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1. Introduction

The first run of the LHC in 2008 at a center-of-mass energy of 14 TeV will
open up an unexplored kinematic regime in which there are great possibilities
and expectations for new physics. However, this will also be a period in
which both the detectors and the Standard Model physics at the LHC may be
poorly understood and in which it may be easy to mistake Standard Model
results for new physics. Or even worse, a mis-understanding of Standard
Model physics may result in new physics effects being overlooked. Thus, it
will be important in the early running of the LHC to establish Standard
Model Benchmarks that will serve as a framework in which to search for
Beyond the Standard Model effects.

The expectations for LHC physics can be sorted into three categories [1]:

• known-knowns

• known-unknowns

• unknown-unknowns

In the category of known-knowns, I would list the great understanding
of the Standard Model that we have gained from our experiences at the
Tevatron, HERA and LEP, and (most) of the resultant extrapolations to
the LHC. However, the LHC is exploring a new kinematic regime and there
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are some extrapolations for which we are unsure and which must be desig-
nated as known-unknowns. And, of course, the items that fall into the third
category are currently unknown, hence the name.

Due to the limitations of length, I will concentrate on only a few of
the known-knowns and known-unknowns and direct the interested reader to
a longer discussion in a recent review article [2].

The most directly relevant experience for the LHC comes from another
hadron–hadron collider, the Tevatron. This experience is very useful, but
hard interactions at the LHC are not necessarily just “re-scaled” scatterings
at the Tevatron. There are small momentum fractions (x) in many key
searches leading to:

• a dominance of gluon and sea-quark scattering

• a large phase space for gluon emission and thus for production of extra
jets

• in general, intensive QCD backgrounds compared to HERA and the
Tevatron.

In addition, many of the scales relating to interesting processes are large
compared to the W mass; thus, electroweak corrections can become impor-
tant even for nominally QCD processes.

2. Parton distribution functions

2.1. Introduction

The calculation of cross sections at the LHC relies upon a knowledge
of the distribution of the momentum fraction x of the partons (quarks and
gluons) in a proton in the relevant kinematic range. These parton distri-
bution functions (pdfs) cannot be calculated perturbatively but rather are
determined by global fits to data from deep inelastic scattering (DIS), Drell–
Yan (DY), and jet production at current energy ranges. Two major groups,
CTEQ [3] and MRST [4], provide semi-regular updates to the parton distri-
butions when new data and/or theoretical developments become available.
In addition, there are also pdfs available from Alekhin [5] and from the two
HERA experiments [6–9]. The newest pdfs, in most cases, provide the most
accurate description of the world’s data, and should be utilized in preference
to older pdf sets.

2.2. Pdf uncertainties

In addition to having the best estimates for the values of the pdfs in
a given kinematic range, it is also important to understand the allowed range
of variation of the pdfs, i.e. their uncertainties. There has been a great deal
of recent activity on the subject of pdf uncertainties. Two techniques in
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particular, the Lagrange Multiplier and Hessian techniques, have been used
by CTEQ and MRST to estimate pdf uncertainties [10–12]. The Lagrange
Multiplier technique is useful for probing the pdf uncertainty of a given
process, such as the W cross section, while the Hessian technique provides
a more general framework for estimating the pdf uncertainty for any cross
section. In addition, the Hessian technique results in tools more accessible
to the general user.

In the Hessian method a large matrix (20 × 20 for CTEQ, 15 × 15 for
MRST), with dimension equal to the number of free parameters in the fit, has
to be diagonalized. The result is 20 (15) orthonormal eigenvector directions
for CTEQ (MRST) which provide the basis for the determination of the pdf
error for any cross section. This process is shown schematically in Fig. 1.
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Fig. 1. A schematic representation of the transformation from the pdf parameter

basis to the orthonormal eigenvector basis.

The eigenvectors are now admixtures of the 20 pdf parameters left free in
the global fit. There is a broad range for the eigenvalues, over a factor of
one million. The eigenvalues are distributed roughly linearly as log εi, where
εi is the eigenvalue for the i-th direction. The larger eigenvalues correspond
to directions which are well-determined; for example, eigenvectors 1 and 2
are sensitive primarily to the valence quark distributions at moderate x,
a region where they are well-constrained. The theoretical uncertainty on
the determination of the W mass at both the Tevatron and the LHC de-
pends primarily on these 2 eigenvector directions, as W production at the
Tevatron proceeds primarily through collisions of valence quarks. The most
significant eigenvector directions for determination of the W mass at the
LHC correspond to larger eigenvector numbers, which are primarily deter-
mined by sea quark distributions. In most cases, the eigenvector cannot
be directly tied to the behaviour of a particular pdf in a specific kinematic
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region. Consider a variable X; its value using the central pdf for an error set
(say CTEQ6.1M) is given by X0. X+

i is the value of that variable using the
pdf corresponding to the “+” direction for eigenvector i and X−

i the value
for the variable using the pdf corresponding to the “−” direction. In order
to calculate the pdf error for an observable, a Master Equation should be
used:

