
The CTEQG6.6 Tevatron f-channel single-top cross
section is about 6% smaller than the CTEQ6.1 cross
section. The other three CTEQG6.6 single-top cross
sections differ from the CTEQ®6.1 cross sections by
less than 2%.

D. tf production as a standard candle; Higgs boson

production

recap the previous section, at the Tevatron, ¢f pro-

duction is strongly correlated with single-top production.

Correlation cosines cosg between single-top, W, Z, and tf cross sections at the Tevatron Run-2 (Tev2) and LHC,

Single-top production channel Correlation cos¢ with

70 (Tev2) W= (Tev2) 1t (Tev2) 7% (LHC) W= (LHC) tt (LHC)
t-channel (Tev2) —0.18 —0.22 0.81 —0.82 —0.79 0.56
t-channel (LHC) 0.09 0.14 —0.64 0.56 0.53 —0.42
s-channel (Tev2) 0.83 0.79 0.18 0.22 0.27 -0.3
s-channel (LHC) 0.81 0.85 —0.42 0.6 0.68 —0.33
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FIG. 13 (color online). PDF-induced correlations (cos¢) between the total cross sections for ¢7 and single-top production, and PDFs
of various flavors, plotted as a function of x for Q = 85 GeV: Tevatron Run-2 (left column); LHC (right column).
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Z° vs tt production at the LHC at NLO
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FIG. 14 (color online). Correlation ellipse for ¢f and Z boson
NLO total cross sections at the LHC.

At the LHC, it is strongly anticorrelated with Z, W pro-
duction. Precise measurements of 7 rates could provide
valuable constraints on the gluon and heavy-quark PDFs,
if the associated theoretical and experimental uncertain-
ties are each reduced below 3-5%. These measurements
would help bring down the PDF error in many pro-
cesses and supply an alternative way to monitor the col-
lider luminosity. If a cross section is anticorrelated with
W and Z production, it could be normalized to the ff
cross section. The PDF error will be suppressed in such a
cross section ratio, in contrast to the ratio with the W or Z
cross section. Other systematic errors may cancel better,
too, if the process shares common elements with #f
production.

Let us consider some specific examples. The PDF
uncertainties for Z, W=, tf, and Higgs boson (ho)
production via gluon fusion at the LHC, with Higgs
mass m;, = 500 GeV, are 3.4%, 3.5%, 3.2%, and 4%,
respectively. The correlation cosines are 0.956 for Z
and W™ cross sections, 0.98 for 4° and #7 cross sections,
and —0.87 for h° and Z cross sections. By Eq. (10) the
PDF uncertainty on the Z/W=*, h°/tt, h°/Z cross
section ratios are 1.3%, 1.5%, and 7.2%, i.e., the corre-
lated cross sections produce ratios with the smallest PDF
uncertainties.

The viability of precise 7 production measurements can
be examined by studying theoretical uncertainties on the 7
cross section presented in Table II. At present, the scale
dependence A, is larger than the PDF uncertainty Appp
and top-mass uncertainty A,, at both colliders, suggesting
that higher-order (NNLO) corrections have a tangible im-

PHYSICAL REVIEW D 78, 013004 (2008)

pact on the ¢ rate.” The NNLO contributions will be
computed in the near future [118], which will likely reduce
the associated uncertainty to a few percent.

The top-mass uncertainty A,, can be brought down to 2—
3% by measuring m, with an accuracy of the order 1 GeV,
as planned by the Tevatron experiments. Further advance-
ments can possibly improve accuracy in the treatment of
heavy-quark mass effects at NNLO to about a percent
level. The current (not related to the luminosity) experi-
mental systematic error for the 77 cross section at the
Tevatron is 8% [119], with further improvements likely.
A similar systematic error of the order 5% may be feasible
at the LHC.

The complementarity of constraints on Higgs boson
searches from #f production at the LHC and Z boson
production at the Tevatron and LHC is illustrated by
Fig. 15, showing the correlation cosines (cos¢) between
Higgs, Z, and 7 production cross sections as a function of
Higgs mass. These cosines are shown by lines, in addition
to separate markers corresponding to correlations between
W, Z, and top production processes discussed above. The
relevant cross sections are collected in Table I for W, Z,
and #f production, and in Table IV for Higgs production
processes.

