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15 QCD processes at the LHC

15.1 Introduction

The study of QCD processes at the LHC will serve two main goals. First the predictions of QCD

will be tested and precision measurements will be performed, allowing additional constraints to

be established e.g. on the distribution of partons in the proton, or providing measurements of

the strong coupling constant αs at various scales. Second QCD processes represent a major part

of the background to other Standard Model processes and signals of new physics at the LHC

and thus need to be understood precisely in the new kinematic region available here. Devia-

tions from the QCD expectations might themselves also indicate the occurrence of new physics,

as in the case of compositeness for the jet transverse energy and di-jet invariant mass and angu-

lar distributions. Furthermore, the production cross-sections for almost all processes are con-

trolled by QCD.

Tests of QCD can be performed by comparing measurements to fixed order (either LO (leading

order) or NLO (next-to-leading order)) calculations or to leading-log Monte Carlo programs

which contain LO matrix elements and approximate higher orders through the use of

parton showers (and also include the hadronisation of the partonic system). Perturbative QCD

can also be tested by extracting (or constraining) the fundamental parameter αs. The difference

between a LO and a NLO calculation is quantified in the K-factor; the K-factor is defined as the

ratio between the cross-section at NLO to the one at LO. The K-factor can become significantly

larger than 1, especially when new sub-processes appear at next-to-leading order. Calculations

at next-to-leading order are mostly restricted to parton level and often performed by numerical

integration of the corresponding matrix elements.

This chapter gives an overview of different measurements of QCD processes [15-1], [15-2], [15-

3] to be performed with ATLAS, classified by the main characteristics (or main selection criteria)

of the final state. Besides a qualitative overview, a few examples are given where first quantita-

tive investigations of the potential of ATLAS have been performed. The organisation of the

chapter is as follows: the next section contains a brief summary on the present knowledge of

parton densities and some perspectives for improvements before the start of LHC. Then meas-

urements of properties of minimum-bias events (Section 15.3) are discussed, followed by a de-

scription of studies of hard diffractive scattering (Section 15.4). Next, the information to be

deduced from the measurement of jets (Section 15.5) is described, followed by a section on pho-

ton physics (Section 15.6) and one concerning the production of Drell-Yan pairs and heavy

gauge bosons (Section 15.7). Before concluding, the production of heavy flavours (charm, bot-

tom and top, Section 15.8) is discussed.

Unless stated differently in the corresponding sections, the standard trigger settings have been

used. The signatures listed in [15-4] for the first level (and the second level) of the trigger system

consist mainly of inclusive signatures. It is foreseen to accept a fraction of events with lower

thresholds and it is possible to include specific signatures (esp. at the higher levels of the trigger

system) combining different objects and thus allowing lowering of the corresponding thresh-

olds. One important exception is the case of hard diffraction and the case of minimum-bias

events, where dedicated triggers will have to be employed.

2 2→
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15.2 Knowledge of the proton structure

15.2.1 Global parton analyses and parton kinematics at the LHC

The calculation of the production cross-section at the LHC both for interesting physics process-

es and their backgrounds relies upon a knowledge of the distribution of the momentum fraction

x of the partons in the proton in the relevant kinematic range. These parton distribution func-

tions (pdf’s) are determined by global fits (see [15-5] for a pedagogical overview) to data from

deep-inelastic scattering (DIS), Drell-Yan (DY), jet and direct photon production at current ener-

gy ranges. Two major groups, CTEQ [15-6] and MRS [15-7], provide regular updates to the par-

ton distributions when new data and/or theoretical developments become available.

Lepton-lepton, lepton-hadron and hadron-hadron interactions probe complementary aspects of

perturbative QCD (pQCD). Lepton-lepton processes provide clean measurements of αs(Q2) and

of the fragmentation functions of partons into hadrons. Measurements of deep-inelastic scatter-

ing structure functions (F2,F3) in lepton-hadron scattering and of lepton pair production cross-

sections in hadron-hadron collisions provide the main source of information on quark distribu-

tions qa(x,Q2) inside hadrons. At leading order, the gluon distribution function g(x,Q2) enters di-

rectly in hadron-hadron scattering processes with direct photon production and jet final states.

Modern global parton distribution fits are carried out to next-to-leading order (NLO) which al-

lows qa(x,Q2), g(x,Q2) and the strong coupling αs(Q2) to all mix and contribute in the theoretical

formulae for all processes. Nevertheless, the broad picture described above still holds to some

degree in global pdf analyses. In pQCD, the gluon distribution is always accompanied by a fac-

tor of αs, in both hard scattering cross-sections and in the evolution equations for the parton dis-

tributions. Thus, the determination of αs and the gluon distribution is, in general, a strongly

coupled problem. One can determine αs separately from e+e- interactions or determine αs and

g(x,Q2) jointly in a global pdf analysis. In the latter case, though, the coupling of αs and the

gluon distribution may not lead to a unique solution for either (see e.g. in [15-8]).

Currently, the world average of αs(MZ) is of the order of 0.118 − 0.119 [15-9]. The average value

from LEP is 0.121 while the DIS experiments prefer a somewhat smaller value (of the order of

0.116 − 0.117). Since global pdf analyses are dominated by the high statistics DIS data, they

would favour the values of αs closer to the lower DIS values. The more logical approach is to

adopt the world average and concentrate on the determination of the pdf’s. This is what both

CTEQ and MRS currently do. One can either quote a value of αs(MZ) or the value of ΛQCD. For

the latter case, however, the renormalisation scheme used together with the number of flavours

has to be clearly specified. Usually the MS scheme is used. The specification of the number of

flavours is important as the value of αs has to be continuous across flavour thresholds. A range

of αs(MZ) of 0.105 to 0.122 corresponds to the range of 100 < ΛQCD < 280 MeV for five flavours

and to 155 < ΛQCD < 395 MeV for four flavours.

The data from DIS, DY, direct photon and jet processes utilised in pdf fits cover a wide range in

x and Q. The kinematic ‘map’ in the (1/x,Q) plane of the data points used in a recent parton dis-

tribution function analysis is shown in Figure 15-1. The HERA data (H1 and ZEUS) are predom-

inantly at low x, while the fixed target DIS and DY data are at higher x. There is considerable

overlap, however, with the degree of overlap increasing with time as the statistics of the HERA

experiments increases. The DGLAP equations [15-10] in pQCD describe the change of the par-

ton distributions with Q2. The NLO DGLAP equations should describe the data over the whole

kinematic range shown in Figure 15-1. At very low x, however, the DGLAP evolution is be-

lieved to be no longer applicable and a BFKL [15-11] description must be used. No clear evi-
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dence of BFKL physics is seen in the current range of data; thus all global analyses use

conventional DGLAP evolution of the pdf’s. There is a remarkable consistency between the

data in the pdf fits and the NLO QCD theory to fit these. Over 1300 data points are shown in

Figure 15-1 and the χ2/DOF for the fit of theory to data is of the order of 1.

In Figure 15-2 the kinematics appropriate for

the production of a state with mass M and ra-

pidity y at the LHC is shown [15-12]. For ex-

ample, to produce a state of mass 100 GeV at

rapidity y = 2 requires partons of x values 0.05

and 0.001 at a Q2 value of 104 GeV2. The figure

also shows another view of the kinematic cov-

erage of the fixed target and the HERA experi-

ments used in the pdf fits.

15.2.2 Properties and uncertainties of
parton distribution functions

Figure 15-3 shows the parton distributions for

the different quark flavours and the gluon as

obtained from the CTEQ4M distribution [15-8]

for a scale of Q2 = 20 GeV2, in Figure 15-4 the

corresponding distributions are shown for a

scale of Q2 = 104 GeV2. Clearly visible is the

dominance of the gluon distribution for small

parton momenta. In addition the violation of

the flavour symmetry for u and d sea quarks

can be seen.

Figure 15-1 A kinematic map of data points in the (1/x,Q) plane from different processes used in a global fit of
parton densities (from [15-5]).
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Figure 15-2 Parton kinematics at the LHC (from [15-
12]) in the (x,Q2) kinematic plane for the production of
a particle of mass M at rapidity y (dotted lines).
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Parton distribution determined at a given x and Q2 ‘feed-down’ to lower values of x at higher

values of Q2. The accuracy of the extrapolation to higher Q2 depends both on the accuracy of

the original measurement and any uncertainty on αs(Q2). For the structure function F2, the typi-

cal measurement uncertainty at medium to large x is of the order of 3%. At high Q2 (about

105 GeV2) there is an extrapolation uncertainty of 5% in F2 due to the uncertainty in αs.

Figure 15-6 shows the gluon distribution as a

function of x for five different values of Q2, us-

ing the CTEQ4M distribution. Most of the evo-

lution takes place at low Q2 and there is only

little evolution for x values around 0.1. In con-

trast, at an x value of 0.5, the gluon distribu-

tion decreases by a factor of approximately 30

from the lowest to the highest Q2.

Global fits can also be performed using lead-

ing-order (LO) matrix elements, resulting in

leading-order parton distribution functions.

Such pdf’s are preferred when leading order

matrix element calculations (such as in Monte

Carlo programs like HERWIG [15-13] and PY-

THIA [15-14]) are used. The differences be-

tween LO and NLO pdf’s, though, are

formally NLO; thus the additional error intro-

duced by using a NLO pdf should not be sig-

nificant. A comparison of the LO and NLO

gluon distribution is shown in Figure 15-7 for

the CTEQ4 set, where the LO distribution is CTEQ4L and the NLO distribution is CTEQ4M.

The differences get even smaller at larger Q2 values.

Figure 15-3 Parton distributions for the CTEQ4M pdf
at Q2 = 20 GeV2. The gluon distribution has been
reduced by a factor of 10.

Figure 15-4 Parton distributions for the CTEQ4M pdf
at Q2 = 104 GeV2. The gluon distribution has been
reduced by a factor of 10.
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Figure 15-5 Gluon distribution for the CTEQ1L,
CTEQ2L, CTEQ3L and CTEQ4L pdf’s at a value of
Q2 = 5 GeV2 (from [15-5]).
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Many of the comparisons in this document have been performed with the CTEQ2L pdf, a pdf

that is on the order of five years old [15-15]. A comparison of the gluon distribution for

CTEQ1L, CTEQ2L, CTEQ3L and CTEQ4L is shown in Figure 15-5. With increasing amounts of

data included from HERA, the tendency has been for the low x pdf’s to increase. The relative in-

creases are reduced at higher values of Q2.

Figure 15-6 Gluon densities as a function of x from
the CTEQ4M parton distribution set for five different
Q2 values: 2, 10, 50, 104 and 106 GeV2 (from [15-5]).

Figure 15-7 Comparison of the gluon distribution
from the CTEQ4L (leading order) and the CTEQ4M
(next-to-leading order) global fit (from [15-5]).

Figure 15-8 Normalised quark-gluon luminosity func-
tion (as a function of ) for variations in
the gluon distribution which are consistent with exist-
ing DIS and DY datasets (from [15-17]). The dotted
curve shows a toy model with more quarks at x > 0.5
for large Q2 than in CTEQ4M.

Figure 15-9 Normalised gluon-gluon luminosity func-
tion (as a function of ) for variations in
the gluon distribution, which are consistent with exist-
ing DIS and DY datasets (from [15-17]).
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In addition to having the best estimate for the values of the pdf’s in a given kinematic range. it

is also important to understand the allowed range of variation in the pdf’s, i.e. their uncertain-

ties. The conventional method of estimating parton distribution uncertainties is to compare dif-

ferent published parton distributions. This is unreliable since most published sets of parton

distributions (e.g. from CTEQ and MRS) adopt similar assumptions and the differences between

the sets do not fully explore the uncertainties that actually exist. Ideally, one might hope to per-

form a full error analysis and provide an error correlation matrix for all the parton distributions

(see e.g. [15-16]). This goal may be difficult to carry out for two reasons. Experimentally, only a

subset of the experiments usually involved in the global analyses provide correlation informa-

tion on their data sets in a way suitable for the analysis. Even more important, there is no estab-

lished way of quantifying the theoretical uncertainties for the diverse physical processes that

are used and uncertainties due to specific choices of parametrisations. Both of these are highly

correlated.

As the LHC is essentially a gluon-gluon collider and many hadron collider signatures of physics

both within and beyond the Standard Model involve gluons in the initial state, it is important to

estimate the theoretical uncertainty due to the uncertainty in the gluon distribution. The mo-

mentum fraction carried by gluons is 42% with an accuracy of about 2% (at Q = 1.6 GeV in the

CTEQ4 analysis), determined from the quark momentum fraction using DIS data. This impor-

tant constraint implies that if the gluon distribution increases in a certain x range, momentum

conservation forces it to decrease in another x range. To estimate the uncertainty on the gluon

distribution, an alternative approach has been carried out [15-17]: the (four) parameters of the

gluon distribution (based on the CTEQ4 set) have been varied systematically in a global analy-

sis and the resulting parton distributions have been compared to the DIS and Drell-Yan datasets

making up the global analysis database. Only DIS and Drell-Yan datasets were used, as the ex-

perimental and theoretical uncertainties for these processes are under good control. Only those

pdf’s that do not clearly contradict any of the (DIS and Drell-Yan) data sets in the global analy-

sis database were kept. The variation of the gluon distribution obtained with this procedure is

less than 15% (10%) for low Q (high Q), except for large values of x > 0.2 (and very small ones

x < 10-4). In addition Figure 15-8 shows the effect of uncertainties on the quark distribution for

x > 0.5, as obtained from a toy model (more details can be found in [15-17]).

To assess the range of predictions on physics cross-sections for a hard scattering process, it is

more important to know the uncertainties on the gluon-gluon and the gluon-quark luminosity

functions in the appropriate kinematic region of . The relevant integrated parton-

parton luminosity function is (in case of the gluon-gluon luminosity) defined as

This quantity is directly proportional to the cross-section for the s-channel production of a sin-

gle particle and it also gives a good estimate for more complicated production mechanisms. In

Figure 15-8 the allowed range of quark-gluon luminosities (normalised to the CTEQ4M values)

is shown for the variations discussed above (for LHC and for Tevatron). The scale Q2 is taken as

τs, which naturally takes into account the Q2 dependence of the gluon distribution as τ changes.

The quark distributions in this case are taken to have no uncertainty, which is a reasonable as-

sumption since the uncertainty on the gluon distribution is much larger. Figure 15-9 shows the

corresponding variations in the gluon-gluon luminosity (normalised again to the values of the

CTEQ4M distribution). For values of the resulting variation in the gluon-gluon and
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quark-gluon luminosity function is less than 10%, for values of between 0.1 and 0.2 (0.2 and

0.3) the variation increases to 20% (30%) for the gluon-gluon luminosity and 10% (15%) for the

quark-gluon luminosity.

15.2.3 Expected improvements before the LHC start-up

DGLAP-based pQCD calculations have been extremely successful in describing data in DIS, DY

and jet production, as well as describing the evolution of parton distributions over a wide range

in x and Q2 (for a recent review see e.g. [15-18]). From the pdf point-of-view, one of the current

problems lies in the determination of the gluon density at high x. Fixed target direct photon

cross-sections can serve as a primary probe of the gluon distribution at high x. However, rigor-

ous theoretical treatment of soft gluon effects (requiring both kT and Sudakov resummation)

will be required before the data can be used with confidence in pdf fits [15-19].

Differential di-jet data from the Tevatron explore a wider kinematic range than the inclusive jet

cross-sections. Both CDF and D0 have di-jet cross-section measurements from Run I which may

also serve to probe the high x gluon distribution, in regions where new physics is not expected

to contribute (i.e. at moderate ET), but where any parton distribution shifts would be observa-

ble. The ability to perform such cross-checks is essential.

CDF and D0 will accumulate on the order of 2-4 fb-1 in Run II (2000-2003), a factor of 20-40

greater than the current sample. This sample should allow for more detailed information on

parton distributions to be extracted from direct photon and DY data, as well as from jet produc-

tion. Run III (2003-2007) could offer a data sample potentially as large as 30 fb-1.

The luminosity upgrade foreseen at HERA in the year 2000 [15-20] should deliver to the experi-

ments a luminosity of about 150 pb-1/year, allowing for an integrated luminosity of about 1 fb-1

by 2005. This will allow an error of a few percent on the structure function F2 for scales Q2 up to

104 GeV2. The gluon density, derived from the scaling violations of F2, should be known to an

accuracy of less than 3% in the kinematic range .

15.2.4 The role of data from ATLAS

ATLAS measurements of DY (including W and Z), direct photon, jet and top production will be

extremely useful in determining pdf’s relevant for the LHC. This data can be input to the global

fitting programs, where it will serve to confirm/constrain the pdf’s in the kinematic range of the

LHC. Again, DY production will provide information on the quark (and anti-quark) distribu-

tions while direct photon, jet and top production will provide, in addition, information on the

gluon distribution. Also the precise measurement of beauty production could be used to pro-

vide constraints on the gluon, however, in this case the present discrepancy between the theo-

retical prediction and the data from the Tevatron (which are a factor of 2 or more larger than the

prediction) has to be resolved.

Another possibility that has been suggested is to directly determine parton-parton luminosities

(and not the parton distributions per se) by measuring well-known processes such as W/Z pro-

duction [15-21]. This technique would not only determine the product of parton distributions in

the relevant kinematic range but would also eliminate the difficult measurement of the proton-

proton luminosity (see Chapter 13). It may be more pragmatic, though, to continue to separate

τ
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out the measurements of parton pdf’s (through global analyses which may contain LHC data)

and of the proton-proton luminosity. The measurement of the latter quantity can be pegged to

well-known cross-sections, such as that of the W/Z, as has been suggested for the Tevatron.

15.3 Properties of minimum −bias events

15.3.1 Importance of minimum −bias studies

Due to the high luminosity at the LHC, there will be up to an average of 25 inelastic collisions

per bunch-crossing. The knowledge of the structure of these ‘minimum-bias’ events is of great

importance for all physics studies to be carried out by ATLAS as well as a powerful diagnostic

tool on the performance of the detector. Besides the properties of charged (and neutral) particle

production, the understanding of jet structures with small transverse momentum (‘mini-jets’) is

needed if vetoes on jet activity are to be used in physics analyses.

In this section, the selection of minimum-bias events is described (Section 15.3.2), followed by a

brief overview of generators for minimum-bias events (Section 15.3.3) and a discussion of possi-

ble measurements (Section 15.3.4), including a comparison of the predictions by the different

models.