∆X+
max =

√

√

√

√

N
∑

i=1

[max(X+
i − X0,X

−

i − X0, 0)]2

∆X−

max =

√

√

√

√

N
∑

i=1

[max(X0 − X+
i ,X0 − X−

i , 0)]2 . (2.1)

∆X+ adds in quadrature the pdf error contributions that lead to an
increase in the observable X and ∆X− the pdf error contributions that lead
to a decrease. The addition in quadrature is justified by the eigenvectors
forming an orthonormal basis. The sum is over all N eigenvector directions,
or 20 in the case of CTEQ6.1. Ordinarily, X+

i − X0 will be positive and
X−

i − X0 will be negative, and thus it is trivial as to which term is to
be included in each quadratic sum. For the higher number eigenvectors,
however, the “+” and “−” contributions may be in the same direction. In
this case, only the most positive term will be included in the calculation of
∆X+ and the most negative in the calculation of ∆X−. Thus, there may
be less than N terms for either the “+” or “−” directions. Either X0 and
X±

i can be calculated separately in a matrix element/Monte Carlo program
(requiring the program to be run 2N + 1 times) or X0 can be calculated
with the program and at the same time the ratio of the pdf luminosities
(the product of the two pdfs at the x values used in the generation of the
event) for eigenvector i (±) to that of the central fit can be calculated and
stored. This results in an effective sample with 2N +1 weights, but identical
kinematics, requiring a substantially reduced amount of time to generate.

It is important to note that the pdf uncertainties derived from the La-
grange Multiplier and Hessian methods correspond only to uncertainties due
to the experimental errors for the data used in the global fitting. Theoretical
uncertainties can be of an equal size or even larger [12, 13].

2.3. Parton–parton luminosities

It is useful to define differential parton–parton luminosities. Such lumi-
nosities, when multiplied by the dimensionless cross section ŝσ̂ for a given
process, provide a useful estimate of the size of an event cross section at the
LHC. Below I define the differential parton–parton luminosity dLij/dŝ dy
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and its integral dLij/dŝ:

dLij

dŝ dy
=

1

s

1

1 + δij

[fi(x1, µ)fj(x2, µ) + (1 ↔ 2)] . (2.2)

The prefactor with the Kronecker delta avoids double-counting in case the
partons are identical. The generic parton-model formula

σ =
∑

i,j

1
∫

0

dx1 dx2 fi(x1, µ) fj(x2, µ) σ̂ij (2.3)

can then be written as

σ =
∑

i,j

∫
(

dŝ

ŝ
dy

) (

dLij

dŝ dy

)

(ŝ σ̂ij) . (2.4)

(Note that this result is easily derived by defining τ = x1 x2 = ŝ/s and
observing that the Jacobian ∂(τ, y)/∂(x1, x2) = 1.)

Eq. (2.4) can be used to estimate the production rate for a hard scat-
tering process at the LHC as follows. Fig. 2 shows a plot of the luminosity
function integrated over rapidity, dLij/dŝ =

∫

(dLij/dŝ dy) dy, at the LHC√
s = 14 TeV for various parton flavour combinations, calculated using the

CTEQ6.1 parton distribution functions [3]. The widths of the curves in-

dicate an estimate for the pdf uncertainties. We assume µ =
√

ŝ for the
scale1.

One can further specify the parton–parton luminosity for a specific ra-
pidity y and ŝ, dLij/dŝ dy. If one is interested in a specific partonic initial
state, then the resulting differential luminosity can be displayed in families
of curves as shown in Fig. 3, where the differential parton–parton luminosity
at the LHC is shown as a function of the subprocess centre-of-mass energy√

ŝ at various values of rapidity for the produced system for several differ-
ent combinations of initial state partons. One can read from the curves the
parton–parton luminosity for a specific value of mass fraction and rapidity.
(It is also easy to use the Durham pdf plotter to generate the pdf curve for
any desired flavour and kinematic configuration2.)

1 As expected, the gg luminosity is large at low
√

ŝ but falls rapidly with respect to
the other parton luminosities. The gq luminosity is large over the entire kinematic
region plotted.