As discussed earlier, there is a very large correlation
between Z boson, W boson, and W~ boson production at
the LHC, and a strong anticorrelation between Z boson and
tf production. Only a mild correlation exists between Z
production at the Tevatron and Z production at the LHC.
There is a moderate correlation between Z production and
the production of a light (120 GeV) Higgs boson through
gg fusion, but this becomes a strong anticorrelation as the
mass of the Higgs boson increases, as the gluons are in a
similar x range as those responsible for t# production.
Associated Higgs boson production (WhO) is strongly cor-
related with Z production for low Higgs masses but be-
comes decorrelated for higher masses.® There is only a
mild correlation between the production of a Higgs boson
through vector boson fusion and Z production over a wide
range of my,.

The correlation curves with respect to ¢f production
basically form a mirror image to the previous curves, since
tf pairs at the LHC are predominantly produced via gg
fusion at large x. Thus, for example, the production of a

"The scale dependence of the NLO 7 cross section may be
reduced by threshold resummation [72,82,83,88], which includes
higher-order logarithmic terms that enforce renormalization
group invariance. In our study, the scale dependence is viewed
as an estimate of all NNLO contributions, including potentially
sizable higher-order terms not associated with the threshold
logarithms. A more conservative estimate of full NNLO effects
is provided by the scale dependence of the fixed-order NLO
cross section (11), rather than that of the threshold-resummed
NLO cross section.

8Similarly, WA associated production (m,, < 200 GeV) and Z
boson production are strongly correlated at the Tevatron.
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FIG. 15 (color online).

The correlation cosine cos¢ for Higgs boson searches at the LHC with respect to Z boson production at the

LHC (solid line) and Tevatron (dotted line), and #f production at the LHC (dashed line), plotted as a function of Higgs mass. Separate
markers denote correlations of W, t-channel single-top cross sections at the LHC and Z cross section at the Tevatron with respect to

Z and (f cross sections at the LHC.

Higgs boson through gg fusion goes from a mild anticor-
relation with ¢7 for low Higgs masses to a high correlation
for large Higgs masses.

PDF-induced correlations may follow a different pattern
in other two-Higgs doublet models (2HDM). For example,
the MSSM Higgs boson production ¢5 + ch — h* is not
particularly correlated with ¢ production at mj, =
500 GeV because of the uncorrelated contribution from
the antistrangeness PDF (cf. Fig. 15). The ¢§ — h" chan-
nel is absent in other 2HDM, such as the effective weak-
scale 2HDM induced by top-color dynamics [120], where
the scattering proceeds entirely via ¢h — h™ at the Born
level. In those models the correlation of the #f cross section
with the h' cross section is very strong at large my,
(cosg = 0.98 for m;, = 500 GeV).

Higgs boson production at the LHC is affected by the
new features of CTEQ6.6 PDFs in several ways. Table V

lists the relative difference Agy = 0¢1/06¢ — 1 between
the CTEQ6.1 and CTEQ6.6 cross sections, as well as
CTEQ®6.6 PDF uncertainties Appg for Higgs boson produc-
tion in a mass range m; = 100-800 GeV. In processes
dominated by light-quark scattering (vector boson fusion,
W=h, Z°h, and Ah™), the most tangible differences be-
tween CTEQ6.6 and CTEQ6.1 (compared to the PDF
uncertainty) occur at m; of the order 100 GeV, where
Agum is close in magnitude to Appg, reflecting the enhance-
ment in CTEQ6.6 u and d PDFs at x = 107°-1072. In
gluon-gluon fusion gg — h, the difference between
CTEQ6.6 and 6.1 is well within the PDF uncertainty
(Agm < Appp), although Agy becomes comparable to
Appe  for heavy Higgs masses (m;, = 500 GeV).
Similarly, Agy is smaller than Appp in heavy-quark scat-
tering ¢h — h™. The most striking differences occur in
c5 — h*, because the CTEQ6.1 and CTEQ6.6 strangeness

TABLE IV. CTEQ6.6M total cross sections o and PDF errors Ao for Higgs boson production

at /s = 14 TeV shown in Fig. 15.

Scattering process

oand Ao (pb)

my, = 120 GeV my, = 200 GeV my, = 500 GeV
pp— (gg — KX 33(1) 14.0(4) 4.0(2)
pp — (bb — KX 2750(130) 460(20) 11.0(7)
pp— (c5+ cb— hHX 16(1) 2.61(14) 0.063(3)
pp— WThX 1.15(3) 0.201(6) 0.0062(3)
pp— W hX 0.74(2) 0.117(4) 0.002 92(16)
pp — (WW — hO)Xx 2.80(8) 1.60(5) 0.36(1)
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TABLE V. Relative differences Agy = 0¢1/066 — 1 between CTEQ 6.1 and CTEQ 6.6 cross sections for Higgs boson production
at the LHC listed at the beginning of Sec. IV, compared to the PDF uncertainties Appp in these processes. The Ah™ cross section is for
combined production of positively and negatively charged Higgs bosons, with m;, being the mass of the CP-odd boson (m; = m,),