15.3.2 Selection of minimum −bias events

In order to have an efficient detection of minimum-bias events, and to allow for a minimisation

of uncertainties in the extrapolation due to the modelling of minimum-bias events, a very small

acceptance loss is desirable. Given the angular acceptance in pseudorapidity of |η| < 5 in the

ATLAS detector, the installation of additional detectors in the very forward region close to the

beam-pipe is desirable. Possible locations along the beam-pipe outside of the ATLAS detector

for such detectors can be found in Section 13.3.1, where also the acceptance for inelastic events

as a function of the lower and upper limit on the pseudorapidity is described.

A trigger demanding signals in coincidence on both sides of the interaction region can select

non-diffractive inelastic interactions with an acceptance loss of about 0.4%, if tagging is availa-

ble in the region 3 <|η|< 7.5. The acceptance of this coincidence for single-diffractive, double

diffractive and central diffractive events is smaller and leads to an overall acceptance for inelas-

tic events of about 90%. A large part of the diffractive inelastic events can be recovered by re-

quiring activity in at least one of the two sides of the interaction point, i.e. a single arm trigger. If

these dedicated forward detectors would not be available at the trigger, a selection of mini-

mum-bias events could also be obtained from a trigger on random bunch crossings, taking into

account only those crossings, where both proton bunches are filled.

15.3.3 Modelling of minimum-bias events

There are several models available, which can generate minimum-bias events and have been

tuned to existing data up to highest available energies from Tevatron. The following four mod-

els have been considered HERWIG [15-13], ISAJET [15-22], PYTHIA [15-14] (a short description

of these three models can be found in Section 14.4) and PHOJET [15-23]. The last generator is a
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combination of ideas from the Dual Parton Model [15-24] approach to hadronic interactions at

high energies and aspects of perturbative QCD (following very closely the approach of DTUJET

[15-25]). The aim is to provide an almost complete picture of hadron-hadron, photon-hadron

and photon-photon interactions at high energies.

The different settings used for these generators are summarised and commented in [15-26]. In

the case of ISAJET and HERWIG, only simple models for minimum-bias events are used, which

are restricted to soft physics processes. They do not attempt to connect soft and hard process. In

PYTHIA and PHOJET on the other hand, this connection is made. PHOJET uses the Dual Par-

ton Model for particle production at low transverse momentum and leading order QCD matrix

elements for large transverse momentum processes (including parton showers to approximate

higher order corrections). PYTHIA uses the leading order QCD matrix elements with a very low

pT cutoff to model low pT non-diffractive physics. Both PHOJET and PYTHIA include multiple

interactions.

In the case of PYTHIA, two different approaches to handle the divergences in the matrix ele-

ments have been considered: a sharp cut-off (‘Model1‘) and a smoothly varying cut-off

(‘Model4’), corresponding to the value of the parameter MSTP(82) being equal to 1 or 4. The

first setting significantly overestimates [15-26] the charged particle density as measured at the

Tevatron (see below) and is not investigated further. In case of PYTHIA version 5.724, which is

used in this document to model minimum-bias events (for more details see Section 2.3.2), the

setting MSTP(82) = 4 is used together with the following two settings (as recommended):

MSTP(2) = 2 (two loop expression for αs in the matrix element) and MSTP(33) = 3 (inclusion of

the K-factor in the hard scattering cross-section), which is labelled as ‘PYTHIA 5.724 - ATLAS’

in the figures. The most recent version 6.122 of PYTHIA has been also used. One important

change for the generation of minimum-bias events is the introduction of an energy dependence

for the transverse momentum cut-off. For the setting MSTP(82) = 4 it is recommended for PY-

THIA 6.122 not to change the default parameters (shown as ‘PYTHIA 6.122 - Model4’). As will

be shown below, using the parameters MSTP(2) = 2 and MSTP(33) = 3 in PYTHIA 6.122 for

MSTP(82) = 4 (labelled ‘PYTHIA 6.122 - A’) is not able to describe the Tevatron data. For illus-

tration, the predictions with these settings will however be shown (more details can be found in

[15-26]).

15.3.4 Measurements

15.3.4.1 Total cross-section

The determination of the total cross-section in a luminosity independent way requires the si-

multaneous measurement of the elastic and the inelastic scattering rate. Details of this method

can be found in Section 13.3.1. One important uncertainty in this measurement is the precise

knowledge of the acceptance for inelastic events (minimum-bias events, single and double dif-

fractive dissociation events as well as central diffractive events) and any possible model de-

pendence for the acceptance determination.
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15.3.4.2 Charged particle spectra and energy flow

At the LHC, minimum-bias events will make up the 25 interactions per bunch-crossing at high

luminosity. In order to understand precisely their contribution to the measured quantities for

the hard scattering events of interest, a detailed knowledge of the structure of the minimum-

bias events is required. These measurements can in turn be used to verify and tune the corre-

sponding models.

The event selection could be based on a trigger on random bunch crossings or on the tagging of

minimum-bias events by demanding a coincidence in the forward detectors to be possibly

placed outside the acceptance of ATLAS. For non-inclusive measurements further selection cri-

teria have to ensure that only a single interaction has taken place in the bunch-crossing (e.g. by

demanding only one reconstructed vertex in the event). One important aspect is the effect of the

strong solenoidal field in ATLAS, which will lead to a decrease in acceptance for low pT parti-

cles. Their detection could be improved by running in a special mode with the solenoidal field

off, which should allow to measure the multiplicity as a function of pseudorapidity, without

any measurement of the particle momenta.

In Figure 15-10 the charged particle density in minimum-bias events is shown as a function of

pseudorapidity as measured by the CDF collaboration [15-27]. The data show a rather flat de-

pendence on pseudorapidity with an average charged particle density of slightly more than 4

per unit of pseudorapidity. The data are well described by the HERWIG, ISAJET, PHOJET and

PYTHIA (5.724-ATLAS and 6.122-Model4) calculations, whereas the new PYTHIA version 6.122

with the ‘A’ settings overestimates the Tevatron data significantly. For the central region (η = 0)

the PYTHIA and PHOJET calculations slightly overestimate the data. Figure 15-11 shows the

transverse momentum spectrum of charged particles in minimum-bias events as measured by

CDF [15-28]. The two models where no hard processes have been included (HERWIG and ISA-

Figure 15-10 Charged particle density in minimum−
bias events at Tevatron energies as a function of pseu-
dorapidity (points, as measured by CDF [15-27]) and
six model calculations (various curves). The PYTHIA
6.122-A model is shown for illustration only, as a non-
recommended parameter setting was used.

Figure 15-11 Transverse momentum spectrum of
charged particles in minimum−bias events at Tevatron
energies (points, as measured by CDF [15-28]) and
six model calculations (various curves). For the HER-
WIG and ISAJET calculations, no hard scattering
processes have been included.
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JET) clearly fail to describe the large transverse momentum part of the cross-section. Were a

matching scheme (similar to the ones used e.g. in PYTHIA) between the soft process and the

hard processes be provided, they should be able to also describe the transverse momentum

spectrum. In contrast, the data are well described by PHOJET and the various PYTHIA calcula-

tions.

These six models are then used to give predictions for the LHC. In Figure 15-12 the expected

charged particle density is shown as a function of the pseudorapidity and Figure 15-13 shows

the cross-section for charged particle production as a function of transverse momentum. For the

latter case, the two models (HERWIG and ISAJET), which failed to described the measured

transverse momentum spectrum at the Tevatron, predict a very soft momentum spectrum. The

reason is the same as for Tevatron energies: hard processes have not been included. It should be

kept in mind however that they are able to describe the density of charged particles and their

pseudorapidity distribution.

The predictions of HERWIG and ISAJET show very little dependence on the centre-of-mass en-

ergy in the average charged particle multiplicity. In the case of ISAJET the density is almost con-

stant and for HERWIG it increases by about 1, similar is the case of PHOJET. The PYTHIA

model predicts a larger increase in the charged particle multiplicity, going from about 4−5 at Te-

vatron energies to 8−9 at LHC energies (in the central region). The LHC predictions, shown over

the full pseudorapidity range, show similar shapes for the different models (except for ISAJET

and PYTHIA 5.724, which give a broader distribution). The largest charged particle density is

predicted by the PYTHIA 6.122 calculation, using the ‘A’ settings. This is shown for illustration

only, as the calculation overestimates already the Tevatron data. In case of the transverse mo-

mentum spectrum, the newest PYTHIA version predicts a slightly harder spectrum than the old

version 5.724. Within the models presented, the calculation based on PYTHIA 5.724 with the

‘ATLAS’ settings appears to be a conservative estimate of the charged particle density in mini-

mum-bias events.

Figure 15-12 Charged particle density in minimum−
bias events at LHC energies as a function of pseudor-
apidity, for six model predictions. The PYTHIA 6.122-A
model is shown for illustration only, as a non-recom-
mended parameter setting was used.

Figure 15-13 Transverse momentum spectrum of
charged particles in minimum−bias events at LHC
energies, for six model predictions. For the HERWIG
and ISAJET calculations, no hard scattering proc-
esses have been included.
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Additional measurements could include the charged particle multiplicity as a function of the

pseudorapidity, the scaled multiplicity distribution nch/<nch> and the study of correlations be-

tween different particles, as was done at the Tevatron [15-29]. A differentiation between types of

charged particles might be possible using a dE/dx measurement, as discussed in Section 3.4.4.

15.3.4.3 Jet structure and fragmentation functions at small transverse energy

The occurrence of jets with small transverse momenta (so called ‘mini-jets’) poses a challenge to

QCD predictions. In order to study the transverse correlation between partons (see

Section 15.5.6), jets with small transverse momentum have to be selected. At LHC energies, ex-

trapolations predict that up to 50% of all inelastic events contain jets with transverse energies

larger than 7 GeV. The understanding of the event structure in terms of jets with small trans-

verse energy is important for the use of jet vetoing (see Section 9.1.3) or the identification of

muons in the Tile calorimeter (see Section 5.3.3).

As the triggering of low energy jets in the LHC environment is an experimental challenge, the

information obtained from a minimum-bias trigger at LVL1 (using either random bunch cross-

ing or the information from additional dedicated detectors in the forward region) can be used to

study the properties of these inelastic events not only in terms of particle production, but also in

terms of jets with small transverse momenta and their properties. The higher level triggers of

ATLAS could be used to provide an enriched sample of minimum-bias events with jet activity,

by performing a jet reconstruction. Further studies are needed to quantify the reach in the mini-

mum transverse energy to be accepted with such a selection scheme.

15.4 Measurements of hard diffractive scattering

15.4.1 Overview

In the 60s and 70s the Regge model provided a simple and efficient description of many meas-

urements and phenomena in soft hadronic interactions. It was based on the principles of unitar-

ity, analyticity and crossing symmetry. In addition to the Regge trajectories corresponding to the

known mesons and baryons, an additional trajectory had to be introduced to describe devia-

tions from a fall of the total cross-section nucleon-nucleon scattering like s-1/2 and latter also the

unexpected rise of the total cross-section with energy, as first noticed from the ISR data. This tra-

jectory was named the Pomeron trajectory. It carries the quantum numbers of the vacuum and

thus it can also be used to describe elastic scattering. Furthermore it also turned out to be a use-

ful concept for the description of diffractive phenomena. Until recently there has been lack of in-

terest in diffraction. The understanding of diffractive phenomena from first principles (i.e. from

the Langrangian of QCD) is a ‘first class challenge’ to theory, which in the last few years has re-

ceived revived attention due to the appearance of hard diffractive processes, i.e. diffractive

processes in which a hard scatter takes place.

In terms of final state properties, diffractive events are characterised by the occurrence of rapid-

ity gaps which are not exponentially suppressed with increasing gap size, as would be expected

for gaps produced by fluctuations in the hadronisation of a non-diffractive event. Another char-

acteristic property of the final state of single-diffractive (and central-diffractive) events is the ap-

pearance of a leading hadron, i.e. a hadron with a momentum close to the beam momentum (e.g.
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). This hadron scatters quasi-elastically and is (due to kinematics) separated from the

diffractive final state X by a distance ∆η in pseudorapidity. The value of ∆η depends on the cen-

tre-of-mass energy and the invariant mass M of the system X through the relation:

∆η = ln(s/M2). At the LHC, typical values of ∆η are about 5.3 for M = 1 TeV and 9.9 for

M = 100 GeV.

The name diffraction is related to the behaviour of the cross-section for these events as a func-

tion of the momentum transfer. An exponential fall-off with increasing momentum transfer is

observed, reminiscent of the properties of the diffraction of light on a circular aperture. A fur-

ther characteristic of diffractive processes is a slow dependence on the centre-of-mass energy.

The first indication for a partonic structure in diffractive processes (as suggested in [15-30]) has

been obtained by the UA8 collaboration [15-31], studying single diffractive dissociation of pro-

tons and finding evidence for jets in the diffracted final state. This class of diffractive processes

is called hard diffractive scattering, due to the presence of a hard (short distance) scale. Hard

diffractive scattering is expected to be part of the inclusive hard scattering cross-section [15-32],

and the measurement of jets, W/Z, direct photon and heavy flavour production has been sug-

gested to provide information about the dynamics of the process. The UA8 data furthermore

suggested that in part of the events almost the full Pomeron momentum participates in the hard

scattering. This was named the ‘superhard Pomeron’.

The observation of deep-inelastic scattering (DIS) events at HERA with a rapidity gap revived

interest in diffractive physics. This class of events was predicted by only a few people (e.g. in

[15-30], [15-33] and [15-34]) and has now become a major part of the HERA physics programme

[15-35]. One of the main motivations is to use deep-inelastic scattering as a probe of the colour-

less exchange governing diffractive scattering, which often appears under the name of the

Pomeron. At HERA, typically about 10% of deep-inelastic scattering events can be attributed to

a diffractive process.

The occurrence of hard scattering can be related to a partonic structure and a variety of meas-

urements (production of jets, W and Z bosons and of Drell-Yan pairs [15-36] and the production

of heavy flavours [15-32]) can be used in a similar way as in non-diffractive inelastic proton-pro-

ton interactions to provide constraints on parton densities. Given a set of derived parton distri-

bution functions, a whole set of questions can be addressed: are these described by QCD

evolution in the Q2 dependence, is there agreement (universality of) between pdf’s extracted in

different reactions (photon-Pomeron, proton-Pomeron or Pomeron-Pomeron), and are the pdf’s

independent of the description of the coupling of the Pomeron to hadrons and so forth?

The inclusive single diffractive dissociation is described by two variables: the (longi-

tudinal) momentum fraction ξ and the square t of the momentum transfer at the vertex of the

quasi-elastically scattered proton. The fraction ξ is related to the momentum fraction xL of the

scattered proton by ξ = 1 - xL. Regge factorisation states the universality of the Pomeron trajec-

tory (and other Regge trajectories) and assumes that only the coupling of the trajectory to a

hadron depends on the nature of the hadron. This implies a decomposition of the inclusive

cross-section for single diffractive dissociation into two factors: one describes the coupling of

the Pomeron to the hadron (the flux factor), the second represents the inelastic cross-section be-

tween the Pomeron and the other hadron leading to the diffractive final state.

pp pX→

s

pp pX→
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In Figure 15-14 a sketch of a single diffractive dissociation event is shown, containing a hard

scattering process leading to the production of two jets. In the η-φ phase space, the diffracted fi-

nal state contains the two jets and is separated by a rapidity gap from the scattered proton. A

similar sketch is given in Figure 15-15 for central diffraction (double Pomeron exchange), where

the diffracted system is separated by two gaps from the two scattered protons.

15.4.2 Existing studies of hard diffraction

Detailed measurements of diffractive DIS (inclusive cross-section and final state studies) at

HERA [15-35] supported the partonic interpretation and found that the process is dominated by

gluons. A further area of investigation at HERA is the production of vector mesons (like ρ, ω, φ,

J/ψ) which allows studies of the transition between soft and hard processes due to several avail-

able scales (mass MV
2 of the meson, photon virtuality Q2, momentum transfer t at the proton

vertex) [15-38]. The HERA data are compatible with a factorisation of the measured diffractive

cross-section into a flux factor and a term describing the partonic structure. However, it is neces-

sary to invoke the contribution of non-leading trajectories besides the Pomeron to maintain the

factorisation hypothesis. Assuming the validity of this approach, a structure function can be ex-

tracted, which exhibits clear scaling violations (different from those of a nucleon structure func-

tion, rather resembling those of a photon). The data indicate a dominance of the gluon

distribution for all Q2 [15-39]. These observations are supported by various measurements of fi-

nal state properties in diffractive scattering at HERA, like topological variables, jet and heavy

flavour production.

At the Tevatron, diffractive events in pp scattering were also observed by selecting events with a

rapidity gap. Several classes were studied, including single diffractive dissociation with di-jet

production [15-40], diffractive production of W bosons, double Pomeron exchange [15-41] and

events with a rapidity gap between two jets [15-42][15-43][15-44]. The fraction of diffractive

events for a given process (relative to the inclusive cross-section for this process) amounts to

about 1%. Comparing this number to the results from HERA indicates a different survival prob-

ability for an event with a rapidity gap. At the end of run I, CDF installed a Roman Pot spec-

trometer to select elastically scattered anti-protons. Recently CDF observed also the diffractive

production of J/ψ mesons and bottom quarks [15-45].

Measurements at the Tevatron of diffractive di-jet production and diffractive W production in-

dicate a substantial difference in the rate compared to the prediction obtained using a factorisa-

ble model (see below) and the parton distributions as determined from the HERA data. The

measured cross-sections are about a factor of 3 - 10 smaller [15-46]. One possible explanation is

the (expected) breakdown of the (hard diffractive) factorisation model (which has been proven

[15-47] only for the case of a single hadron beam in the initial state) in the case of hadron-hadron

interactions. An interpretation of this factorisation breakdown is that spectator effects imply ad-

Figure 15-14 Single diffractive dissociation with jet
production (adapted from [15-37]).

Figure 15-15 Central diffraction (double Pomeron
exchange) with jet production (adapted from [15-37]).

 

 

 

p

p

p

φ

η

.
.
.

.
.

.

.
pomeron

(Gap)

 

 

 

                                                                              

                 (Gap)           (Gap)     

                                                         
  

 

p

p

p

p

φ

η

.
. .

.