2 http://durpdg.dur.ac.uk/hepdata/pdf3.html
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Fig. 2. The parton–parton luminosity
[

dLij

dτ

]

in picobarns, integrated over y.

Green=gg, Blue=
∑

i(gqi + gq̄i + qig + q̄ig), Red=
∑

i(qiq̄i + q̄iqi), where the sum

runs over the five quark flavours d, u, s, c, b. At the highest values of
√

ŝ shown in

the figure, the gq luminosity is largest and the qq luminosity is smallest.

Fig. 3. d(Luminosity)/dy at rapidities (right to left) y = 0, 2, 4, 6. Green=gg,

Blue=
∑

i(gqi + gq̄i + qig + q̄ig), Red=
∑

i(qiq̄i + q̄iqi), where the sum runs over the

five quark flavours d, u, s, c, b. See Ref. [2].
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It is also of great interest to understand the uncertainty in the parton–
parton luminosity for specific kinematic configurations. Some representative
parton–parton luminosity uncertainties, integrated over rapidity, are shown
in Figs. 4, 5 and 6. The pdf uncertainties were generated from the CTEQ6.1
Hessian error analysis using the standard ∆χ2 = 100 criterion. Except for
kinematic regions where one or both partons is a gluon at high x, the pdf
uncertainties are of the order of 5–10%. Even tighter constraints will be
possible once the LHC Standard Model data is included in the global pdf
fits. Again, the uncertainties for individual pdfs can also be calculated online
using the Durham pdf plotter.

Often it is not the pdf uncertainty for a cross section that is required,
but rather the pdf uncertainty for an acceptance for a given final state. The
acceptance for a particular process may depend on the input pdfs due to
the rapidity cuts placed on the jets, leptons, photons, etc. and the impacts
of the varying longitudinal boosts of the final state caused by the different
pdf pairs. An approximate “rule-of-thumb” is that the pdf uncertainty for
the acceptance is a factor of 5–10 times smaller than the uncertainty for the
cross section itself.

Fig. 4. Fractional uncertainty of the gg luminosity integrated over y.
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Fig. 5. Fractional uncertainty for the parton–parton luminosity integrated over y

for
∑

i(qiq̄i + q̄iqi), where the sum runs over the five quark flavours d, u, s, c, b.

Fig. 6. Fractional uncertainty for the luminosity integrated over y for
∑

i(qiq̄i +

q̄iqi), where the sum runs over the five quark flavours d, u, s, c, b.
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2.4. Ratio of LHC and Tevatron luminosities

In Fig. 7, the pdf luminosity curves shown in Fig. 2 are overlaid with
equivalent luminosity curves from the Tevatron. In Fig. 8, the ratios of the
pdf luminosities at the LHC to those at the Tevatron are plotted. The most
dramatic increase in pdf luminosity at the LHC comes from gg initial states,
followed by gq initial states and then qq̄ initial states. The latter ratio is
smallest because of the availability of valence antiquarks at the Tevatron at
moderate to large x. As an example, consider chargino pair production with√

ŝ = 0.4 TeV. This process proceeds through qq̄ annihilation; thus, there is
only a factor of 10 enhancement at the LHC compared to the Tevatron.

Backgrounds to interesting physics at the LHC proceed mostly through
gg and gq initial states. Thus, there will be a commensurate increase in the
rate for background processes at the LHC.

Fig. 7. The parton–parton luminosity
[

1

ŝ

dLij

dτ

]

in pb integrated over y. Green=gg,

Blue=
∑

i(gqi + gq̄i + qig + q̄ig), Red=
∑

i(qiq̄i + q̄iqi), where the sum runs over the

five quark flavours d, u, s, c, b. The top family of curves are for the LHC and the

bottom for the Tevatron. See Ref. [2].
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Fig. 8. The ratio of parton–parton luminosity
[

1

ŝ

dLij

dτ

]

in pb integrated over y at

the LHC and Tevatron. Green=gg (top), Blue=
∑

i(gqi + gq̄i + qig + q̄ig) (middle),

Red=
∑

i(qiq̄i + q̄iqi) (bottom), where the sum runs over the five quark flavours d,

u, s, c, b.

3. Next-to-leading order calculations

3.1. Introduction

Although lowest order calculations can in general describe broad features
of a particular process and provide the first estimate of its cross section, in
many cases this approximation is insufficient. The inherent uncertainty in
a lowest order calculation derives from its dependence on the unphysical
renormalization and factorization scales, which is often large. In addition,
some processes may contain large logarithms that need to be resummed or
extra partonic processes may contribute only when going beyond the first
approximation. Thus, in order to compare with predictions that have smaller
theoretical uncertainties, next-to-leading order calculations are imperative
for experimental analyses in Run II of the Tevatron and at the LHC.