and my- given by mi, = m; + M},

my, (GeV) Acm(%)| Appr(%) B

VBF Z%h Ah* gg—h cbh—ht cs—ht cs+cb—ht
100 -3.8 31 32 27 —-32 43 0.6 44 1.5 59 —18 10 -84 6.9
200 —1.8 28 —1.6 28 —19 43 1.7 32 2.1 4.7 —16 8 —6.6 54
300 -1.6 28 —0.6 3 —-04 53 2.3 2.7 1.9 43 —-14 7 —6.2 4.5
400 -0.1 33 0 34 0.7 6.6 2.8 3.8 2 4.8 -13 6.3 —-56 4.4
500 0.2 2.8 0.4 3.7 1.1 7.6 33 3.9 2.3 6.1 -12 6.3 -5 51
600 —-0.7 35 07 41 1.6 92 3.8 5.0 2.8 8 —-11 6.8 —4.2 6.4
700 0.2 3.0 09 44 21 11 4.3 6.3 34 10 -99 7.7 —34 8
800 2.3 35 1 48 28 13 4.9 7.8 4.1 12 —-8.7 9 —2.4 10

distributions disagree by a large amount in most of the x
range.

V. CONCLUSION

The new CTEQ®6.6 global analysis incorporates the latest
improvements in the perturbative QCD treatment of s, c,
and b quark PDFs introduced in Refs. [5-7]. It predicts
substantial modifications (comparable to, or exceeding in
magnitude the NNLO contributions) in high-energy elec-
troweak precision cross sections, notably 6—7% enhance-
ments in W and Z cross sections at the LHC above the
predictions in the zero-mass scheme. Theoretical improve-
ments of this kind must be accompanied by the develop-
ment of efficient strategies to understand and reduce the
remaining uncertainties in the PDF parameters. This work
presents a novel correlation analysis, a technique based on
the Hessian method that links the PDF uncertainty in a
hadronic cross section to PDFs for physical parton flavors
at well-defined (x, u) values.

We apply the correlation analysis to reveal and explain
several regularities observed in the PDF dependence, such
as strong sensitivity of W, Z production at the LHC and
tf production at the Tevatron (processes dominated by
qq scattering) to uncertainties in the gluon and heavy-
quark PDFs; the leading role played by the strangeness
distribution s(x, x) in the PDF uncertainty of the ratio
rzw = 05/ay of the LHC Z and W cross sections; and
intriguing PDF-induced anticorrelations between the LHC
Z, W cross sections and processes dominated by large-x
gluon scattering, such as heavy Higgs boson production via
gluon fusion. Similarities and differences in the correla-
tions between the physical Z, W, t7 cross sections and PDFs
of various flavors reflected in Figs. 8, 9, and 13 provide
explicit guidance for reducing the theoretical uncertainty
due to the PDF dependence in upcoming measurements of
W boson and top-quark masses, and in the monitoring of
the LHC luminosity in Z boson production.

In our study, we identify pairs of hadronic cross sections
with strongly correlated or anticorrelated PDF dependence,

i.e. with the correlation cosine cos¢ close to 1 or —1. Such
pairs are especially helpful for constraining the PDF un-
certainties, in view that a combination of the existing
CTEQ6.6 and upcoming LHC constraints on one cross
section in the pair is guaranteed to substantially reduce
the PDF uncertainty on the second cross section [cf. the
discussion accompanying Eq. (9)]. In addition, ratios of
correlated (but not anticorrelated) cross sections have
greatly reduced PDF uncertainty, as follows from
Eq. (11). For this reason, it is beneficial to normalize an
LHC cross section to a standard-candle cross section with
which it has a large PDF-induced correlation.

We point out a potentially valuable role of precise
measurements of 77 cross sections at the Tevatron and
LHC for constraining the gluon PDF at large x and normal-
izing the LHC cross sections that are anticorrelated with W
and Z boson production. If both theoretical and experi-
mental uncertainties on 7 cross sections are reduced to a
level of 3-5%, as may become possible in the near future,
the ¢7 cross sections would provide an additional standard-
candle observable with useful complementarity to Z and W
boson cross sections. These measurements will be essential
for reducing theoretical uncertainties in single-top and
Higgs boson production, and for constructing cross section
ratios with small PDF uncertainties.
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