ATLAS detector and physics performance Volume II
Technical Design Report 25 May 1999

15   QCD processes at the LHC 485

ditional soft interactions, which no longer lead to the diffractive final state. This would for ex-

ample imply a different survival probability for the rapidity gap. A similar study for the di-jet

production in double Pomeron scattering [15-48] leads to a factor of 10-100 with respect to the

expectation in case of factorisation.

Indications for a perturbative behaviour in diffractive processes have been obtained from elastic

photoproduction of J/ψ mesons in the reaction at HERA. The dependence on the

photon-proton centre-of-mass energy Wγp due to exchange of a Regge trajectory is

, where α(t) indicates the trajectory (e.g. the Pomeron trajectory as the

leading one). Using HERA data to determine α(t), it was found [15-49] that the slope of the tra-

jectory vanishes, i.e. there is no dependence on t. This behaviour not expected in the framework

of the Regge model, where the diffraction peak (the sharp maximum of dσ/dt for small |t|)

‘shrinks’ with increasing energy. Also in the measurement of single diffractive dissociation in pp
collisions it was observed [15-50] that the differential cross-section as a function of x and t can

best be described with a Pomeron trajectory containing a quadratic term, indicating either the

onset of a perturbative Pomeron or the occurrence of multiple Pomeron exchange.

15.4.3 Models for hard diffractive scattering

Diffractive hard scattering, i.e. a diffractive process where in addition a hard scale is present, can

be modelled under the assumption of diffractive factorisation. In this case, the cross-section for

the process , where X contains a hard scattering, is given by the product of a diffractive

parton distribution function, a parton distribution function for the proton and the hard scatter-

ing cross-section.

A relation to a partonic approach (similar to the quark parton model for the nucleons) has been

proposed by several authors. One of the earliest ideas is due to Low [15-51] and Nussinov [15-

52], who proposed as a QCD model for the Pomeron the exchange of a two gluon system in a

colourless configuration. Bjorken and Kogut predicted the occurrence of hard diffractive proc-

esses in the context of the Aligned Jet Model [15-53] and the approach by Ingelman and Schlein

[15-30] introduced the concept of parton densities for the Pomeron. The case of a ‘superhard

Pomeron’ as mentioned above would imply in the partonic picture that one out of the two

gluons carries almost the full momentum and the second gluon is a very soft one, which mainly

neutralises the colour charge of the first one.

There are two places where factorisation might occur. Firstly, there is the so called Regge factor-

isation, which assumes that in a single diffractive process ( ) the vertex of the elastically

scattered proton can be described independently of the reaction leading to the dissociative sys-

tem. The proton-Pomeron vertex is described by a flux factor, depending only on the variables ξ
and t. The inelastic reaction of the Pomeron with the second proton leads then to the dissocia-

tive final state X. The third ingredient is the Pomeron propagator.

Secondly, there is the hard scattering factorisation, which has been proven to be valid in the case

where there is only one hadron beam involved (e.g. diffractive deep-inelastic scattering)[15-47].

In this case, the hard scattering cross-section is similar to a standard hard scattering cross-sec-

tion with one of the two parton distribution functions replaced by a diffractive parton density.

This parton density gives the distribution of a parton in a hadron under the condition that the

outgoing diffracted hadron is detected and allows a separation of soft and hard processes.

These diffractive parton densities avoid the concept of a Pomeron flux and the notion of Pomer-

γp J ψ⁄ p→

σ td⁄d f t( )W
2 2α t( ) 2–( )

=

pp pX→

pp pX→
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on parton densities (as done in the Ingelman-Schlein model [15-30]), they are furthermore valid

for all values of ξ. In the case of the Ingelman-Schlein model this is only true for small enough

values of ξ, where Pomeron exchange is expected to dominate.

Based on a model for diffractive deep-inelastic scattering [15-54] which does not refer to the no-

tion of a Pomeron, a model of soft colour rearrangement for hadron-hadron collisions has been

proposed [15-55]. The model [15-54] for diffractive DIS assumes that after a normal hard scatter-

ing of the virtual photon on a parton of the proton, in part of the events, the exchange of a soft

gluon (without changes to the momentum configuration of the partons) leads to the creation of

two colour neutral systems, which then hadronise independently. In the case of hadron-hadron

collision a similar mechanism could lead to the production of rapidity gaps in the case of a hard

scattering process.

For the studies done on hard single diffraction (Section 15.4.5) and on hard central diffraction

(Section 15.4.6), the PHOJET Monte Carlo program [15-23] has been used. The modelling of

hard diffractive scattering is based on the approach of diffractive hard scattering factorisation,

where the Pomeron is treated as a ‘quasi-particle’ and is assigned parton densities. Three possi-

ble parametrisations have been used (where in the case of the first two the Pomeron contains

only gluons): a ‘soft’ gluon distribution ( ), a ‘hard’ gluon distribution

( ) and a distribution (‘CKMT parametrisation’) containing both quarks and

gluons in the Pomeron including the evolution according to the DGLAP equations. The hard

scattering is described by leading order matrix elements, with parton showers added to approx-

imate higher order corrections and hadronisation in the Lund String model. A comparison of

the predictions of the PHOJET program to data obtained at the Tevatron can be found in [15-56].

15.4.4 Trigger and event selection

15.4.4.1 Rapidity gap signature

One of the possible ways to select diffractive scattering is to demand the presence of a rapidity

gap in the final state, i.e. a region in phase space without particle production. The occurrence of

such regions in ‘normal’ hard scattering events is expected to be suppressed strongly with

growing size of the region in rapidity. In order to have good acceptance it is desirable to cover a

large region in rapidity, going beyond the ATLAS acceptance of |η| < 5. An example for such

detectors can be found in [15-57], where the TOTEM collaboration describes the integration of

their inelastic detectors (covering the region 3 < |η| < 7) into the environment of the CMS de-

tector at interaction region IR5.

By tagging events only through the existence of a rapidity gap in the forward region (without

observing the leading system), it cannot be completely excluded (due to the limited acceptance

of the detector in the forward direction) that the unobserved leading system is, instead of a pro-

ton, a low mass proton excitation or a dissociative system of small mass. When a cross-section is

measured, this contribution has to be estimated and subtracted. The acceptance for such for-

ward going dissociative systems (as a function of their invariant mass) depends on the coverage

in pseudo-rapidity in the forward direction. This acceptance can be obtained from a simulation

of the detectors used for tagging and could be cross-checked (in case a leading-proton measure-

ment is possible) using events with a measured scattered proton. The measurement of the pro-

ton momentum allows the determination of the mass of the forward-going system and with this

the acceptance can be obtained from data.

xg x( ) 1 x–( )5∝
xg x( ) x 1 x–( )∝
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15.4.4.2 Leading −proton detection

A very clean way of selecting single-diffractive events is the tagging and measurement of a

leading proton, i.e. a quasi-elastically scattered proton with an energy close to the nominal beam

energy. This can be achieved by placing position-sensitive detectors downstream of the interac-

tion point close to the nominal beam trajectory. These detectors are usually put into so called

‘Roman Pots’ [15-58], in order to move them away from their nominal position during injection

and tuning of the beam. The insertion of such detectors should not increase the background sig-

nificantly. The detectors would also probably only be installed (or moved close to the beam) in

the case of low-luminosity running. Further studies need to be performed to determine the im-

pact of beam-halo interactions with the Roman Pots.

The momentum loss ξ = ∆p/p0 (ξ = 1 − xL) of a proton can be obtained from a measurement of

the displacement (transverse to the beam) away from the interaction point. The acceptance in ξ
is limited by the transverse beam size σbeam (this determines how close to the nominal beam po-

sition the detectors can be placed – usually up to (10−20)×σbeam) and the dispersion of the ma-

chine. The resolution in ξ has a fundamental limit, which is the natural momentum spread of

the beam, expected to be about 10-4 at the LHC. This limit can only be reached if several inde-

pendent measurements are performed to determine the position and the angle of the proton at

the interaction point. The use of a single measurement is limited by the width of the beam of

scattered protons. A study [15-59][15-60] of the low β insertions at the LHC showed that, at a

distance of about 200 m from the interaction point, a minimal ξ of ξmin = 0.01 can be reached

(the ξ range for 80% acceptance is 0.01 < ξ < 0.09). Going to distances larger than 300 m from the

interaction point, gives a lower limit of (80% acceptance for 0.002 < ξ < 0.015).

The acceptance in ξ could be increased to smaller values of ξ only for finite values of t.

A selection of leading protons by demanding xL > 0.9 selects the kinematic region where Pomer-

on exchange is expected to dominate the diffractive process. This corresponds roughly to a de-

mand for a rapidity gap of at least 4 units. The region of smaller xL values is of interest for the

studies of non-leading trajectories. For the studies presented in the next sections, it is assumed

that Roman Pots will be able to measure scattered protons with xL > 0.9 and

0.01 GeV2 < |t| < 1 GeV2 on both sides of ATLAS. Further studies need to be performed when

a more detailed design of a possible Roman Pot system is available, to determine in more detail

the acceptance and the resolution to be obtained. Given the large separation of the detectors

from the ATLAS interaction point (about 200 m), it is not yet clear whether it is possible to in-

clude a trigger on track segments in the Roman Pots at the first level of the ATLAS trigger sys-

tem, which has a maximum latency of 2.5 µs [15-61]. Although a large fraction of this latency

would be used for the protons to arrive at the detectors and for the signals to be brought back to

the trigger electronics, it may be possible to provide a fast decision and to distribute this to the

front-end electronics. However, a detailed feasibility study has not yet been performed.

More details on the layout of the LHC interaction regions (IR1 and IR5) can be found in [15-57].

In the proposal for the measurement of the elastic and total cross-sections by the TOTEM collab-

oration a detailed description of the planned Roman Pot detectors for the interaction region IR5

(CMS) is given, which can be transferred identically to the ATLAS interaction region (IR1). For

the measurement of elastic scattering, a station of two Roman Pots is foreseen in front of the di-

pole D2, measuring the transverse displacement. For elastic scattering, the acceptance in mo-

mentum transfer strongly depends on the value β* (being the value of the β function at the

interaction region). For the high-luminosity running mode (β* = 0.5 m, corresponding to small

transverse beam sizes) the minimal |t| is about 200 GeV2. At injection, a value of β* = 18 m is

foreseen, implying an acceptance in |t| between 1 GeV2 and 10 GeV2, whereas for β* = 1100 m

a range of 0.02 GeV2 < |t| < 1.4 GeV2 is covered. To measure protons from single-diffractive

ξmin 2 10
3–×=



ATLAS detector and physics performance Volume II
Technical Design Report 25 May 1999

488 15   QCD processes at the LHC

scattering, a spectrometer consisting of up to three stations (each consisting of two Roman Pots)

is proposed. The machine optics close to the interaction point (as viewed from the interaction

point) are composed of the quadrupoles Q1 − Q3 (strong focusing triplet to achieve the small

beam sizes), the bending dipoles D1 and D2 (to get the orbits into collision and separated back)

and the quadrupoles Q4 − Q7 (to adapt the machine optics to the arcs). A figure of the arrange-

ment of these magnets can be found in [15-57] (Figure 6). The first two locations are situated be-

tween the dipoles D1 and D2; the first before the neutral particle absorber (TAN), the second

behind the TAN. The third possible location is found between the quadrupoles Q4 and Q5. For

leading protons, e.g. from single diffractive scattering, the acceptance in t extends to smaller val-

ues than listed above for the case of elastic scattering. A detailed study of the machine layout is

needed to obtain the acceptance (as a function of ξ and t) for the different values of β∗, as de-

scribed above.

15.4.4.3 Final −state requirements

Given the large cross-sections for diffractive processes, even after taking into account the small

acceptance for the detection of leading protons, it is obvious that for normal running conditions

additional conditions on the final state have to be applied (in order to avoid prescaling). These

will be done e.g. by requiring the presence of jets in the final state. The cut on the jet transverse

energy will be lower than in the case of inclusive jet production in ‘normal’ QCD events. A pos-

sible requirement would be at least one (or two) jets together with either a leading-proton tag or

a rapidity gap signature from the forward detectors (as mentioned in Section 15.3.2). Whether

the first possibility would be available at the first trigger level, has to be determined (see

Section 15.4.4.2). If this were not the case, a refinement of the gap selection at the higher levels of

the trigger system would happen, where the Roman Pot information would be available. In any

case, pre-scaled triggers using the Roman Pots and/or the inelastic detectors alone should be

available, as also should be the case for diffractive triggers where the jet energy threshold is fur-

ther lowered.

15.4.4.4 Background sources

The following sources of background to the production of diffractive events have to be consid-

ered: pile-up, in which a diffractive event without jet production and a non-diffractive event

with jet production coincide. This would fake a signal for hard diffractive scattering and would

occur dominantly in low-mass diffractive events. The simultaneous occurrence of a hard dif-

fractive event and a minimum-bias event would be a real hard diffractive scattering, but could

obscure the properties of the event (e.g. by filling the gap). A selection on a single interaction (by

requiring only a single primary vertex be reconstructed) would remove most of these overlays.

Also other physics processes with similar signatures such as events due to meson exchange or

double diffractive dissociation, where a leading particle of one of the dissociated systems fulfils

the selection criteria, will take place.

15.4.5 Single hard diffractive dissociation

The measurement of di-jet production in single diffractive dissociation by the CDF collabora-

tion [15-62] used a sample of same-side (η1
.η2 > 0) di-jet events with a minimum transverse en-

ergy of 20 GeV for each jet. Using the information on charged particles from the tracking

detectors, on calorimeter towers and hits in the scintillators of the beam-beam counters, multi-
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plicity distributions on the side opposite to the jet system were studied and a clear excess of

events with zero multiplicity was observed. The fraction of di-jet events that are diffractive

(normalised to the non-diffractive events) was determined to be % [15-62]. A

further study by CDF [15-40] used a sample of events at 630 GeV and at 1800 GeV, where a lead-

ing anti-proton (0.04 < ξ < 0.095 and |t| < 1 GeV2) has been measured. This allows tagging of

colourless t-channel exchange in the kinematic region where Pomeron exchange should domi-

nate. In both samples, large ET jet pairs are observed, with a distribution of transverse energy

similar (with a slightly steeper slope) to the one of jets in non-diffractive events.

The measurement of the longitudinal momentum xL of the scattered proton gives the momen-

tum fraction ξ of the proton momentum which is taken by the Pomeron: ξ = 1 - xL = PIP/Pp. Re-

construction of the two jets in the final state system with transverse energies ET 1,2 and

pseudorapidities η1,2 determines the momentum fraction β of the parton in the Pomeron partic-

ipating in the hard scattering:

The shape of the β distribution gives information about the partonic structure of the Pomeron.

Triggering of events with a hard diffractive interaction requires low transverse energy thresh-

olds for the jets, due to the small invariant mass of the diffractive system. In Figure 15-16 the ex-

pected cross-sections for di-jet production with ET > 10 GeV and |η|< 3.2 are shown as a

function of the minimum transverse energy (more details are to be found in [15-63]). As expect-

ed, the non-diffractive contribution has a cross-section which is almost two orders of magnitude

larger than the single diffractive contribution. The rate for a di-jet trigger with low energy

threshold would completely saturate the bandwidth of the trigger system. It can however be re-

duced by demanding the detection of a leading proton, as shown in Figure 15-17. This figure

Figure 15-16 Cross-section for di-jet production
(|ηjet| < 3.2) as a function of the jet transverse energy
for non-diffractive and single diffractive events,
obtained from the PHOJET Monte Carlo model.

Figure 15-17 Visible cross-section for di-jet produc-
tion (|ηjet| < 3.2) as a function of the jet transverse
energy for non-diffractive and single diffractive events,
when the detection of a leading proton is required (as
obtained from the PHOJET Monte Carlo model).
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shows the visible cross-section for the production of two jets with the same cuts as for Figure 15-

16, but with the tagging of a leading proton with xF > 0.9 and 0.01 < |t| < 1 GeV2 also being re-

quired. The non-diffractive cross-section is now smaller by about one order of magnitude than

the single diffractive cross-section, although the ratio will be model dependent and needs to be

verified using different models for the beam fragmentation region of the non-diffractive events.

In Figure 15-18 the cross-section for single diffractive events (tagged with a leading proton)

with at least two jets with ET > 10 GeV and |η| < 3.2 is shown as a function of the pseudorapid-

ity of the two leading jets. Probably the actual minimum transverse momentum of the jets will

be larger than 10 GeV, firstly due to constraints on the trigger rate and secondly due to the chal-

lenges in reconstructing jets with small transverse energy, where in addition the jet energy reso-

lution is getting worse. Three different assumptions on the partonic structure of the Pomeron

have been used: the CKMT parametrisation (shown as points), a soft gluon distribution (the sol-

id line) and a hard gluon distribution (the dashed line). Between the last assumption and the

first two, a very different shape is observed. Measuring the pseudorapidities of the two jets and

their transverse energies allows the determination of the momentum fraction β of the partons in

the hard scattering (assuming hard scattering factorisation). Figure 15-19 indicates the cross-sec-

tion for single diffractive di-jet production as a function of β, for the same three assumptions on

the partonic structure of the Pomeron. The differences between the assumptions are not as pro-

nounced as in the case of the jet pseudorapidity distribution. More detailed studies are needed

to assess the accessible kinematic range.

A further aspect of single diffractive dissociation is the production of a Higgs boson. The ex-

pected fraction of events with a Higgs boson being produced diffractively ranges between 10%

and 25% (for 90 < mH < 130 GeV) [15-64] and 5% to 15% for a larger value of mH [15-65]. The size

Figure 15-18 Cross-section for di-jet production
(|ηjet| < 3.2 and ET > 10 GeV) in single diffractive
events with a tagged leading proton as a function of
the jet pseudorapidity. Three different assumptions on
the partonic structure of the Pomeron are shown: the
CKMT parametrisation (points), a ‘soft’ gluon (solid
line) and a ‘hard’ gluon distribution (dashed line).

Figure 15-19 Cross-section for di-jet production
(|ηjet| < 3.2 and ET > 10 GeV) in single diffractive
events with a tagged leading proton as a function of
the momentum fraction variable β. Three different
assumptions on the partonic structure of the Pomeron
are shown: the CKMT parametrisation (points), a ‘soft’
gluon (solid line) and a ‘hard’ gluon distribution
(dashed line).
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of the rapidity gap expected is small and no significant improvement in the signal-to-back-

ground ratio is expected, for the Higgs decays to two photons and to two Z bosons in the inter-

mediate Higgs mass range.