3.2. K-factors

The K-factor for a given process is a useful shorthand which encapsulates
the strength of the NLO corrections to the lowest order cross section. It is
calculated by simply taking the ratio of the NLO to the LO cross section. In
principle, the K-factor may be very different for various kinematic regions
of the same process. In practice, the K-factor often varies slowly and may
be approximated as one number.
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However, when referring to a given K-factor one must take care to con-
sider the cross section predictions that entered its calculation. For instance,
the ratio can depend quite strongly on the pdfs that were used in both the
LO and NLO evaluations. It is by now standard practice to use a NLO pdf
(for instance, the CTEQ6M set) in evaluating the NLO cross section and
a LO pdf (such as CTEQ6L) in the lowest order calculation. Sometimes this
is not the case, instead the same pdf set may be used for both predictions.
Of course, if one wants to estimate the NLO effects on a lowest order cross
section, one should take care to match the appropriate K-factor.

A further complication is caused by the fact that the K-factor can depend
quite strongly on the region of phase space that is being studied. The K-
factor which is appropriate for the total cross section of a given process may
be quite different from the one when stringent analysis cuts are applied. For
processes in which basic cuts must be applied in order to obtain a finite
cross section, the K-factor again depends upon the values of those cuts.
Lastly, the K-factor depends very strongly upon the renormalization and
factorization scales at which it is evaluated. A K-factor can be less than,
equal to, or greater than 1, depending on all of the factors described above.
Examples are shown in Ref. [2] for a few interesting processes at the Tevatron
and the LHC.

3.3. The Les Houches wishlist

A somewhat whimsical experimenter’s wishlist was first presented at the
Run II Monte Carlo workshop at Fermilab in 20013. Since then the list
has gathered a great deal of notoriety and has appeared in numerous LHC-
related theory talks. It is unlikely that WWW +bb+3 jets will be calculated
at NLO soon, no matter the level of physics motivation, but there are a num-
ber of high priority calculations, primarily of backgrounds to new physics,
that are accessible with the present technology. However, the manpower
available before the LHC turns on is limited. Thus, it is necessary to priori-
tize the calculations, both in terms of the importance of the calculation and
the effort expected to bring it to completion.

A prioritized list, determined at the Les Houches 2005 Workshop, is
shown in Table I, along with a brief discussion of the physics motivation.
Note that the list contains only 2 → 3 and 2 → 4 processes, as these are
feasible to be completed by the turn on of the LHC. First, a few general
statements: in general, signatures for new physics will involve high pT lep-
tons and jets (especially b jets) and missing transverse momentum. Thus,
backgrounds to new physics will tend to involve (multiple) vector boson pro-
duction (with jets) and tt pair production (with jets). The best manner in

3 http://vmsstreamer1.fnal.gov/Lectures/MonteCarlo2001/Index.htm
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which to understand the normalization of a cross section is to measure it;
however the rates for some of the complex final states listed here may be
limited and (at least in the early days) must be calculated from NLO theory.
As discussed at length previously, NLO is the first order at which both the
normalization and shape can be calculated with any degree of confidence.

TABLE I

The wishlist of processes for which a NLO calculation is both desired and feasible
in the near future.

Process (V ∈ {Z, W, γ}) Relevant for

1. pp → V V + jet tt̄H , new physics
2. pp → H + 2 jets H production by vector boson fusion (VBF)
3. pp → tt̄ bb̄ tt̄H
4. pp → tt̄ + 2 jets tt̄H
5. pp → V V bb̄ VBF→ H → V V , tt̄H , new physics
6. pp → V V + 2 jets VBF→ H → V V
7. pp → V + 3 jets various new physics signatures
8. pp → V V V SUSY trilepton searches

Work on most of the processes of Table I are already in progress by
several groups, and clearly all of them aim at a setup which allows for
a straightforward application to other processes4.

From an experimentalist’s point-of-view, the NLO calculations discussed
thus far may be used to understand changes in normalization and/or shape
that occur for a given process when going from LO to NLO [18]. Direct
comparisons to the data require either a determination of parton-to-hadron
corrections for the theory or hadron-to-parton corrections for the data [19].
Furthermore, for multi-parton final states it is also necessary to model the
effects of jet algorithms, when two or more partons may be combined into
one jet.