15.4.6 Double Pomeron exchange

Double Pomeron exchange at the LHC is expected to give rise to final states of much larger in-

variant mass (up to 700 GeV) than at the Tevatron (with about 90 GeV), assuming a selection by

demanding two leading protons with xF > 0.95. The production of events with di-jets due to

double Pomeron exchange, as suggested in [15-66], has been observed at the Tevatron [15-41]. In

comparison with single diffractive hard scattering, an advantage of double Pomeron exchange

is that almost no effects from underlying events or soft colour exchange are expected. The sur-

vival probability for the gaps should therefore not be influenced by these effects, as it is the case

for single diffractive hard scattering. Taking into account qq production only, a cross-section of

5 nb at Tevatron energies has been calculated [15-66]. Events corresponding to double Pomeron

exchange have been observed at the Tevatron, a study [15-41] by the CDF collaboration started

from a sample of events with a tagged leading anti-proton (0.05 < ξ < 0.1 and |t| < 1 GeV2),

which contained at least two jets with ET > 7 GeV. A study of the multiplicities of calorimeter

towers and hits in the beam-beam counter scintillators on the outgoing proton side gave an ex-

cess at zero multiplicity, indicating the presence of double Pomeron exchange. The transverse

energy spectra of the jets resembles those of single diffractive and non-diffractive events, but are

more back-to-back in azimuth. The observed number of events is significantly smaller than ex-

pected from HERA data, assuming factorisation. Good agreement [15-41] can be obtained by re-

ducing the prediction by a factor of 0.182, the square of the factor found in single diffractive di-

jet production.

The study of double Pomeron exchange at LHC energies can be done in an inclusive way by de-

manding the presence of a leading proton in both ‘Roman Pot’ detectors (together with or with-

out some activity in the central detector) or by taking a sample where at least one leading

proton together with jet activity in the central part of ATLAS is required. The latter selection re-

sembles the single hard diffractive selection, a lower jet ET cut could be used by demanding in

addition a rapidity gap opposite the leading proton.

Figure 15-20 shows the cross-section for central diffraction, resulting from Pomeron-Pomeron

interactions, as a function of the invariant mass distribution of the final state. The solid line

shows the cross-section without cuts on the outgoing protons, the dashed line has been ob-

tained assuming that both protons are tagged with momenta corresponding to the values of

xF > 0.9 and 0.01 < |t| < 1 GeV2. As mentioned earlier, large invariant masses of the diffractive

final state can be reached. This obviously implies the availability of the phase space for hard

processes leading to the production of jets or electroweak bosons, which then can be used to

probe the partonic structure. Requiring, in addition, the production of at least two jets with

ET > 10 GeV and |η| < 3.2 (indicated by the points in Figure 15-20), reduces the cross-section

significantly and restricts the accessible invariant mass range to masses above 100 GeV.

Figure 15-21 shows for the selection of central diffractive events using two tagged protons and

at least two jets, the cross-section as a function of the jet pseudorapidity for three different as-

sumptions on the partonic structure of the Pomeron. The points corresponds to CKMT parame-

trisation, the solid line is a parametrisation using gluons only with a soft momentum

distribution, i.e. most gluons have a small momentum fraction. These two assumptions give a
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similar shape and differ mainly in the visible cross-section. The third assumption, shown as the

dotted line, contains a hard distribution of gluons and exhibits a much flatter dependence of the

cross-section on pseudorapidity.

Besides providing additional tests of the flux renormalisation (checks of factorisation breaking)

the study of jet production in double Pomeron exchange allows studies of the partonic structure

in a similar way to the ones done in non-diffractive proton-proton collisions. Selecting leading

protons on both sides with xF > 0.9 corresponds to having effectively a Pomeron-Pomeron col-

lider with a maximal centre-of-mass energy of 1400 GeV. Calculations for the cross-section of

double Pomeron events with di-jet production [15-67] indicate a cross-section between 0.05 and

0.3 nb for the kinematic range 0.002 < ξ1,2 < 0.03, |yjet 1,2| < 1 and ET jet 1,2 > 20 GeV.

The production of Higgs bosons via vector boson fusion can also lead to final states containing

two scattered protons together with jets at large rapidities (in case of W and Z) and the Higgs

decay products in the central gap region. As discussed in [15-68], the rapidity gap signature

could be useful in improving the signal-to-background ratio. In double Pomeron scattering

there is also the possibility to produce a Higgs boson in this reaction [15-69], leading to a final

state with two quasi-elastically scattered protons and the decay products of the Higgs boson,

separated by two gaps in rapidity from the protons, in contrast to the case of and

, where the protons are expected to scatter mainly incoherently.

About 1% of all events are predicted to be due to double Pomeron scattering [15-70]. Estimates

of the cross-section for the process , where the Higgs is produced and both protons

are scattered quasi-elastically, give values of 0.3 to 0.02 pb for Higgs masses between 100 GeV

and 1 TeV. The calculation is based on lowest order QCD diagrams, higher order corrections are

expected to increase the cross-section. Backgrounds are due to the production of heavy-quark

Figure 15-20 Cross-section for central diffraction as a
function of the invariant mass of the diffractive system
(the Pomeron-Pomeron invariant mass) for three
assumptions: without final state requirements (solid
line), requiring the detection of two leading protons
(dashed line) and requiring in addition at least two jets
with |η| < 3.2 and ET > 10 GeV (points).

Figure 15-21 Cross-section for central diffraction
(with both protons being tagged and at least two jets
with |ηjet| < 3.2 and ET > 10 GeV being found) as a
function of the pseudorapidity of the jets. Three differ-
ent assumptions on the partonic structure of the
Pomeron are shown: the CKMT parametrisation
(points), a ‘soft’ gluon (solid line) and a ‘hard’ gluon
distribution (dashed line).
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pairs via the same mechanism, and should mainly contribute for small Higgs masses. Another

issue is the survival probability of the rapidity gap. Allowing for proton dissociation, and de-

manding a rapidity of at least 6 units within which the Higgs is produced, increases the cross-

section by up to a factor of 10 [15-71].

The mass resolution (using the missing mass technique) expected when both protons are detect-

ed is dominated by the beam divergencies at the interaction point [15-72]. In the case of the Te-

vatron, the expected mass resolution is about 300 MeV (for ξ = 0.05 and |t| < 1 GeV2). The

advantage of this method would be to avoid the small branching ratio for the decay of a Higgs

to two photons by using the decay mode to bb, while possibly allowing for small transverse mo-

mentum thresholds for the bb reconstruction. A trigger could be built from a coincidence be-

tween tags for leading proton in the Roman Pot spectrometers on both sides of the ATLAS

detector, this selection could be refined by final state requirements using the central detector.

15.4.7 Colour-singlet exchange

Jet production in hadron-hadron collisions mainly proceeds by the exchange of a quark or a

gluon between two partons, leading to a flow of colour between the two partons that give rise

to the observed jets. Between the two jets therefore the production of particles is expected. If the

exchange is a Pomeron or an electroweak gauge boson (W, Z or γ∗), a rapidity gap between the

two jets is expected.

At Tevatron energies, the ratio of di-jet events with a gap to all di-jet events is expected to be of

order 1% and probes the nature of the colourless exchange by studying the properties of the

produced di-jet system. Different models for the colourless exchange predict different depend-

encies of the ratio on the size of the central gap and on the ET of the jets. In case of electroweak

exchange, the fraction is expected to be about 10-4.

The production of events with a central rapidity gap (defined by measuring the multiplicity of

calorimeter towers and charged particle tracks) between two jets has been observed at the Teva-

tron both by CDF [15-43][15-44] and D0 [15-42]. The measurement by D0 requires two jets of at

least 30 GeV transverse energy. The colour singlet fraction determined from the data is

% [15-42]. This fraction is found to increase with increasing values either of the

minimum ET for the jets or the separation ∆η in rapidity of the two jets. This dependence can be

used to discriminate between different models for the colour singlet exchange. The present D0

data disfavour a model based on two-gluon exchange, and favour a model using soft colour re-

arrangement. In contrast to the D0 data, the CDF collaboration does not find a significant de-

pendence of the colour singlet fraction on ET or ∆η. The measurement [15-43] requires two

opposite side jets with ET > 20 GeV and 1.8 < |ηjet| < 3.5. The colour singlet fraction amounts

to %. A trigger for ATLAS could be based on the energy deposition in the for-

ward calorimeters, which cover the range 3 < |η| < 5. More details on such a trigger are given

in Section 15.5.4.3, in the context of the study of BFKL signatures in di-jet production at large

angular separation. The final event selection for studies of colour singlet exchange would - in

contrast to the BFKL selection - require a gap in the central rapidity region.

0.94 0.04± 0.12±( )

1.13 0.12± 0.11±( )
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15.4.8 Diffractive W and Z production

As in the case of inclusive W (and Z) production (see Section 15.7.3) for inelastic proton-proton

scattering, the diffractive production of W (and Z) bosons constrains parton densities in single

diffractive dissociation, as discussed in [15-73]. At the LHC it is not possible to make use of the

correlation between the W charge (i.e. the charge of the decay lepton) and the out-going proton

(anti-proton), as it was done in the measurement by CDF [15-74]. In this measurement, CDF ob-

served that a fraction of % of all events with a W boson are of diffractive nature

(under the assumption of a hard partonic structure of the Pomeron with quarks and gluons).

The production of diffractive di-jets is expected to be dominated by gluons, whereas the diffrac-

tive W production is dominated by quarks. The relative contribution of quarks and gluons can

thus be constrained by a combination of both measurements. Results from the TEVATRON ob-

tained by CDF [15-62] indicate a gluon fraction . This is compatible with the results

obtained at HERA ( obtained by the ZEUS collaboration, combining a measure-

ment of the diffractive structure function F2
D and of diffractive di-jet photoproduction [15-75]).

The fraction of the momentum of the Pomeron carried by partons was determined to be

, which reflects the fact that the observed cross-section is smaller than the one ex-

pected from the HERA data, assuming hard scattering factorisation. This indicates a breakdown

of factorisation.

At ATLAS, the experimental selection of diffractive W and Z boson production could be based

on the inclusive lepton triggers for inclusive vector boson production, as described in

Section 15.7.3 and Section 15.7.4. The analysis of these events would then require a rapidity gap

signature. Smaller transverse momenta could be accessed with prescaled triggers or by includ-

ing in the trigger requirements for the selection of a leading proton or a rapidity gap in the for-

ward direction, if the information from these dedicated detectors became available.

15.4.9 Diffractive heavy flavour production

Another tool to get information on the parton content in diffractive processes is the study of

heavy flavour production [15-76]. A calculation of the cross-section for single ( )

and double diffractive ( ) heavy quark production [15-77] at an centre-of-

mass energy of 10 TeV lead to the following predictions, which should increase slightly for LHC

energies:

• charm production: σsingle diffractive = 2 - 4 µb (20 - 40%),

σdouble diffractive = 40 - 65 nb (0.4 - 0.7%)

• bottom production: σsingle diffractive = 0.5 - 1µb (15 - 40%),

σdouble diffractive = 6 - 15 nb (0.2 - 0.5%)

• top production: σsingle diffractive = 1 - 5 pb (0.3 - 2%),

σdouble diffractive < 10 fb (< )

where the numbers in brackets denote the fraction of the diffractive process with respect to the

total cross-section. In the calculation, three models for the Pomeron parton distributions have

been used, which differ in the parton content at the starting scale of the parametrisation (using

quarks only, quarks and gluon and mainly hard gluons).

RW 1.15 0.55±=

f g 0.7 0.2±=
0.3 f g 0.8< <

D 0.18 0.04±=

pp p QQ X+ +→
pp p QQ X p+ + +→
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The detection of diffractive charm production could use the signature of a semi-leptonic decays

or the reconstruction of charmed mesons (like D*+-). Especially for the latter case, feasibility

studies have to be performed. In the case of b quark production inclusive signatures (muon pro-

duction) or the tagging of b-jets could be studied. At the Tevatron, the CDF collaboration has ob-

served the diffractive production of b quarks as well as the diffractive production of J/ψ mesons

[15-45].

A detailed study of the diffractive production of b quarks at the LHC and their properties has

been performed in [15-60]. The cross-section for diffractive masses Mdiff between 1.4 and 4.4 TeV

amounts to 7.1 µb, the one for 0.44 < Mdiff < 1.4 TeV to 3.3 µb and for 140 < Mdiff < 440 GeV to

1.2 µb. The fraction of events with b quark production to the total diffractive cross-section varies

between (Mdiff = 140 GeV) and (Mdiff = 4.4 TeV). The average pseudorapidity

of beauty particles depends on the diffractive mass, but shows also sensitivity to parton distri-

butions of the Pomeron. For a hard (soft) gluon distribution in the Pomeron, the average pseud-

orapidity of the beauty particles changes from -4 (-5) at Mdiff = 140 GeV to 3.5 (0.5) at

Mdiff = 4.4 TeV when the leading proton is at positive pseudo-rapidity. For the acceptance of the

Inner Detector of |η| < 2.5 a value of the diffractive mass between 700 and 4 TeV is expected.

The ratio of the diffractive charm production to the diffractive beauty production ranges from a

factor of about 15 at Mdiff = 140 GeV to about 50 at Mdiff = 4.4 TeV.

As in the case of diffractive vector boson production, a sample of diffractive heavy flavour pro-

duction could be obtained from the triggers for b production (as mentioned in Section 15.8.3).

For the case of diffractive charm production, the first level trigger would have to start with a ra-

pidity gap signature or a leading proton candidate. Next the higher trigger levels could try to

reconstruct final state signatures indicating the presence of open charm.

15.4.10 Summary on hard diffractive scattering

The increase of centre-of-mass energy from the Tevatron to the LHC could allow for more pre-

cise studies of hard diffractive scattering, and further understanding of the transition between

perturbative and non-perturbative QCD. The advantage of the LHC is in the production of dif-

fractive final states with larger masses, allowing the probing of partonic structure with a variety

of different processes. A selection of events with two leading protons (or rapidity gaps on both

sides of the detector) transforms the proton-proton collider into a Pomeron-Pomeron collider

(with variable beam energy), where the maximal centre-of-mass energy ranges between the one

of the SppS and the Tevatron collider.

Many open questions need to be addressed in further studies. This especially concerns the ex-

perimental selection of diffractive events, either using a leading proton signature or the pres-

ence of a rapidity gap. In the first case, the kinematic reach for the low β* configuration of the

interaction region needs to be determined, assuming the positions of the Roman Pot detectors

as described in [15-57]. The reconstruction of the hard scattering in the central detector has to be

studied for lower thresholds on transverse energy and momenta than in the case of proton-pro-

ton collisions, to take into account the effectively smaller centre-of-mass energy.

3 10
4–× 6 10
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15.5 Jet physics

15.5.1 Overview

At hadron colliders, the most prominent signature for a hard scattering process to take place is

the production of particles with a large total transverse momentum, i.e. the jets. The measure-

ment of jets allows to draw conclusions about the hard scattering process. To do so one has to

take into account the evolution of the partonic system from the hard scattering to the observed

set of hadrons. This evolution includes parton showering (the creation of additional partons,

typically with decreasing transverse momenta), the fragmentation (of coloured partons to the

colourless hadrons), short lived particle decays and the effects of the underlying event as well

as the ones of multiple interactions in a single bunch crossing.

In this section, several observables for jet production will be discussed: inclusive jet cross-sec-

tion (Section 15.5.2), inclusive di-jet production (Section 15.5.4) and multi-jet production

(Section 15.5.5). Further topics include aspects of jet fragmentation (Section 15.5.3) and the

measurement of multiple parton scattering (Section 15.5.6).

15.5.2 Inclusive jet cross-section

15.5.2.1 Results from the Tevatron

The recent measurement of the inclusive jet cross-section by the CDF collaboration [15-78] up to

transverse energies of 450 GeV showed an excess over the theoretical expectation from a NLO

calculation at large transverse energies (> 250 GeV). This excess could be interpreted as a sign of

new physics. However it could also be due to a lack of understanding of the underlying QCD

process (e.g. the parton distributions in the proton). The CTEQ4 and CTEQ5 pdf fits have in-

cluded the inclusive jet data both from CDF and D0 [15-79]. The high ET jet data have little sta-

tistical weight, however, and the CDF excess remains when comparing to predictions using

these pdf’s. In the CTEQ4HJ fit, the high ET jet data from CDF were given an enhanced weight.

Using this distribution, the discrepancy between theory and data is reduced, but still present.

The increase in the predicted cross-section comes about because of an increase in the gluon dis-

tribution at high x (a factor of two at x = 0.5). A similar measurement by the D0 collaboration

[15-79] showed good agreement of the NLO calculation with the D0 data up to transverse ener-

gies of 450 GeV. The best agreement with the D0 data, however, is obtained with the CTEQ4HJ

(and CTEQ5HJ) pdf’s. A comparison of the data from the two experiments yields a 42% proba-

bility [15-80] that they are compatible, when taking into account the systematic errors and their

correlations.

A further test of QCD can be performed by comparing the inclusive jet cross-sections for differ-

ent centre-of-mass energies. This is best done by determining the ratio of the cross-sections from

the data at 630 GeV and at 1800 GeV, and studying the ratio as a function of xT, where xT is the

scaled transverse momentum of the jet: . The ratio is less sensitive to experimental

and theoretical uncertainties, its value is determined by the evolution of parton densities, the

amount of gluon emission and the running of the strong coupling constant. For values of

xT > 0.1, the CDF and D0 measurements agree; at lower xT, some differences are present [15-80].

The theoretical expectation (based on NLO QCD) for the ratio is larger than the measured one,

with a significance of about 3σ.

xT 2pT s⁄=
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15.5.2.2 Experimental selection

The selection of inclusive jet production will be based on an inclusive jet trigger (at LVL1, for

more details see Section 11.3.2) with a threshold of 180 GeV at low luminosity (290 GeV at high

luminosity), where the jets have to be within |η| < 3.2. To cover a wider range in jet transverse

energy (towards lower values), prescaled triggers will be used. At the higher levels of the AT-

LAS trigger and in the analysis, different jet algorithms can be applied. In the following a ‘sim-

ple’ cone algorithm [15-81] is assumed. Future studies have to show the advantages of using a

recombination algorithm, like e.g. the kT algorithm [15-82].

The details of the jet algorithm used in an individual analysis may depend on whether the jets

are used for precision QCD comparisons and measurements or for jet spectroscopy. In leading-

order predictions, each theoretical jet consists of a single parton. To completely reconstruct final

states (for tt → jets) one wants to correct the experimental jet 4-vector back to the parton value.

At NLO, a jet can consist of two partons and for the first time structure can be explored. One

does not want to correct for the energy ‘out-of-cone’ since this is at least partially described by

the NLO calculation. The NLO calculation for three jet production has been recently completed.

In this calculation [15-83], there are up to three partons in a jet, presumably allowing for a more

detailed probe of the jet structure. It includes the one loop corrections to the diagrams

and the real emission in the process. A NNLO calculation for the inclusive jet cross-sec-

tion is still some time in the future since it involves the very difficult calculation of two-loop cor-

rections. At NLO and beyond, the details of the jet algorithm become important, in particular if

the calculations are to remain infrared safe.

15.5.2.3 Experimental uncertainties

One important aspect in all jet studies is the relation between the jet transverse energy meas-

ured in the detector and the ‘true’ transverse energy of the parton in the hard scattering process.

The measured energy can differ from the ‘true’ one due to the following experimental effects

(more details e.g. on the jet energy scale determination can be found in Section 12.5.1), not in-

cluding theoretical uncertainties:

• the calorimeter response: deviation from uniform response over the acceptance (due to

dead material, gaps and intercalibration errors), non-linearities in the response to low and

high pT particles, the knowledge of the e/π ratio and the pT dependence of the jet particle

content;

• the effect of the magnetic field in providing a pT cut-off for particles to reach the calorime-

ter;

• the effect of the underlying event (in the same interaction as the hard scattering) and/or

the contribution of other interactions in the same bunch-crossing;

• the production of neutrinos and muons inside a jet, which lead to a smaller energy depo-

sition in the calorimeter;

• the finite size of the jet reconstruction volume, leading to a loss of energy not being attrib-

uted to the jet or to fluctuations of particles from other jets into the volume. This is only a

problem if it is not modelled correctly by the NLO calculation.

All these effects lead to a smearing and shift of the jet energy. The correction for these effects has

to be determined and be applied. The correction leads to the following sources of systematic un-

certainties, which need to be quantified:

2 3→
2 4→
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• knowledge of the jet energy scale of the calorimeters;

• knowledge of the energy resolution for jets;

• knowledge of the linearity of the calorimeter response (low and high pT);

• understanding of the calorimeter response to hadrons, electrons and photons;

• knowledge of the jet trigger efficiency;

• knowledge of the luminosity for the overall normalisation.

The expected statistics at large jet ET values implies a desirable control of the systematic uncer-

tainties to a precision of less than 1% for energies below 1 TeV and to about 10% for transverse

energies of about 3 TeV. The strategy for the determination of the jet energy scale is discussed in

Section 12.5.1.

15.5.2.4 Theoretical uncertainties

The inclusive jet cross-section is calculated at next-to-leading order [15-84], this includes the one

loop corrections to the tree level diagram of the process and the real emission diagram in

the process. Due to the possible appearance of more than two partons in the final state, a

jet algorithm has to be applied in the case of a NLO calculation. Comparison of a simple cone al-

gorithm for the NLO partons with the experimental jet definition showed that the latter fails to

merge sub-jets which are rather far separated. To cure this problem, an additional parameter

was introduced in the jet definition at parton level: Rsep. Two partons are not joined in a single

jet if their distance in η−φ space is larger than Rsep×R, where R is the radius used for the cone

definition. A value of Rsep of 1.3 approximately mimics the CDF and D0 experimental jet analy-

ses. The knowledge of the theoretical prediction of the inclusive jet cross-section at NLO de-

pends on the following uncertainties:

• renormalisation and factorisation scale dependence, where usually both scales are taken

to be identical and only the common variation is investigated;

• jet definition for the NLO calculation (e.g. the Rsep parameter);

• knowledge of the parton distribution functions;

• the value of the strong coupling constant;

• uncertainties in the parton shower modelling;

• the impact of non-perturbative hadronisation effects, which are expected to be power

suppressed (1/Q);

• modelling of the underlying event and modelling of minimum-bias events (pile-up due

to multiple interactions per bunch-crossing).

The largest theoretical uncertainty in the prediction for the Tevatron jet cross-section comes at

high ET and is due to the uncertainty in the gluon distribution at high x. The next important un-

certainty is due to the renormalisation scale dependence (as discussed in [15-85]), which does

not show a strong ET dependence.

2 2→
2 3→
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15.5.2.5 Expected cross-section

The following results have been obtained using the ATLFAST simulation (see Section 2.5) of the

ATLAS detector response and a leading order QCD calculation (PYTHIA [15-14]) of jet produc-

tion, based on the CTEQ2L parton distribution [15-15]. Four samples with increasing cuts on the

minimum transverse momentum of the hard scattering matrix element ( , 500, 1000 and

1380 GeV) have been generated, including the effects of initial and final state interactions, and

of multiple parton scattering. This procedure has been chosen to produce a reasonable number

of simulated events for large transverse momenta. However, threshold effects which lead to a

distortion of the spectrum could not be avoided completely. The pile-up contribution to the en-

ergy resolution due to minimum-bias events was taken into account. The detector response has

been unfolded from the result of the simulation to a cross-section at the hadron level. In addi-

tion, a pseudo K-factor (obtained from the JETRAD NLO result [15-84] and the PYTHIA LO re-

sult) was included to the unfolded cross-section, where details are described in [15-86]. Jets

were defined using a cone algorithm with a cone size of R = 0.8. This value of 0.8 was obtained

as a result of an optimisation procedure to achieve a compromise between out-of-cone losses

and contamination from sources not related to the jet, e.g. from the underlying event, other jets

or initial state radiation. More details on this optimisation can be found in [15-86].

In Figure 15-22 the inclusive jet cross-section is shown as a function of the transverse energy of

the jet for three different bins in η: 0 < |η| < 1, 1 < |η| < 2 and 2 < |η| < 3. The statistical error

of the simulated events corresponds (for high ET values) to the one expected for an integrated

luminosity of 300 fb-1. At small ET values the statistical error is negligible. The expected statis-

tics for an integrated luminosity of 30 fb-1 amounts to events with ET
jet > 1 TeV, 3000

events for ET
jet > 2 TeV and about 40 events with ET

jet > 3 TeV. Also shown in the figure is the

Figure 15-22 Inclusive jet cross-section (at hadron
level) for different ranges of the jet pseudorapidity
obtained from a PYTHIA calculation (points) and from
a NLO Monte Carlo calculation (solid line).

Figure 15-23 The ratio of the inclusive jet cross-sec-
tion from PYTHIA (including a pseudo K-factor) to the
one at NLO from the JETRAD calculation (including a
hadronisation correction) is shown as points. Also
shown is the relative difference to the NLO calculation
for a variation of ΛQCD and for different pdf’s (the vari-
ous curves).
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prediction of a NLO calculation (JETRAD) [15-84], using the CTEQ4M parton distribution set.

This calculation of inclusive jet production at the parton level has been corrected for hadronisa-

tion effects, details are discussed in [15-86].

In Figure 15-23 the normalised difference of the simulated data to the NLO calculation is

shown, as obtained from the CTEQ4M distribution and setting ΛQCD (for five flavours) to a val-

ue of 300 MeV. This figure shows clearly the threshold effects that appear for transverse ener-

gies close to the matrix element cut-off . Further sources which could lead to a distortion of

the spectrum are the parametrisation of the pseudo K-factor used to correct the PYTHIA cross-

section and the hadronisation correction applied to the JETRAD calculation. The other curves

indicate the relative difference between this reference NLO calculation and NLO calculations

using different values for ΛQCD (215 and 401 MeV) as well as using two other parton distribu-

tion functions (MRSA [15-87] and GRV94 [15-88]). The largest effect is observed when the

CTEQ4HJ parton distribution is used. Based on the expected statistical accuracy in the region

between 1 TeV and 2 TeV of transverse energy, the data should allow distinguishing between

current distributions, like CTEQ4HJ and CTEQ4M. More studies are needed, however, to assess

the expected systematic uncertainties.

15.5.2.6 Determination of αs

An investigation has been carried out [15-89] as to whether it is possible to determine αs and

parton distribution functions from the collider data alone, without input from other experi-

ments. As processes initiated by gluons play an important role and a strong correlation between

αs and the gluon distribution is expected, this probably excludes an independent determination

of either quantity.

An extraction of the strong coupling constant αs will not be able to compete with the precision

measurements available from e+e- annihilation and deep-inelastic scattering. However the scale

dependence of αs could be determined in a single experiment (even a single process) over a

large range in scale, including the highest achievable values of several TeV. This verification of

the running of αs implies a check of QCD at the smallest distance scales. As the running ‘slows

down’ at large scales, this task is made more difficult. For a value of αs = 0.118 at 100 GeV the

corresponding value at 4 TeV is about 0.075. A further possibility for an αs determination is the

production of multi-jets, as mentioned in Section 15.5.5. In the following, a possible procedure

for a determination of αs based on the inclusive or the triple differential jet cross-section is de-

scribed. More studies are needed to arrive at quantitative conclusions about the potential accu-

racy.

The determination of αs is based on the assumption, that the data can be described by perturba-

tion theory with only small corrections for non-perturbative effects. The differential cross-sec-

tion for inclusive jet production at next-to-leading order is the sum of two terms:

where the functions A and B are calculated using parton distribution functions [15-89]. Fitting

this expression to the measured inclusive cross-section gives for each ET bin a value of αs(ET),
which should show the running of the coupling constant. These values can then be evolved to

the value of the coupling constant at the MZ scale. The calculation of the functions A and B actu-

ally involves an assumption on the strong coupling constant, as global fits of parton densities

are made for a certain value of αs. To overcome this coupling between parton densities (espe-

p̂T

ETd
dσ αs

2 µR( )A ET( ) αs
3 µR( )B ET( )+∼
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cially the gluon density) and the strong coupling constant, a multi-step approach has been pro-

posed in [15-89]. Firstly, parton distribution functions and the associated αs value should be

used to compare theory with data and to put constraints on the parton densities. In the next

step, a particular set of parton distribution functions should be assumed as being correct and

the strong coupling constant be extracted simultaneously for scales between several tens of GeV

and several TeV (at the LHC). The third step would be a simultaneous determination of the

strong coupling constant and the parton distribution functions from the triple differential di-jet

cross-section. This step could be divided into two smaller levels: firstly, the quark distributions

would be assumed as correct from the deep-inelastic scattering data and the gluon distribution

would be determined. Secondly, information from other processes (like W/Z + jet production)

would be included to also determine the quark distributions from the hadron collider data

alone.

15.5.3 Jet shape and fragmentation

The definition of jets depends on their internal structure. Thus, it is important to provide direct

measurements of it. The measurements will include the study of the jet shape, defined as the

fraction of energy inside a cone of radius r (r < R) with respect to the cone of size R defining the

jet. Existing measurements show broader jets at the Tevatron [15-90] than predicted by the HER-

WIG model. A comparison of the jet shape as a function of the jet transverse energy and the

pseudorapidity of the jet with a next-to-leading order calculation [15-91] finds good agreement

between the data and the calculation, provided that in the calculation the Rsep parameter deter-

mining the merging of partons is varied with the transverse energy and the pseudorapidity of

the jets to take into account effects of jet broadening. Such a flexibility allows for few definite

predictions. Furthermore similarities between the jet shapes in low Q2 electron proton interac-

tions and pp collisions were found. Jets do get narrower with increasing ET and for a fixed value

of ET, jets are narrower in the forward region with respect to the central region.

When a kT algorithm [15-82] is used to define a jet, sub-jets can be defined and their multiplicity

being studied as a function of a resolution parameter as discussed in [15-92]. Recently, the NLO

3-jet calculation has been completed [15-83], which involves the 1-loop correction to the 3-jet

cross-section. With up to four partons in the final state (and up to three in an individual jet), a

more quantitative comparison with the experimentally measured shape of a jet is possible.

The measurement of charged particles in the Inner Detector will allow measurement of frag-

mentation functions. Since differences in the fragmentation function are expected for gluon and

quark jets, the tagging of quark and gluon jets could provide additional information. Studies

have to be performed to indicate the range in ET where an efficient tagging is possible. From the

fragmentation functions obtained, the information on scaling violations might lead to a deter-

mination of the strong coupling constant. An important application of a measurement of the

fragmentation functions to charged particles for jets is the determination of the jet energy scale.

The CDF collaboration uses this measurement to model the response of the calorimeter to jets in

their determination of the energy scale [15-93]. An example for the measurement of charged

particles inside jets is described in Section 3.5.2, using jets from the decay of a Higgs boson to qq
and searching for tracks with pT > 1 GeV. Track reconstruction efficiencies of about 90% are ob-

tained, together with a small probability of less than 0.4% for fake tracks.
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15.5.4 Di-jet production

15.5.4.1 Triple differential cross-section

The measurement of the di-jet differential cross-section [15-94] for different values of the mini-

mal ET for both jets and of the two jet pseudorapidities η1,2 allows selection of various kinemat-

ic regions in Q2 and the parton momenta. At leading order, the parton momenta x1,2 are then

given by:

Here the transverse energy of the leading jet is ET and the pseudorapidities of the jets are given

by η1,2.

This relation expands to

for the case of NLO when more than two partons are produced. Their energies are assumed to

be ordered in decreasing ET. Theoretically it might be preferable [15-95] to measure the cross-

section for di-jet production as function of the following three variables, η* = 0.5 ×|η1 − η2|,

and the two momentum fractions , depending on the transverse ener-

gies and pseudorapidities of the jets. The cross-section as a function of the leading jet transverse

energy and the two pseudorapidities is not well behaved for large ET, as there are large NLO

corrections and consequent large uncertainties. In this region of phase space, the NLO cross-sec-

tion is effectively a leading order cross-section, as the region is kinematically inaccessible at

leading order.

Figure 15-24 shows examples of the differential cross-section for different jet rapidities, as ob-

tained from a PYTHIA simulation (and compared to the results of the NLO calculation of JET-

RAD) using a similar approach as discussed in Section 15.5.2.5. Jets are pre-selected within the

pseudorapidity range of |η| < 3.2 and the minimal transverse energy is 180 GeV.

In Figure 15-25 the expected range in x and Q2 is shown, where for a given event the parton mo-

mentum fractions x1,2 are calculated according to the formula mentioned above. The value

shown has been chosen randomly between the two values available for the event, and the value

of Q2 has been calculated according to the expression

The size of the boxes is proportional to the number of events with these values. For a transverse

energy threshold of 180 GeV, most of the events have Q2 values of about 105 GeV2 and values of

0.1 < x < 0.01. Clearly visible is the kinematic boundary due to the centre-of-mass energy, which

for a given momentum fraction leads to an upper limit on Q2, where the latter increases with in-

creasing x.
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At the Tevatron, the CDF collaboration chose to study the ratio of cross-sections where the lead-

ing jet is required to be central and the second jet is restricted to four slices in pseudo-rapidity

[15-96] based on an integrated luminosity of less than 10 pb-1. A cross-section based on the full

statistics from Run I is to be published soon. Leaving the leading jet pseudorapidity fixed, the

D0 collaboration studied the signed pseudorapidity distribution of the second jet [15-97]. Ulti-

mately it should be possible to derive from the triple differential cross-section both the strong

coupling constant and parton distribution functions. A summary of the recent measurements

by the CDF and D0 collaborations of the triple differential cross-section can be found in [15-98].

15.5.4.2 Di-jet invariant mass and angular distribution

As in the case of the inclusive jet cross-section, the di-jet invariant mass and angular distribu-

tions are used to search for new physics. The expected sensitivity to new physics is discussed in

Chapter 21. The invariant mass of the di-jet system is calculated from the two leading jets found

using a cone algorithm with a radius of 0.8, treating the jets as massless objects.

Figure 15-26 shows the cross-section for di-jet production (restricted to jet pseudorapidities of

|η| < 1) as a function of the invariant mass of the di-jet system, as obtained from the PYTHIA

calculation (using the CTEQ2L pdf), including the simulation of detector effects. As discussed

before, the cross-section obtained after the detector simulation (using ATLFAST) has been cor-

rected to the hadron level. The error bars indicate (for large masses) the achievable statistical ac-

curacy for 300 fb-1. Also shown for comparison is the result of a NLO calculation based on

JETRAD [15-84], using the CTEQ4M parton distribution. The partonic cross-section has been

corrected for hadronisation effects. In Figure 15-27 the ratio of the di-jet invariant mass cross-

section from PYTHIA (corrected with a pseudo K-factor) to the one from this NLO calculation

(including a hadronisation correction) is shown, together with the ratio of NLO calculations us-

ing different parton distribution functions and different values of the strong coupling constant

Figure 15-24 Di-jet cross-section (at hadron level with
a leading jet |η1| < 1) for different ranges of the pseud-
orapidity of the second leading jet obtained from a
PYTHIA calculation (points) and from a NLO Monte
Carlo calculation (solid line).

Figure 15-25 Range in 1/x and Q2 for the di-jet differ-
ential cross-section measurement. Only those bins
are shown which contain more than 100 events for an
integrated luminosity of 300 fb-1.
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(normalised to the CTEQ4M parton distribution and a value of ΛQCD = 300 MeV). Clearly visi-

ble are the threshold effects close to the cut-offs on , where the statistical errors for masses

smaller than about 4 TeV correspond to integrated luminosities much smaller than 300 fb-1. Fur-

thermore, this ratio is formed between a LO and a NLO calculation, which could produce addi-

tional distortions. The two largest effects are observed for a small value of ΛQCD (CTEQ4A with

215 MeV) and for the CTEQ4HJ distribution, which allowed more freedom in the gluon distri-

bution at large x to accommodate the excess of large ET jets at the Tevatron. The errors bars

shown indicate the statistical uncertainty at design luminosity only for invariant masses larger

than 5 TeV, below the final statistical uncertainty will be smaller than the one shown. A meas-

urement of the di-jet invariant mass distribution at the Tevatron by the D0 collaboration [15-99]

showed good agreement of a NLO calculation with the data up to di-jet masses of 900 GeV. The

data are at large masses slightly larger than the prediction based on the CTEQ3M distributions,

here the CTEQ4HJ distributions give a better agreement.