4. Sudakov form factors

The Sudakov form factor gives the probability for a parton to evolve from
a harder scale to a softer scale without emitting a parton harder than some
resolution scale, either in the initial state or in the final state. Sudakov form
factors form the basis for both parton showering and resummation. Typi-
cally, the details of the form factors are buried inside the interior of such
programs. It is useful, however, to generate plots of the initial state Sudakov
form factors for the kinematic conditions encountered at both the Tevatron

4 Processes 2 [16] and 8 [17] have been calculated since the first version of this list was
formulated.
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and LHC. Such plots indicate the likelihood for the non-radiation of gluons
from the initial state partons, and thus conversely for the radiation of at
least one such gluon. Thus, they can also serve as a handy reference for the
probability of jets from initial state radiation at the LHC. A Sudakov form
factor will depend on: (1) the parton type (quark or gluon), (2) the mo-
mentum fraction x of the initial state parton, (3) the hard and cutoff scales
for the process and (4) the resolution scale for the emission. Several exam-
ples are discussed below. These plots were generated with the HERWIG++
parton shower formalism [20,21].

It is interesting to compare the Sudakov form factors for tt production
at the Tevatron and LHC. At the Tevatron, tt production proceeds primar-
ily (85%) through qq with gg being responsible for 15%, with the partons
evaluated near an average x value of 0.3. At the LHC, the percentages are
roughly reversed (or more precisely 90% for gg) and the scattering takes
place at an average x value of a factor of 7 lower (which we approximate
here as x = 0.03). The relevant Sudakov form factors are shown in Fig. 9,
as a function of the minimum transverse momentum of the emitted gluon,
at a hard scale of 200 GeV (roughly appropriate for tt production).
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Fig. 9. The Sudakov form factors for initial state quarks and gluons at a hard scale

of 200 GeV as a function of the transverse momentum of the emitted gluon. The

form factors are for quarks (blue-solid) and gluons (red-dashed) at parton x values

of 0.3 (crosses) and 0.03 (open circles).

We can make some rough estimates from these plots. The probability
for no gluon of 10 GeV or greater to be radiated from an initial quark leg
with x = 0.3 is 0.85. The probability for no such gluon to be radiated from
either quark leg at the Tevatron is 0.85 × 0.85 = 0.72, i.e. a 0.28 chance of
radiating such a gluon. A similar exercise for two incident gluons of x = 0.3
gives a chance of radiating a 10 GeV gluon of 0.51. As the qq initial state
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makes up 85% of the Tevatron cross section, with gg only 15%, the total
probability of emitting at least one 10 GeV gluon is 0.3. Using 90% for gg
at the LHC and 10% for qq, gives a 0.8 probability of radiating such a hard
gluon.

5. Jets

5.1. Partons and jet algorithms

In the detectors at the LHC, collimated beams of particles are observed.
In order to categorize these events, the hadrons are collected into jets using
a jet algorithm. To make a comparison with a theoretical calculation of the
types we have been discussing, it is necessary to also apply a jet algorithm
at the parton level. Ideally, one would like an algorithm which yields similar
results at the experimental (hadron) and theoretical (parton) levels. The
goal is to characterize the short-distance physics event-by-event, in terms of
the jets formed by the algorithm.

There are two essential stages for any jet algorithm. First, the objects
belonging to a cluster are identified. Second, the kinematic variables defining
the jet are calculated from the objects defining the cluster. The two stages
are independent. For the latter stage, using the jet algorithms developed
for Run II at the Tevatron, the jet kinematic properties are defined (using

a 4-vector recombination scheme) in terms of: pjet, pjet
T , yjet and φjet.

At the experimental or simulated data level, jet algorithms cluster to-
gether objects such as particles or energies measured in calorimeter cells. At
the theoretical level, partons are clustered. The goal of a jet algorithm is to
produce similar results no matter the level it is applied. For a 2 → 2 LO
calculation, a jet consists simply of 1 parton and no jet algorithm is neces-
sary. As more partons are added to a calculation, the complexity of a jet
grows and approaches the complexity found either in parton shower Monte
Carlos or in data. For all situations in which a jet can consist of more than
1 parton, a completely specified jet algorithm is needed. The clustering
algorithms rely on the association of these objects based on transverse mo-
mentum (the kT algorithm) or angles (the cone algorithm), relative to a jet
axis [22]. For NLO calculations, as for example W + 2 jets, a jet can consist
of either 1 or 2 partons.

5.2. Jet algorithms and data

For many events, the jet structure is clear and the jets to which the
individual towers should be assigned are fairly unambiguous. However, in
other events such as Fig. 10, the complexity of the energy depositions means
that different algorithms will result in different assignments of towers to
the various jets. This is no problem to the extent that a similar complexity
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can be matched by the theoretical calculation to which it is being compared.
This is the case, for example, for events simulated with parton shower Monte
Carlos, but, as discussed above current NLO calculations can place at most
2 partons in a jet.