15.5.4.3 Di-jet production at large angular separation

In a di-jet event, the two jets are expected to be balanced in ET and to be back-to-back in azi-

muth. The configuration expected to dominate at leading order is central production of the di-

jet system. It has been proposed [15-100] to study configurations where both jets are produced

in the forward direction, being separated in rapidity by ∆ = y1 - y2. With increasing values of ∆,

terms of the form log(s/Q2) become more important in the partonic cross-section and can be re-

summed using the techniques of the BFKL approach. These terms appear only in certain regions

of phase space and resummation should restore in this case the predictive power of the calcula-

tion. It is at present unclear, whether these regions can be probed by measurements at HERA or

the Tevatron. The observation of the increase in the cross-section for large separation in rapidity

(in fixed order QCD the partonic cross-section should remain constant) is difficult, since at larg-

Figure 15-26 Di-jet invariant mass cross-section (at
hadron level) for centrally produced jets (|η| < 1)
obtained from a PYTHIA calculation (points) and from
a NLO Monte Carlo calculation (solid line).

Figure 15-27 The ratio of the di-jet invariant mass
cross-section from PYTHIA (including a pseudo K-fac-
tor) to the one at NLO from the JETRAD calculation
(including a hadronisation correction) is shown as
points. Also shown is the relative difference to the
NLO calculation for a variation of ΛQCD and for differ-
ent pdf’s (various curves).
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er values of ∆ the parton momentum fractions become large and the observable cross-section

gets smaller. As observed at the Tevatron, additional radiation leads to a decorrelation in azi-

muth between the two jets [15-101][15-102], but in a manner correctly described by DGLAP kin-

ematics.

The cross-section for the production of two jets separated by a value of ∆ in rapidity is shown in

Figure 15-28 as a function of ∆. Three different calculations are shown for two cuts on the pT of

the most forward going jets: a LO QCD calculation, a ‘naive’ BFKL calculation (which contains

only the resummation without taking into account kinematical constraints) and a realistic BFKL

MC implementation [15-103], all using the CTEQ4L distribution. The decorrelation should be

insensitive to the parton distribution functions. Figure 15-29 shows the expected azimuthal

decorrelation in terms of <cos(π - ∆φ)> (where ∆φ is the angular separation between the two jets

in azimuth) as a function of the separation ∆. The decorrelation increases (<cos(π - ∆φ)> decreas-

es) with increasing ∆. Shown are the predictions for Tevatron energies and for LHC energies, for

the latter two values of the minimal jet transverse energy are used. Also shown is the expected

decorrelation for the production of a heavy Higgs boson via gauge boson fusion in the process

, giving rise to two jets separated by ∆.

From the measurement of the D0 collaboration[15-104] (using jets with ET > 20 GeV and a range

of 0 < ∆ < 6) it is known that a NLO calculation predicts too little decorrelation, whereas a ‘na-

ive’ BFKL calculation predicts too much decorrelation at large separations. The HERWIG and

PYTHIA models are able to describe the D0 data quite well.

The experimental challenge consists in selecting events where there is one jet on each side of the

detector in the far forward region and trying to allow for as low transverse momentum of the

jets as possible. The measurement requires in addition a good resolution in azimuthal angle to

measure the decorrelation. The ATLAS forward calorimeter could provide a trigger on summed

transverse energy in the region 3 < |η| < 5, as mentioned in [15-61] with a possible azimuthal

division. The threshold on the jet energy will be restricted by the energy deposition in the for-

ward calorimeter due to the underlying event and due to multiple interactions per bunch cross-

ing. A LVL1 trigger would require a coincidence between energy depositions in the forward

calorimeters at both sides of the detector, at the higher levels of the trigger a more refined jet se-

lection could be applied, where the non-projective geometry of the calorimeter cells is taken

Figure 15-28 Differential cross-section for the pro-
duction of two jets separated by ∆ in rapidity. Three
models are shown: a LO QCD calculation, a BFKL
prediction and a BFKL Monte Carlo calculation (from
[15-103]).

Figure 15-29 Azimuthal decorrelation in the produc-
tion of two jets separated by ∆ in rapidity. Shown are
the results for the Tevatron and for the LHC from a
BFKL Monte Carlo calculation (from [15-103]).
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into account (see Section 9.1.4). In addition, the lateral size of the hadronic shower gets impor-

tant. Without the use of the information of the forward calorimeter, the event selection would be

restricted to values ∆ < 6. The fundamental selection for these events resembles the one for the

study of colour singlet exchange at large momentum transfer, as discussed in Section 15.4.7. In

the case of BFKL studies however, no requirements on the central rapidity region are made.

15.5.5 Multi-jet production

Possible measurements include the measurement of the cross-section for the production of n
jets, along with a detailed analysis of the topological properties of the events. These can be used

to constrain contributions from new physics, leading to final states with many jets. In the rest

frame of the n-jet system, there are 4n-4 independent variables. These are typically divided into

angular and fractional momentum variables, as well as invariant mass variables of combina-

tions of different jets. The CDF collaboration has published a detailed study of multi-jet events

(up to 6 jet events) and their topological properties [15-105]. The jet multiplicity distribution and

the shape of the multi-jet mass and leading jet angular distribution shave been compared to a

full leading order matrix element calculation [15-106][15-107] as well as to a leading order ma-

trix element calculation (HERWIG) [15-13] for the hard scattering, supplemented with

parton showers. Both calculations agree well with the data. The inclusive pT distribution is

found to be able to discriminate between the two models, the HERWIG calculation overesti-

mates the number of 3 and 4 jets at intermediate pT. Multi-jet production can also be used to

study effects of colour coherence, as discussed later.

Figure 15-30 Cross-section for the exclusive produc-
tion of n jets (n = 2,3,4,5,6 and |η| < 3.2) as a function
of the minimum jet transverse energy at parton level
for different parton distributions (CTEQ2L, CTEQ4L,
CTEQ4HJ, MRSA and GRV94) from a LO calculation.

Figure 15-31 Cross-section for the exclusive produc-
tion of n jets (n = 2,3,4,5 and |η| < 3.2) as a function of
the minimum transverse energy of each jet comparing
parton to hadron level. The hadron level cross-section
has parton showers and hadronisation added to the
LO result.
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A thorough understanding of the properties and cross-sections for multi-jet production is im-

portant for several other physics studies, e.g. tt production with hadronic final states, the search

for R-parity violating SUSY (where around 8 - 12 jets are expected for a signal) and for Higgs

production in association with heavy quark pair (bb or tt), where the Higgs decays to bb. As

mentioned previously in Section 15.5.2.6, the ratio of the cross-section for the production of 3

jets to the one of 2 jets might be used to extract the strong coupling constant.

The cross-sections for the production of n jets (n = 2,3,4,5,6) are shown in Figure 15-30 as a func-

tion of the jet transverse energy. They have been obtained from a leading order calculation[15-

106] and [15-107]. In Figure 15-30 the differential cross-section for the production of n jets at the

parton level is shown as a function of the transverse energy of the jets. Several parton distribu-

tions have been used: CTEQ2L, CTEQ4L, CTEQ4HJ, MRSA and GRV94. In the calculation, a

minimal angular separation of 40 degrees between two partons was required. The experimental

selection can be found in the trigger menu in Section 11.7. Multi-jet triggers with smaller thresh-

olds will be available, although they will be subjected to a pre-scaling. A comparison between

the cross-section at parton level and the one at hadron level is shown in Figure 15-31. The multi-

jet cross-section at hadron level was obtained by adding parton showers to the partons from the

NJETS calculation and hadronising the partonic system. Jets were defined using a cone algo-

rithm with a radius of R = 0.4. The hadron level cross-sections are slightly smaller than the par-

ton level ones for all jet multiplicities shown (n = 2,3,4,5).

Effects of colour coherence are expected to lead to an inhibition of soft gluon radiation (for ex-

ample observed in the ‘string’ effect [15-108] in e+e- annihilation). The measurement of such ef-

fects in a hadron-hadron collider environment is difficult due to the many colour flow patterns

present. The CDF collaboration tried to avoid these difficulties by selecting events where the

leading jet has a large enough energy, so that the soft radiation becomes hard enough to form

secondary jets. The measurement [15-109] of kinematical correlations between the second and

third most energetic jet indicated the contribution of the interference between initial and final

state gluon emission from the colour connected partons. A comparable investigation by D0 [15-

110] arrived at similar conclusions.

15.5.6 Double parton scattering

Given the large density of partons with small longitudinal momenta in the proton, there exists

the possibility of two (or more) hard interactions taking place in a high energy collision. The

cross-section for double parton scattering can be expressed in terms of a two-parton distribu-

tion function D(x,x’,b) [15-111] depending on two momentum fractions and a transverse dis-

tance scale. In the case of no correlation between the partons, this function factorises and the

double parton scattering cross-section σD can be written in terms of the single parton scattering

cross-section σS and an effective cross-section σeff. This effective cross-section contains informa-

tion about the spatial distribution of partons in the proton. Its value will increase with the uni-

formity of the spatial distribution and will decrease with increasing concentration of ‘clumpy’

regions containing a high density of partons. In the latter case the probability for a double par-

ton scattering is larger, as the first scatter selected a region of high parton density. The ultimate

goal will be to derive from measurements not only the occurrence of multiple parton scattering,

but to extract parton densities containing the information about the correlation between several

partons.
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The occurrence of double parton scattering has been measured by the CDF collaboration, using

events with exactly three jets and a photon (or a π0) [15-112]. Requiring a transverse energy of

the photon of more than 16 GeV and of the second and third jet of 5 to 7 GeV, an effective cross-

section of mb was extracted. No dependence of the process on the value of x
was observed.

At the LHC the experimental challenge is to select events with mini-jets, i.e. jets which do not

have a very large transverse energy. Besides the actual reconstruction of such jets the triggering

of these events has to be studied in more detail. Based on a minimum-bias trigger for the first

level of the ATLAS trigger, the higher levels, which have access to the full granularity of the

sub-detectors, could try to enhance the signal by reconstructing jets with low transverse energy.

More studies have to be performed to assess the minimal transverse energies for the jet recon-

struction. In the context of low pT jet tagging at low luminosity (more details can be found in

Section 9.1.4) a minimal value of about 15 GeV was studied.

15.6 Photon physics

15.6.1 Overview

The detection of photons at a hadron collider is a challenging task due to the large background

from jet production, where fluctuations can mimic the signature of a photon. ATLAS with its

fine granularity calorimeters extending to |η| < 2.5 offers the possibility for a large rejection

factor against this background (see Section 7.6). The advantage of photon measurements is the

better energy determination in comparison to jet measurements. In addition the definition of a

jet leads to ambiguities. Direct photon measurements can provide important constraints on par-

ton distributions, especially on the gluon distribution in the proton. In case of photons, howev-

er, the experimental background due to jets containing a leading π0 has to be understood well.

The signal-to-background ratio can be improved significantly by requiring the photon candi-

date to be isolated, i.e. there should be no significant hadronic activity in a cone around the pho-

ton direction. Searches for the Higgs boson in the decay to two photons require a good

understanding of the irreducible background from photon pair production.

In this section, the measurement of the inclusive prompt photon production (Section 15.6.2) and

the production of photon pairs (Section 15.6.3) will be discussed. Additional topics include the

production of photons with an associated final state property, like jets (Section 15.6.4) or open

charm (Section 15.6.5).

15.6.2 Inclusive photon production

The production of direct photons has two main contributions, the QCD Compton process

( ) and the annihilation graph ( ). In the case of Tevatron energies and small to

moderate transverse momentum of the photon, the Compton process dominates. Also at the

LHC the Compton process dominates in most of the kinematical region. Only this process pro-

vides a sensitivity to the gluon distribution. A calculation of direct photon production including

next-to-leading-logarithms [15-113] starts from the two lowest order processes listed above (a

similar calculation can be found in [15-114]). The calculation is based on a Monte-Carlo ap-

proach, allowing for the inclusion of cuts. Calculations at next-to-leading order include the one-

σeff 14.5 1.7±= +1.7
-2.3

qg qγ→ qq gγ→
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loop corrections to the process and the tree level calculation of the processes. The

bremsstrahlung process corresponds to the emission of a photon from a final state parton. For

large angles, this contribution is included in the diagrams, for small angles only a phe-

nomenological treatment via a non-perturbative fragmentation function is available. In [15-115]

the calculation for isolated prompt photon production is shown, including studies on the uncer-

tainties due to the scale dependence, the isolation criteria and the fragmentation contribution.

The differences between the data at low photon transverse momenta at the Tevatron and the

NLO expectation (which is lower than the data) can possibly be explained by the effects of ini-

tial state gluon radiation.

The usual measurement of prompt photon production requires in the experimental selection an

isolated photon, by demanding no significant hadronic energy deposition inside an isolation

cone around the photon direction. This definition is not simply transferrable to a perturbative

QCD calculation, as the cancellation of infrared divergences [15-116] must not be spoilt, which

would happen if a sharp isolation of the photon from other partons is made. Not applying a

sharp isolation however allows contributions from photon fragmentation and from jet back-

ground to appear. Two approaches have been suggested: a cone based approach, where only a

small amount of hadronic energy in a cone around the photon direction is allowed and the

‘democratic’ approach, where the photon is treated as a parton in performing a jet clustering.

Then a cut on the hadronic energy of the jet containing the photon is applied. In the case of pho-

ton and associated jet production, a procedure has been suggested which is infrared safe to all

orders and minimises the fragmentation contribution[15-116]. The cone approach is extended

by requiring an upper limit on the hadronic energy in a cone around the photon for all cone siz-

es δ smaller than a fixed value δ0. The upper limit on the hadronic energy Emax depends on the

cone size: Emax = f(δ), where the function f goes to 0 when the size δ approaches 0. The jet find-

ing is performed on all partons, but only those jets which are outside the isolation cone are ac-

cepted. This method allows hadrons to be close to the photon, as long as their energies get

smaller as they get closer.

The primary background to direct photon production is due to jet fragmentation into a leading

π0 or η. The imposition of an isolation cut greatly discriminates against this jet fragmentation

background, while having little effect on the prompt photon signal. Studies at the Tevatron (e.g.
by CDF for pT

γ > 12 GeV) have shown that after an isolation cut (less than 2 GeV in a cone of ra-

dius 0.7) the signal fraction (of the direct photon candidates) increases by up to several orders of

magnitude (to ~20% at low pT, approaching 100% at high pT). For larger transverse momenta,

the EM showers generated in the calorimeter overlap significantly and an analysis of the show-

er shape is necessary to allow a statistical subtraction of this background source. Another esti-

mate of the background can be obtained from the measured converted photons in the tracking

detectors.

In the kinematic range of the photon transverse momentum between 100 and 500 GeV the ex-

pected ratio between the inclusive direct photon cross-section (at NLO for |η| < 0.7, as shown

in Figure 15-32) and the inclusive jet cross-section (at NLO [15-84] for |η| < 0.7) is about

. For photon transverse energies between 40 and 100 GeV a rejection of about 3000

against jets is achieved. More details on the separation between photons and jets can be found

in Section 7.6.

The minimal parton momentum xmin is determined by the transverse energy threshold ET
min

and the maximal pseudorapidity ηmax of the photon via the relation ,

the maximal momentum fraction xmax via . The selection at ATLAS

will be based on a trigger demanding an isolated photon of transverse energy larger than

40 GeV (low luminosity) or 60 GeV (high luminosity) within |η| < 2.5. This gives a value of

2 2→ 2 3→

2 3→

1.5 10
3–×

xmin 2 ETmin s⁄( )e
ηmax–

=
xmax 2 ETmax s⁄( )e

ηmax=
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, lower values could be reached by using lower thresholds, which will however

be subjected to a prescaling. For a photon transverse energy of 500 GeV, a value of xmax = 0.2 is

obtained. In Figure 15-32 the cross-section for prompt isolated photon production is shown as a

function of the transverse momentum of the photon, as obtained from a next-to-leading order

calculation [15-117] for central photon production (|η| < 0.7). Figure 15-33 shows the same

cross-section, as obtained from a leading order calculation including a detector simulation (us-

ing ATLFAST), using the CTEQ3L parton distribution set. The photon was required to have a

transverse momentum of at least 40 GeV and be within |η| < 2.5. Further an isolation criteria

was applied. A comparison of the NLO and the LO calculation gives a K-factor of about 1.5,

however it has to be taken into account that the NLO calculation is restricted to the central

pseudorapidity region (|η| < 0.7), whereas the leading order calculation reaches up to

|η| < 2.5.

15.6.3 Photon pair production

Effects of soft gluon emission can be studied directly by measuring the production of pairs of

photons. The transverse momentum of the photon pair and the azimuthal angular difference

between the two photons are sensitive to these emissions.

Figure 15-32 Inclusive direct photon cross-section
(for central photon production |η| < 0.7) at next-to-
leading order as a function of pT (from [15-117]) for
two pdf’s.

Figure 15-33 Inclusive direct photon cross-section at
leading order (from PYTHIA, including the ATLFAST
detector simulation) as a function of pT for the
CTEQ3L pdf.
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As in the case of inclusive photon production, the main experimental challenge is to reduce the

background of fake photon pairs (i.e. processes producing two jets or a jet and a photon, where

the jet(s) lead to one(two) fake photon(s)). The selection will be based on a trigger requiring two

isolated photon candidates within |η| < 2.5. The threshold on the transverse energy will be

20 GeV for each photon (for low and high luminosity running conditions).

A calculation of the di-photon production at next-to-leading order including the resummation

of soft gluon emission is presented in [15-118]. The resummation is performed on initial state

gluon emission for qq, qg and gg initial states, treating the di-photon system in a similar manner

as a Drell-Yan virtual photon. The production of one photon via a fragmentation process is tak-

en into account, the NLO contributions for the qq and qg initial states are determined exactly

and for the gg box diagram NLO contributions are included in an approximation.

Figure 15-34 shows the cross-section for di-photon production as a function of the invariant

mass of the di-photon system. This calculation [15-119] includes the NLO contributions and the

resummation of soft gluon emission. The following cuts have been applied to the photons:

pT > 25 GeV, |η| < 2.5, ∆R(γ,γ) > 0.4 and pT
1/(pT

1 + pT
2) < 0.7, where pT

1 is the transverse mo-

mentum of the leading photon (this cut is not used in the analysis of the Higgs decay to two

photons, as described in Section 19.2.2). The upmost solid line corresponds to the total cross-

section, the dashed line represents the resummed part for . The part of the re-

summed process due to the qq initial state is shown as a dotted line, the one due to the gg initial

state as a dash-dotted line. The lowest solid curve shows the fragmentation contribution and

the leading order contribution is indicated by the middle solid curve. The importance of the gg
initial state for lower di-photon masses should be noted.