Fig. 10. Impact of different jet clustering algorithms on an interesting event from

CDF in Run II.

5.3. Recent developments

One of the drawbacks of the kT algorithm has been its relatively slow
speed compared to cone algorithms. The FastkT program has implemented
several new methods to greatly decrease the required time and is available
in a convenient package [24].

Cone algorithms typically require the use of a seed tower/particle from
which to start the jet search, with thresholds on the order of 1 GeV/c.
The use of seeds is undesirable from the theoretical point-of-view as they
introduce an infra-red sensitivity at higher orders in perturbation theory.
The SISCone program has implemented a fast seedless version of the cone
algorithm which eliminates this sensitivity [25].

It is often important for experimental (and theoretical) analyses to in-
vestigate the choice of jet algorithm and/or parameters on the final physics
result. A routine (SpartyJet) has been developed which includes a number of
algorithms (including the ones discussed above) and their associated param-
eters that makes such cross-checks easier. The routine can either be run in
stand-alone fashion or incorporated into existing ROOT-based analyses. The
routine is available from the website www.pa.msu.edu/˜huston/SpartyJet.
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6. W/Z production

W and Z production have often been suggested as benchmarks for un-
derstanding the normalization of other processes at the LHC. Here, I briefly
discuss a few aspects of W/Z production at the LHC, with more detailed
discussion in Ref. [2].

It is interesting to examine the pdf uncertainties of other processes at the
LHC in relation to the pdf uncertainty for W production. The understanding
gained may help to reduce the theoretical uncertainties for these processes.

In Fig. 11, we present cross section predictions for Z production at the
LHC, calculated using the 41 CTEQ6.1 pdfs. The cross section for Z produc-
tion at the LHC is highly correlated with the cross section for W production.
Both are sensitive to the low x quark pdfs, at a similar x value, which are
driven by the gluon distribution at a slightly higher x value.
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Fig. 11. The cross section predictions for Z production versus the cross section

predictions for W production at the LHC plotted using the 41 CTEQ6.1 pdfs.

The rapidity distributions for W+ and W− production at LO, NLO and
NNLO are shown in Fig. 12, while similar distributions for the Z are shown in
Fig. 13. The widths of the curves indicate the scale uncertainty for the cross
section predictions. As for the inclusive W and Z cross sections, the scale
dependence greatly decreases from LO to NLO to NNLO. There is a sizeable
increase in the cross sections from LO to NLO, and a slight decrease (and
basically no change in shape) in the cross sections from NLO to NNLO. The
change from NLO to NNLO is within the NLO scale uncertainty band.
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Fig. 12. The rapidity distributions for W+ and W− production at the LHC at LO,

NLO and NNLO.

Fig. 13. The rapidity distributions for Z production at the LHC at LO, NLO and

NNLO.

The transverse momentum distributions for W and Z production at the
LHC are also important to understand. Z production will be one the Stan-
dard Model benchmark processes during the early running of the LHC. At
low transverse momenta, the distributions are dominated by the effects of
multiple soft gluon emission, while at higher pT, hard gluon emission is the
major contribution. In Fig. 14, the Z pT distributions at the Tevatron and
LHC are shown using predictions from ResBos.

The transverse momentum distribution at the LHC is similar to that at
the Tevatron, although somewhat enhanced at moderate transverse momen-
tum values. There is a larger phase space for gluon emission of incident
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quarks at x = 0.007 (Z production at the LHC) than for incident quarks at
x = 0.05 (Z production at the Tevatron) and the enhancement at moderate
transverse momentum is a result of this. There is still substantial influence
of the non-perturbative component of the parton transverse momentum near
the peak region of the Z transverse momentum distribution [26].
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Fig. 14. Predictions for the transverse momentum distributions for Z production

at the Tevatron (solid squares) and LHC (open squares).

An analysis of semi-inclusive deep-inelastic scattering hadroproduction
suggests a broadening of transverse momentum distributions for x values
below 10−3 to 10−2 [27]. The pT broadening at small x may be due to
x-dependent higher order contributions (like BFKL [28–31]) not included in
current resummation formalisms. Such contributions are important when
log Q2 ≪ log(1/x). The BFKL formalism resums terms proportional to
αs log(1/x), retaining the full Q2 dependence. The BFKL corrections would
have a small impact at the Tevatron (except perhaps for W/Z production
in the forward region) but may affect the predictions for W/Z/Higgs pT

distributions for all rapidity regions at the LHC. The pT broadening can
be modeled in the Collins–Soper–Sterman formalism [32] by a modification
of the impact parameter-dependent parton densities. The pT shifts for the
W and Z transverse momentum distributions at the LHC are shown in
Fig. 15 [33]. The observed shifts would have important implications for
the measurement of the W boson mass and a measurement of the W/Z pT

distributions will be one of the important early benchmarks to be established
at the LHC.
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          W, Z Production at LHC
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Fig. 15. The predictions for the transverse momentum distributions for W and Z

production with and without the pT-broadening effects.

7. Top production

As at the Tevatron, tt̄ production at the LHC proceeds through both
qq̄ and gg initial states. Consider a specific value of

√
ŝ of 0.4 TeV (near tt̄

threshold); from Fig. 8, the qq̄ annihilation component is only a factor of 10
larger at the LHC than at the Tevatron. The gg component, on the other
hand, is over a factor of 500 larger, leading to (1) the large dominance of gg
scattering for top pair production at the LHC, in contrast to the situation
at the Tevatron and (2) a total tt̄ cross section a factor of 100 larger than
at the Tevatron. Interestingly, as shown in Fig. 16, the cross section for
tt production is anti-correlated with the W cross section. An increase in
the W cross section is correlated with a decrease in the tt cross section and
vice versa. This is due to the dominance of the gg fusion subprocess for tt̄
production, while W production is still predominantly quark–antiquark. An
increase in the gluon distribution in the x range relevant for tt production
leads to a decrease in the quark distributions in the (lower) x range relevant
for W production. In fact, the extremes for both cross sections are produced
by CTEQ6.1 eigenvector 5 (pdfs 9 and 10) which is most sensitive to the
low x behaviour of the gluon distribution.

It is also evident that because of the higher percentage of gg produc-
tion and the lower average x of the incident partons, the jet multiplicity
will be significantly higher for tt production at the LHC than at the Teva-
tron. Consider the production of a pair of top quarks in association with
an additional jet at the LHC. Defining the cross section for this process to
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Fig. 16. The cross section predictions for tt production versus the cross section

predictions for W production at the LHC plotted using the 41 CTEQ6.1 pdfs.

only include events with a jet of transverse momentum greater than some
minimum value, pT,min, yields the dependence on pT,min shown in Fig. 17.
Overlaid on this figure is the cross section for top pair production at LO
and NLO, which clearly has no dependence on the parameter pT,min. As the
minimum jet transverse momentum is decreased the cross section for tt̄+jet
production increases rapidly and in fact saturates the total LO tt̄ cross sec-
tion at around 28 GeV. On the one hand, this appears to be a failing of the
leading order predictions. When the tt̄ rate is calculated at NLO the cross
section increases and the saturation does not occur until around 18 GeV
(and presumably higher orders still would relax it further). On the other
hand transverse momenta of this size, around 20 GeV, are typical values
used to define jets in the LHC experiments. Based on these results, one
might certainly expect that jets of these energies might often be found in
events containing top quark pairs at the LHC.

The W+jets background to tt production proceeds primarily through
the gq channel and so receives a factor of 500 enhancement. Thus, the
signal to background ratio for tt production in a lepton + jets final state
is significantly worse at the LHC than at the Tevatron, if the same cuts on
the jet transverse momenta as at the Tevatron are used. Thus, the jet cuts
applied to tt̄ analyses at the LHC need to be set larger than at the Tevatron
in order, (1) to reduce the backgrounds from W + 4 jet production relative
to the lepton + 4 jets final state from tt̄ decay, (2) to reduce the number
of jets produced by ISR in tt̄ events, and (3) to reduce the likelihood of
additional jets produced by fluctuations in the underlying event. The signal
to background for tt is substantially improved at the LHC by increasing the
minimum transverse momentum cut for each jet from 15 GeV (Tevatron) to
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Fig. 17. The dependence of the LO tt̄+jet cross section on the jet-defining pa-

rameter pT,min, together with the top pair production cross sections at LO and

NLO.

30 GeV (CMS) or 40 GeV (ATLAS). The cross section for the production
of the lowest pT jet in W + 4 jet events falls roughly as 1/pn

T (where n is in
the range 2.5–3) while the distribution for the 4th jet transverse momentum
is essentially flat from 15–40 GeV. The background is reduced by a factor
of 15 while the signal is reduced by a factor of 5. This reduction in signal
is acceptable because of the large tt cross section available at the LHC.
There are 2.5 million tt pairs produced with a lepton + jets final state for
a 10fb−1 data sample. The requirement for two of the jets to be tagged
as b-jets (and the kinematic cuts on the jets (40 GeV) and on the lepton
and missing transverse momentum) reduces the event sample to 87, 000, but
with a signal to background ratio of 78. A requirement of only one b-tag
reduces the signal/background ratio to 28 but with a data sample a factor
of 3 larger.