Figure 15-34 Cross-section for photon pair produc-
tion from [15-119] as a function of the invariant mass
Qγγ of the pair. The upmost solid curve shows the total
NLO prediction, whereas the LO contribution is repre-
sented by the middle solid curve. The other curves are
explained in the text.

Figure 15-35 Cross-section for photon pair produc-
tion from [15-119] as a function of the photon trans-
verse momentum pT

γ. The upmost solid curve shows
the total NLO prediction, whereas the LO contribution
is represented by the middle solid curve. The other
curves are explained in the text.

qq gg+ γγX→



ATLAS detector and physics performance Volume II
Technical Design Report 25 May 1999

512 15   QCD processes at the LHC

A total cross-section of about 61 pb is obtained (using the CTEQ4M distribution), where the

leading order part amounts to about 22 pb (CTEQ4L). The total cross-section splits into the con-

tributions from the three initial states as follows: 20.5 pb for qq, 23.9 pb for gg and 16.6 pb for qg,

where the latter includes a fragmentation contribution of 6.8 pb.The understanding of this dis-

tribution (representing the irreducible background contribution) is important in estimating the

reach in the search for a light Higgs boson, which decays to two photons, or in setting limits on

the Higgs production cross-section. The K-factor has a value of about two, being rather inde-

pendent of the photon pair mass.

In Figure 15-35 the distribution of the transverse momentum of the photons is shown, where the

labelling of the curves is described above. The comparison of the LO and the NLO result shows

a large K-factor, which increases with the transverse momentum of the photon up to values of

about five.

In Figure 15-38 the cross-section for photon pair production is shown as a function of the invar-

iant mass of the photon pair for masses up to 1 TeV. This cross-section was obtained from a

leading order calculation using PYTHIA, including a simulation of the detector response (using

ATLFAST). Photons were required to have at least 20 GeV transverse energy, to be isolated and

to be restricted to pseudorapidities of |η| < 2.5. The CTEQ3L parton distributions were used.

For the same cuts, Figure 15-36 shows the cross-section as a function of the transverse momen-

tum of the photon pair, indicating that large transverse momenta can be studied with reasona-

ble statistics. In Figure 15-37 the cross-section is shown as a function of the transverse

momentum of a photon.

Figure 15-36 Cross-section for photon pair produc-
tion from a leading order calculation (PYTHIA with
ATLFAST) as a function of the transverse momentum
pT

γγ of the pair.

Figure 15-37 Cross-section for photon pair produc-
tion from a leading order calculation (PYTHIA with
ATLFAST) as a function of the transverse momentum
pT

γ of the photons.
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15.6.4 Photon + jet production

The measurement of an associated jet for photon production allows better constraints of the

parton distribution functions, since both parton momenta of the hard scattering can then be re-

constructed. When both the jet and the photon are centrally produced, the x values of the par-

tons are of similar magnitude. The angular distribution is given by the quark propagator,

similar to the case of W + jet production. A leading order calculation for photon + n jet produc-

tion (n = 1,2,3) is available [15-120], the next-to-leading order corrections have been calculated

[15-121]. In Figure 15-39 the cross-section for the production of a direct photon and a jet is

shown as a function of the pseudorapidity of the jet. The figure has been obtained from a PY-

THIA calculation, based on the CTEQ2L parton distributions and taking into account the AT-

LAS detector response. For the photon a minimal transverse energy of 40 GeV and a limit of

|η| < 2.5 were required, the jet had to have a transverse energy of at least 20 GeV.

The occurrence of double parton scattering represents a source of background for this process. It

can be studied by selecting events with a photon and three jets. For two hard scattering process-

es, the angular difference between the system of photon + leading jet and the second jet is ex-

pected to be flat. For a pT cut of about 40 GeV on the photon transverse momentum, this effect

should give a minimal contribution only.

A CDF measurement of the triple differential cross-section for photon + jet production [15-122]

(as a function of pT, ηγ and ηjet) allows to cover different ranges in parton momentum x by vary-

ing the jet pseudorapidity ηjet. Within the errors, this measurement does not discriminate be-

tween different parton distribution functions, where the highest sensitivity is expected at large

jet pseudorapidities.

Figure 15-38 Cross-section for photon pair produc-
tion from a leading order calculation (PYTHIA with
ATLFAST) as a function of the invariant mass mγγ of
the pair.

Figure 15-39 Cross-section for direct photon + jet
production (PYTHIA with ATLFAST) as a function of
the pseudorapidity ηjet of the jet, as obtained from a
leading order calculation.
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In order to quantify the contribution of the bremsstrahlung process ( ) to the direct

photon production, relative to the Compton and the annihilation graph, the CDF collaboration

measured the production of photons in association with 2 jets [15-123]. The two dominant

sources of systematic uncertainty are the knowledge of the energy scale and the contribution

from double hard scattering background. The data are best described with a 50% contribution

of the Bremsstrahlung process to the isolated photon cross-section.

A further use of the photon + jet final state is the deduction of information on the u content of

the proton [15-124]. The two dominant contributions to the production of a high pT photon and

an associated jet are and . These two processes are enhanced relative to the d
and s quark contribution due to the electric charge of the u quarks and the smaller amount of d
and s quarks in the proton.

15.6.5 Photon + charm and photon + beauty production

The production of charm in association with a photon can be used to constrain the charm con-

tent of the proton. Leading order calculations of prompt photon and charm production were

carried out using two approaches [15-125]. The first approach included Compton scattering off

a charm sea quark , taking into account also the effect of gluon splitting and of

photons from fragmentation. The second approach is based on a massive charm quark at low

energies, including the two following processes: and as well as the fragmen-

tation contribution. A non-negligible contribution to the inclusive prompt photon production is

expected. For Tevatron energies, both approaches give similar results, indicating that the obser-

vation of prompt photon + charm production not necessarily implies a non-vanishing charm

sea quark distribution. An analytical next-to-leading order calculation [15-126] indicates a K-
factor of about 1.5 to 1.9 for Tevatron energies, which decreases with increasing photon trans-

verse momentum. The calculation includes the one loop corrections to , the leading or-

der fragmentation graphs and the NLO contributions, like , and so on, which

give rise to the large K-factor. Differential distributions are available and can be used to test cor-

relations in the matrix elements. The dominant contribution is found to be due to the scattering

off a charm sea quark. An implementation of this calculation by combining the analytic and the

Monte-Carlo approach is available [15-127] and allows an implementation of experimental cuts.

The tagging of charm production can be done by measuring the associated production of a

muon (or an electron) with a photon (inclusive detection of semi-leptonic decays) or by exclu-

sive decay reconstruction (e.g. the non-leptonic decay of a D*+- meson) together with a photon

in the final state. Measurements done by CDF at the Tevatron for photon + muon production

[15-128] and for photon + D* production [15-129] show an excess of the measured cross-section

(about a factor of 2) relative to the prediction of a PYTHIA calculation, the data are however in

agreement with the NLO calculation.

The associated production of a photon together with a b quark contributes to the γ + charm pro-

duction. A measurement of this contribution could be based on a selection of a photon together

with the tagging of beauty production, as discussed in Section 15.8.3. In comparison to the case

of inclusive photon production, in this case lower transverse momentum thresholds for the

photon candidate should be possible.

qg qgγ→

ug uγ→ uu gγ→

gc γc→ g cc→

gg γcc→ qq γcc→

gc γc→
gg γcc→ gc γgc→
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15.7 Drell-Yan physics and gauge-boson production

15.7.1 Overview

The production of Drell-Yan pairs proceeds by the annihilation of quark and anti-quarks via an

intermediate vector boson (γ*/Z or W). This probes the proton structure at a scale Q2 equal to

the mass squared of the lepton pair. In proton-proton collisions, the production of lepton pairs

proceeds via γ*/Z bosons and starts from a combination of a valence quark and a sea quark (or

a quark and an anti-quark from the sea) of the same flavour (e.g. uu, dd, ...). In the case of W pro-

duction, a valence quark and a sea quark (or a quark and an anti-quark from the sea) of different

flavour annihilate. QCD effects enter the cross-section for Drell-Yan production only in the ini-

tial state and thus make the predictions less uncertain.

Given the different average momentum fraction carried by valence and sea quarks, in most cas-

es an asymmetric configuration will be preferred, where one momentum fraction is small, and

the other large. At leading order, the rapidity y of the lepton pair is related to the momentum

fractions x1,2 via: y = 0.5 ln(x1/x2) and the invariant mass of the pair is given by M2 = x1x2 s. For

a lower bound of 14 GeV on the mass M of the lepton pair, the product of the parton momen-

tum fraction x1x2 has to be larger than 10-6. Assuming that the reconstruction of Drell-Yan pairs

is done up to rapidities of 2.5, the maximum ratio possible between the two parton momenta is

of the order of 150.

In this section, the production of Drell-Yan pairs over the full range of the invariant mass of the

lepton pair will be discussed (Section 15.7.2), followed by the presentation of W boson produc-

tion (Section 15.7.3). Next a discussion of Z boson production is presented (Section 15.7.4) and

finally the pair production of vector bosons is described (Section 15.7.5).

15.7.2 Drell-Yan production

15.7.2.1 Di-lepton mass spectrum

The measurement of the lepton pair properties (lepton rapidities and invariant mass of the pair)

allows the reconstruction of the parton momenta and thus can give constraints on the parton

distribution for quarks. The two leptons are expected to be well separated from jets and other

particles. A selection will start from trigger on di-leptons, where details on the thresholds and

cuts can be found in Section 11.7. For the lepton pair production, a resummation of soft gluon

emission contributions exists [15-130].

Besides the background from cosmic rays for the case of muon pairs, two classes of background

sources can be distinguished: the misidentification of leptons and leptons originating from

heavy quark decays. In both cases, the main source is the production of QCD jets and thus these

(fake) leptons are expected not to be isolated, as are those from Drell-Yan production. Further-

more, the leptons from Drell-Yan production are of opposite charge. The background from mis-

identification can be determined by studying the same charge lepton pairs. Background of

opposite charge lepton pairs from heavy quark decays (bb and tt production) can be estimated

using eµ events. Measurements of the Drell-Yan pair production have been performed by CDF

[15-131] and D0 [15-132].
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Figure 15-40 shows the expected cross-section for Drell-Yan production as a function of the in-

variant mass of the Drell-Yan pair, as obtained from PYTHIA using the CTEQ2L parton distri-

butions [15-15]. Clearly visible is the resonance contribution due to production of the Z boson,

which will be discussed in more detail in Section 15.7.4.

15.7.2.2 pT distribution of lepton pair

In Figure 15-41 the distribution of the transverse momentum of the muon pair produced via the

Drell-Yan process is shown for three different ranges of the invariant mass of the two muons:

200-500, 500-1000 and 1000-2000 GeV. The prediction is based on the same cuts as in the previ-

ous section. The figure shows that with the LHC statistics a significant number of high mass

Drell-Yan pairs will be produced with transverse momenta larger than 100 GeV.

The angular distribution of the leptons (and the lepton pair) produced in a Drell-Yan process

should be sensitive to effects of non-perturbative QCD. For these angular observables, next-to-

leading order calculations exist [15-133]. As shown by the CDF collaboration[15-134], the for-

ward-backward asymmetry of the lepton pair produced can be used to verify the expected con-

tribution due to the γ∗/Z interference for lepton pair masses significantly larger than the Z pole.

Furthermore, the value of the forward-backward asymmetry could be modified in the presence

of heavy neutral gauge bosons.

Figure 15-40 Cross-section for Drell-Yan muon pairs
as a function of the invariant mass mµµ of the muon
pair from a leading order calculation (PYTHIA with
ATLFAST) for the following cuts: pT

µ > 6 GeV and
|ηµ| < 2.5.

Figure 15-41 Distribution of the transverse momen-
tum pT

µµ of the lepton pair produced in a Drell-Yan
process from a leading order calculation (PYTHIA with
ATLFAST) for three ranges of mµµ. The following cuts
have been applied: pT

µ > 6 GeV and |ηµ| < 2.5.
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15.7.3 W production

15.7.3.1 Cross-section

At the LHC the cross-section for the production of the W+ is larger than the one for the produc-

tion of W- bosons. The contribution from cs (and sc) initial states amounts to 10% at LHC ener-

gies (about 2% for the Tevatron). The latter contributions mainly contribute to the central

production of W’s, whereas forward W production is mostly due to ud (du) states. The product

x1
.x2 of the parton momenta is fixed to a value of about  at leading order.

The experimental selection will start from a trigger on a single lepton (electron or muon) within

the pseudorapidity range of |η| < 2.4 for muons and |η| < 2.5 for electrons, respectively. De-

tails on the thresholds for these triggers can be found in Section 11.7.3, the selection will then re-

quire in addition missing transverse energy (as discussed in more detail in Section 16.1.2). Due

to the large statistics expected for the LHC, a restriction to the clean leptonic decay channels (in-

volving an electron or a muon) is possible.

The dominant sources of background are the decay W → τν for the electron and the muon chan-

nel, and the decay (where one of the muons is outside the acceptance) for the muon

channel. Due to the excellent electron-jet separation (as described in Section 7.4, where it has

been shown that jet rejection factors of the order of 105 can be achieved, while having an effi-

ciency of about 70% for electrons from W (and Z) decays) the background from QCD multi-jet

events is negligible. More details on these and other background sources can be found in

Section 16.1.3.7. The efficiency for the lepton detection can be derived from experimental data

using the copious production of Z bosons and their decay to two leptons. The dominant system-

atic uncertainty for the cross-section measurement is expected due to the determination of the

absolute luminosity.

15.7.3.2 Rapidity distribution

In contrast to the case of proton anti-proton collisions (as in the case of Tevatron), at the LHC

there is no rapidity asymmetry for the produced W’s. However, the shape of the rapidity distri-

butions (being symmetric with respect to η = 0) is different for W+ and W-, where the total cross-

section is larger for W+ than for W-. The difference in the shape of the rapidity distribution

should survive in the detectable decay lepton. It is a direct consequence of the parton distribu-

tion functions responsible for W+ (ud) and W- (du) production.

In Figure 15-42 the expected shape of the rapidity distribution for W+ and W- production is

shown. The cross-section times leptonic branching ratio has been obtained from PYTHIA using

the CTEQ2L parton distributions, without applying cuts on the decay lepton. In Figure 15-43

the corresponding distribution for the decay lepton is shown, where for the lepton (electron or

muon), a minimal transverse momentum of 20 GeV and |η| < 2.5 were required. Furthermore

a missing transverse energy of at least 20 GeV was demanded. In both figures the different

shapes of the W+ and the W- are visible; the W+ goes further out in rapidity and has a maximum

at |y| = 3. The central region (|y| = 0) corresponds to a symmetric configuration of the parton

momenta (x1,2 ~ 0.005), whereas at |y| = 2.5 an asymmetric configuration can be found

(x1 ~ 0.1, x2 ~ 0.0007). The precise measurement of these rapidity distributions can be used to

constrain the u and d (resp. d and u) distributions.

3 10
5–×

Z µµ→
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15.7.3.3 pT distribution

The transverse momentum of the boson is due to associated production of quarks or gluons. A

detailed understanding of the transverse momentum is important for a precise measurement of

the W boson mass at hadron colliders. In the case of large qT (the W transverse momentum)

where mostly a single high pT parton is radiated, an O(αs
2) calculation exists. This is a one scale

problem (qT ~ MW), where fixed order calculations are reliable. In the case of low qT, multiple

soft gluons can be emitted, leading to the appearance of large logarithms . This

two scale problem (qT and MW) can be solved by a resummation of these logarithmic terms. To

provide a scheme for all qT, a matching procedure has to be devised. These effects do also apply

for the production of Z boson, as described in Section 15.7.4.2.

Data from the Tevatron on the W boson pT show that a fixed order NLO calculation does not re-

produce the measured spectrum. The comparison of data from D0 [15-135] to the prediction of

Ref. [15-136], where a next-to-leading order calculation has been matched with the resummed

calculation (introducing parameters for non-perturbative effects) shows consistency with the

data. A second calculation [15-137] performs the matching at a scale where the W transverse

momentum is close to the W mass. Using the data from D0, these two cannot be distinguished

[15-138]. The non-perturbative part of the prediction has been obtained from a fit to the trans-

verse momentum distribution of Z bosons, at small pT the two calculations give different pre-

dictions. Even more uncertain is whether these non-perturbative parameters can be used

universally, e.g. when going to LHC energies [15-139].

If the resummation of these logarithms is performed in the qT space (where qT is the transverse

momentum of the vector boson) [15-140], a unified description of the production of vector bos-

ons both for small and for large qT is obtained without the need for a matching procedure. In

Figure 15-44 the cross-section for inclusive W production is shown as a function of the trans-

verse momentum of the W boson, as obtained from the calculation by Ellis and Veseli [15-140],

using the MRS-R1 parton distributions [15-141]. The non-perturbative parameters (for the form

factor) were set to the following values: qT
lim = 4 GeV and = 0.1 GeV-2. They control the inter-

Figure 15-42 Differential cross-section for W+ and W-

production as a function of the vector boson rapidity
yW from a leading order calculation (PYTHIA).

Figure 15-43 Differential cross-section for W+ and W-

production as a function of the pseudorapidity ηlepton

of the decay lepton of the W (PYTHIA and ATLFAST).

0

1000

2000

3000

-4 -2 0 2 4

W+ → l+ ν

W - → l - ν

yW

B
R

×d
σ/

dy
 (

pb
)

0

500

1000

1500

2000

-2 -1 0 1 2

W+ → l+ ν

W - → l - ν

|ηlepton| < 2.5

pT 
lepton > 20 GeV

ET 
miss   > 20 GeV

ηlepton

B
R

×d
σ/

dy
 (

pb
)

MW
2

qT
2⁄( )log

ã
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cept and the first derivative of the differential cross-section for pT = 0. The decay of the W boson,

leading to a charged lepton (electron or muon) and a neutrino, is included using the following

cuts: pT > 20 GeV and |η| < 2.5 for the charged lepton and pT > 20 GeV for the neutrino, ap-

proximating the experimental cut of missing transverse energy. Figure 15-45 shows the corre-

sponding cross-section for W production up to transverse momenta of 500 GeV. Two

calculations are shown: the resummed calculation from Ellis and Veseli and a leading order cal-

culation from PYTHIA (including effects of parton showers and fragmentation). The cuts are

identical to the ones used for Figure 15-44; in the case of PYTHIA a cut on the missing trans-

verse energy (of at least 20 GeV) is performed, instead of the cut on the pT of the neutrino in case

of the Ellis-Veseli calculation. For large transverse momenta both calculations agree, as expected

since in this region both are of O(αs).