8. Inclusive jet production

The increase of the centre-of-mass energy to 14 TeV at the LHC will
result in a dramatically larger accessible kinematic range. Inclusive jet cross
sections can be measured out to transverse momentum values of order 4 TeV
in the central region and 1.5 TeV in the forward region. The predictions with
the CTEQ6.1 central pdfs and the 40 error pdfs are shown in Fig. 18 and 19
for three different rapidity regions [3]. The cross sections were generated

with a renormalization and factorization scale equal to pjet
T /2. The cross

section predictions have a similar sensitivity to the error pdfs as do the jet
cross sections at the Tevatron for similar xT values, and the uncertainties
on the predicted cross sections remain up to a factor of 2 at the highest pT

values. Measurements of the jet cross section over the full rapidity range at
the LHC will serve to further constrain the high x gluon pdf and distinguish
between possible new physics and uncertainties in pdfs.
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Fig. 18. Inclusive jet cross section predictions for the LHC using the CTEQ6.1

central pdf and the 40 error pdfs.

Fig. 19. The ratios of the jet cross section predictions for the LHC using the

CTEQ6.1 error pdfs to the prediction using the central pdf. The extremes are

produced by eigenvector 15.

It is useful to plot the K-factors (the ratio of the NLO to LO cross sec-
tions) for the three different rapidity intervals shown above. As discussed
previously, the value of the K-factor is a scale-dependent quantity; the

K-factors shown in Fig. 20 are calculated with the nominal scale of pjet
T /2.

The K-factors have a somewhat complicated shape due to the interplay be-
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tween the different subprocesses comprising inclusive jet production and the
behaviours of the relevant pdfs in the different regions of parton momentum
fraction x. In the central region, the K-factor is within 10% of unity for
the observable range. There are no new parton–parton subprocesses that
contribute at NLO but not at LO. Thus a LO prediction, using the NLO
CTEQ6.1 pdfs, will reproduce fairly closely the NLO calculation. For rapidi-
ties between 1 and 2, the K-factor is within 20% of unity, dropping below
one at higher transverse momentum. For forward rapidities, the K-factor
drops almost immediately below one, due to the behaviour of the high-x
pdfs that contribute to the cross section in this region. There is nothing
wrong with the NLO prediction in this region; its relationship to the LO
cross section has just changed due to the kinematics. LO predictions in this
region will provide an overestimate of the NLO cross section.
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Fig. 20. The ratios of the NLO to LO jet cross section predictions for the LHC

using the CTEQ6.1 pdfs for the three different rapidity regions (0–1 (squares), 1–2

(triangles), 2–3 (circles)).

The jets in the upper range of transverse momentum values at the Teva-
tron are very collimated. This will be even more the case at the LHC, where
in the multi-TeV range, a large fraction of the jet’s momentum will be con-
tained in a single calorimeter tower. Jet events at the LHC will be much
more active than events in a similar pT range at the Tevatron. The majority
of the dijet production for the transverse momentum range less than 1 TeV
will be with a gg initial state. As discussed previously, the larger colour
factor associated with the gluon and the greater phase space available at the
LHC for gluon emission will result in an increased production of additional
soft jets. In addition, there is an increased probability for the production
of “mini-jets” from multiple-parton scattering among the spectator partons.
At full design luminosity, on the order of 25 additional minimum bias in-
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teractions will be present at each crossing. Such events, either singly or in
combination, may create additional jets. As a result, the minimum jet trans-
verse momentum requirement may need to be increased for most analyses;
in addition, it may be advantageous to use smaller cone sizes than used for
similar analyses at the Tevatron.

9. Conclusions

At turn-on (at 14 TeV), the LHC will access a new energy regime and
the possibility of new physics on the first day. For most of the physicists
on LHC experiments (and for interested theorists), this will be a once-in-a-
lifetime experience. Many of the signals for new physics, such as events with
large missing transverse momentum, or a larger than expected event rate
with vector bosons, jets etc may also be signs of poorly understood detector
systematics and/or Standard Model physics. The rush to find new physics
at the LHC should not overshadow first the need to re-discover the Standard
Model and to put the resultant cross sections on a firm experimental and
theoretical footing; or, in other words, to move as much physics as possible
into the known-known category so that true unknown-unknowns can be
unveiled.
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