15.7.3.4 W + jet production

Measurements of the production of W bosons with associated jets were thought to have the po-

tential to be used in a determination of the strong coupling constant. The cross-section for exclu-

sive production of W + n jets (n = 1,2,3,4) has been calculated at leading order [15-142]. A

similar calculation [15-143] at leading order for LHC energies predicts for pT
W > 20 GeV a cross-

section of about 200 pb for W + 1 jet, about 50 pb for W + 2 jets and about 10 pb for W + 3 jets,

where for the last two cross-sections a minimal jet transverse momentum of 19 GeV is required.

The inclusive production of a W boson with at least one jet is calculated at next-to-leading order

[15-84]. The study of the dependence of the associated jet rates in W production for different

cone sizes defining the jet can give information on the ability of a next-to-leading order calcula-

tion to model the jet shape and to describe the overall production rate.The major source of back-

ground is the production of multi-jet final states, where one of the jets fakes an electron

candidate and the event contains missing transverse energy.

Figure 15-44 Differential cross-section for W produc-
tion (with decay to either an electron or a muon) as a
function of the transverse momentum pT

W of the W
boson from a next-to-leading order calculation (includ-
ing resummation of large logarithms).

Figure 15-45 Cross-section for W production (with
decay to either a muon or an electron) as a function of
the minimum transverse momentum pT

min of the W
boson from a NLO calculation (Ellis and Veseli) and
from a leading order calculation (PYTHIA).
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A measurement of the ratio R10 of the inclusive cross-sections for W + 1 jet production to the

one for W production [15-144] by the D0 collaboration using a cone size of 0.7 for the jet defini-

tion showed a NLO prediction being a factor of 2 smaller than the data in the range of 20 -

60 GeV for the minimal jet transverse energy. Furthermore the studies indicated no sensitivity

of this ratio to the value of the strong coupling constant. The CDF collaboration measured the

same ratio for two cone size: R = 0.4 [15-145] and R = 0.7 [15-146]. In the first case good agree-

ment with the NLO calculation is found for minimal jet transverse energies between 15 and

95 GeV. For the case of R = 0.7, good agreement is observed for small transverse jet energies

(< 35 GeV), at larger energies, the NLO prediction is smaller than the data by about 15%, being a

1σ difference. Comparing the results for the two cone sizes, an increase in R10 is found when go-

ing from 0.4 to 0.7 of about 30% for the data, whereas the NLO calculation only predicts about

10% increase. In both cases, CDF does not find a significant dependence of the ratio on the value

of αs.

Events with a W and associated jets can be used to study effects of colour coherence, which

should lead to specific patterns in the parton flow from constructive or destructive interference

between soft gluon emissions, as observed in e+e- annihilation (‘string’ effect). An important as-

pect is whether this pattern survives the hadronisation, as conjectured in the context of local

parton hadron duality. The D0 collaboration has compared the distribution of soft particles in a

disc of 0.7 < R < 1.5 around the W and around the opposing jet [15-147], using the W as a tem-

plate (since it is a colourless object). The data shows an enhancement of particle production

around the tagged jet (with respect to the region around the W), as expected if colour coherence

occurs. It has been suggested [15-148] to use these W + jet events to get information on proper-

ties of the soft gluon radiation. Using relevant event variables it is claimed that one could distin-

guish between the three partonic subprocesses contributing at lowest order: ,

and . Possible applications are the derivation of constraints on the quark and gluon

parton densities in the initial state and studies of the properties of quark and gluon jets.

The final state containing a W boson and four jets represents the dominant source of back-

ground for the top physics in the single lepton final state. The knowledge of the production of

Wbb and Wbb + jet is important for the study of single top production and of the Wtb vertex. It

has been calculated at leading order [15-149] (including, besides QCD processes, also the top

signal, electroweak and Higgs contributions).

15.7.3.5 W + charm and W + bottom production

The production of W bosons with associated open charm production can be used to constrain

the strange quark content of the proton [15-150]. The dominant production process is the QCD

Compton graph with scattering on strange quarks: . Background is expected from the

production of W + cc (bb), where the cc (bb) pair is produced in the jet recoiling against the W
and only one of the two heavy quarks is detected. The tagging of charm production could be

done by searching for displaced vertices, by an exclusive reconstruction of non-leptonic decays

of charmed baryons or mesons (e.g. the  decay) or by inclusive semi-leptonic decays.

The production of a W boson with an associated heavy quark pair can be used to deduce infor-

mation on the gluon splitting to heavy quarks. The process proceeds via the annihilation of a

quark-anti quark pair into a W and an off-shell gluon, where the latter splits into a heavy quark

pair: . A selection would start from the decay lepton of the W. Next, require-

ments to identify two heavy quark decays would be added. This could be done by exclusive re-

construction of the decays or by demanding inclusive signatures like impact parameter

significance.

qg Wq→ gq Wq→
qq Wg→

gs Wc→

D∗ Kππ→

qq Wg∗ WQQ→ →
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For these channels additional studies are needed to assess the reach in kinematics, based on an

inclusive trigger selection based on a lepton signature alone. In addition, the feasibility of recon-

structing open charm has to be investigated and possibilities for an enrichment of such samples

using the higher level triggers could be devised.

15.7.4 Z production

15.7.4.1 Cross-section

Besides the absence of final state interactions, the signature of a lepton pair from the production

of a Z boson provides an unambiguous identification, in contrast to jet physics. Compared to

the case of W boson production, for Z bosons the kinematics can be reconstructed accurately,

since there is no neutrino carrying part of the boson momentum.

The cross-section for Z production at LHC energies is expected to have a contribution of more

than 10% due to ss initial states. The product x1
.x2 of the parton momenta is fixed to a value of

about at leading order. The major background sources are similar to the ones relevant

for the inclusive W production (see Section 15.7.3.1). The experimental selection of Z production

in ATLAS will be based on triggers requiring two leptons (electrons or muons), where a detailed

description can be found in Section 11.7. This restriction to the clean leptonic decay mode of the

Z is possible due to the large statistics expected for the LHC.

15.7.4.2 pT distribution

Figure 15-46 shows the cross-section for production of Z bosons as a function of the transverse

momentum pT
Z, as obtained from a next-to-leading order calculation, including the resumma-

tion of large logarithms in the qT space [15-140]. The various approaches to calculate the trans-

verse momentum have been discussed for the case of W boson production in Section 15.7.3.3.

The parton distribution MRS-R1 [15-141] has been used. For the decay leptons (electrons or

muons) a minimal transverse momentum of 20 GeV was required and the leptons had to be

produced within |η| < 2.5. The invariant mass of the lepton pair had to be within GeV of the

nominal Z boson mass. The corresponding cross-section for larger transverse momentum of the

Z boson is shown in Figure 15-47, both for the Ellis-Veseli calculation and the leading order cal-

culation from PYTHIA (including parton showers and fragmentation effects). A cross-check

with ISAJET gave cross-sections consistent with the ones obtained from PYTHIA.

4 10
5–×
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15.7.4.3 Forward-backward asymmetry

In Figure 15-48 the expected forward-back-

ward asymmetry of Drell-Yan lepton pair pro-

duction in the mass region of the Z resonance

is shown as a function of the Z boson rapidity.

The asymmetry AFB is defined as the ratio of

cross-sections ,

where is the in-

tegrated cross-section for the angular distribu-

tion in the lepton pair centre-of-mass system.

The prediction has been obtained using PY-

THIA with the CTEQ2L parton distribution

set and requiring the leptons to have

pT > 20 GeV and |η| < 2.5. The lepton pair

mass had to be within GeV of the nominal

Z boson mass. The errors shown correspond to

the statistical uncertainty for an integrated lu-

minosity of 30 fb-1.

At the Tevatron, the measurement of the for-

ward-backward asymmetry by CDF [15-151]

has been used to determine the effective Wein-

berg angle . The determination of the

effective Weinberg angle requires the subtrac-

tion of contributions to AFB from background

Figure 15-46 Differential cross-section for Z produc-
tion (decay into either an electron or a muon pair) as a
function of the transverse momentum pT

Z of the Z
boson from a next-to-leading order calculation includ-
ing resummation of large logarithms.

Figure 15-47 Cross-section for Z production (decay
into either an electron or a muon pair) as a function of
the minimum transverse momentum pT

min of the Z
boson from a NLO calculation (Ellis and Veseli) and
from a leading order calculation (PYTHIA).
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Figure 15-48 Expected forward-backward asymmetry
of Z production as a function of the Z boson rapidity
yZ. For the PYTHIA (and ATLFAST calculation, the fol-
lowing cuts have been applied: |η| < 2.5, pT > 20 GeV
and |Mll -MZ| < 6 GeV.
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processes as well as from higher QCD, QED and weak processes. The measurement performed

by CDF reached a systematic uncertainty of about 1% on . This uncertainty is dominat-

ed by the uncertainty on the knowledge of the QCD background and on the QCD corrections.

15.7.4.4 Z + jet production

The exclusive production of a Z boson with n associated jets (n = 1,2,3,...) is known at leading

order[15-142] while the inclusive production of a Z boson with at least one associated jet has

been calculated at next-to-leading order[15-84]. An accurate measurement of Z + jet production

can be used (in the case of four jets) to normalise the background from W + 4 jets to top quark

production in the case of a single lepton and b-tag final state. In addition for gluino pair produc-

tion leading to final states with four jets and missing ET, the dominant background from the

standard model is Z + 4 jet production, with an invisible decay of the Z to neutrinos. The calcu-

lation of the ratio of W + 4 jet to Z + 4 jet process [15-152] is insensitive, for Tevatron energies, to

experimental cuts and theoretical ambiguities. Both processes are also calculated including

heavy quark flavour identification.

15.7.5 Gauge boson pair production

15.7.5.1 WW and ZZ production

The production of gauge boson pairs [15-153] is used to study the triple gauge boson couplings

(the result of the non-Abelian nature of the theory) and to derive limits on new interactions in

Chapter 16. Boson pair production in hadronic collisions is dominated by the quark-antiquark

annihilation process. In the case of ZZ and WW production the gluon-gluon fusion process also

contributes (at O(αs
2)). However, even at LHC energies, it never dominates the qq annihilation.

The experimental selection of gauge boson pair production will use criteria very similar to the

inclusive W and Z production, based on leptonic decay modes. A detailed study of the ZZ pro-

duction is important as the final state llνν from ZZ represents a background to Higgs searches.

The production of WW boson pairs is in leading order due to the process , either via t-
channel quark exchange or via s-channel production of a γ*/Z boson. The detection of the WW
pair can proceed via a leptonic final state (lνl’ν’) or semi-leptonic (lνqq).

The calculation of the cross-section for the pair production of the heavy gauge bosons has been

performed in NLO. The results [15-154] are given for the following cuts: pT
l > 25 GeV, missing

transverse momentum > 50 GeV, |η| < 3 and an isolation cut for the leptons. At LO, the cross-

section for ZZ production is found to be 36 fb, at NLO it increases to 43 fb. In the case of W+W-,

the values are 470 fb at LO and 960 fb at NLO. The calculation has also includes results on kine-

matical distributions, like the transverse momentum spectrum for a pair of gauge bosons with

(or without) an associated jet.

In Figure 15-49 the cross-section for WW production is shown as a function of the transverse

momentum of the lepton from the W decay. The following cuts have been applied: the leptons

(l = e, µ) are required to have a minimal transverse momentum of 20 GeV and have to be within

|η| < 2.5. A missing transverse energy of at least 20 GeV is demanded in addition. The calcula-

tion is based on [15-155]; shown are the results at leading order and at next-to-leading order.

Figure 15-50 shows the corresponding cross-section as a function of the missing transverse mo-

mentum. For a lepton transverse momentum of 100 GeV, the K-factor is about 1.5 and rises to

θWsin( )2

qq WW→
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about three at pT = 400 GeV. At a missing transverse momentum of 300 GeV, a huge K-factor of

about 90 is obtained. These K-factors (which change also the shape of the distribution) are par-

tially due to the appearance of real emission diagrams at next-to-leading order ( and

). In the latter diagram, one W boson is produced at large transverse momentum and

recoils against the q, which radiates a soft W boson (almost collinear to the quark).

The selection criteria for the pure leptonic final state require two isolated leptons (ee, eµ, µµ) to-

gether with missing transverse energy to account for the neutrinos. The dominant background

is due to top pair production (being larger than the WW signal), to a lesser extent also Z → ττ
and Drell-Yan production of ee and µµ contribute. Further sources of background include the

production of multi-jets or W + jets, where jets are misidentified as electrons or heavy quark

production whose decay leads to muons in the final state.

In case of the final state with two jets, the efficiency to resolve the two jets from the W decay

drops significantly for values of pT
W > 200 - 300 GeV (as discussed in Section 9.3.1). The pro-

duction of a W boson with two or more associated jets dominates as background, multi-jet con-

figurations with a jet being misidentified as an electron and with missing transverse energy can

fake this signature too.

A next-to-leading order calculation of ZZ production [15-119] with subsequent decay to an elec-

tron pair and a muon pair has been performed restricting the leptons to pT
l > 25 GeV, |ηl| < 3,

requiring a separation of at least 0.4 in η−φ between the leptons and missing transverse energy

of at least 50 GeV. The range in pseudo-rapidity for the leptons is slightly larger than the actual

acceptance of |η| < 2.5. In Figure 15-51 the cross-section for the production of ZZ pairs is

shown as a function of the invariant mass of the ZZ pair, in Figure 15-52 the cross-section for ZZ
production is shown as a function of the transverse momentum of the Z boson. The calculation

is based on the full NLO contributions, including a resummation of large logarithmic terms due

to soft gluon radiation. For an integrated luminosity of 30 fb-1, about ZZ pairs are ex-

Figure 15-49 Differential cross-section for W+W- pro-
duction and decay to leptons (where l = e, µ) at lead-
ing and next-to-leading order as a function of the
lepton transverse momentum pT

l for the following cuts:
|ηl| < 2.5, pT

l > 20 GeV and pT
miss > 20 GeV.

Figure 15-50 Differential cross-section for W+W- pro-
duction and decay to leptons (where l = e, µ) at lead-
ing and next-to-leading order as a function of the
missing transverse momentum pT

miss for the following
cuts: |ηl| < 2.5, pT

l > 20 GeV and pT
miss > 20 GeV.
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pected to be produced at the LHC. For both figures, the rapidity of the Z boson produced has

been restricted to |y| < 3, giving a total cross-section of 14.8 pb (with the CTEQ4M parton dis-

tributions), which is dominated by the qq initial state (10.9 pb) wrt the qg initial state (3.9 pb).

The leading order contribution amounts to about 9 pb (for the CTEQ4L parton distributions). In

both figures, the solid curve represents the full calculation, the dashed curve the contribution

from the qq initial state and the dash-dotted curve the leading order part for the qq initial state.

15.7.5.2 Wγ and Zγ production

The measurement of Wγ production can be used to probe to the WWγ coupling. A typical selec-

tion will require a final state with a lepton, a photon and missing transverse energy. The domi-

nant background source is due to W + jet production, where the jet fakes a photon. Smaller

contributions are expected from Zγ production and Wγ, where the W decays via τν to lνν. The

calculation of Wγ production has been performed at NLO for several differential distributions

[15-156]. An additional study at next-to-leading order has investigated the rapidity correlations

between the lepton and the photon at LHC energies [15-157]. Using cuts on the photon

(pT > 100 GeV and |η| < 2.5), on the lepton (pT > 25 GeV and |η| < 3), demanding a separation

of at least 0.7 in η−φ between the lepton and the photon and requiring missing transverse ener-

gy of at least 50 GeV, it has been found that the QCD corrections lead to a K-factor of about 3.

Although the actual acceptance in pseudo-rapidity is slightly smaller (|η| < 2.5), none of the

conclusions will change. The differential distribution of the rapidity difference between photon

and lepton shows that at the LHC the radiation zero amplitude is obscured by NLO corrections.

The radiation zero amplitude (at parton level all helicity amplitudes vanish at lowest order for a

certain value of the scattering angle between quark and photon) is one reason for the large K-

Figure 15-51 Cross-section for ZZ production as a
function of the invariant mass QZZ of the ZZ boson
pair for a resummed calculation (from [15-119]). The
cuts used in the calculation are: pT

l > 25 GeV, |y| < 3
and pT

miss > 50 GeV. The solid line shows the NLO
results, the other curves are explained in the text.

Figure 15-52 Cross-section for ZZ production as a
function of the transverse momentum pT

Z of one Z
boson for a resummed calculation (from [15-119]).
The cuts used in the calculation are: pT

l > 25 GeV,
|y| < 3 and pT

miss > 50 GeV. The solid line shows the
NLO results, the other curves are explained in the text.



ATLAS detector and physics performance Volume II
Technical Design Report 25 May 1999

526 15   QCD processes at the LHC

factor. A second reason is the collinear enhancement in , where a soft W is radiated off

the quark (at the LHC the qg luminosity is large). As in the case of WW, this real emission dia-

gram appears only at next-to-leading order.

The production of Zγ can be used to study the triple boson couplings of ZZγ and Zγγ, which at

tree level in the Standard Model are zero. A similar selection as in the case of Wγ is required, ex-

cept for the missing energy cut, which is replaced by demanding a second charged lepton. Back-

ground from Z + jet events, where the jet fakes a photon or an electron (in the latter case, this is

being misidentified as a photon) dominates. Smaller contributions are due to multi-jet produc-

tion and direct photon production. A calculation of the differential cross-section as a function of

the transverse momentum of the photon at next-to-leading order, including the decay of the Z
to leptons is available [15-158]. Applying the following cuts on the photon (pT

γ > 100 GeV,

|ηγ| < 3, isolation), on the leptons (pT
l > 20 GeV, |ηl| < 3) and requiring a separation of at least

0.7 in η−φ between the photon and each lepton and an invariant mass of the photon-lepton pair

of at least 100 GeV, a K-factor between 1.4 (for pT
γ = 100 GeV) and 2 (pT

γ = 1 TeV) is found. A

previous calculation [15-159] gave a total cross-section of 230 fb at leading order and of 310 fb at

next-to-leading order, using the following cuts: pT
γ > 50 GeV, |ηγ| < 2.5, pT

l > 25 GeV, |ηl| < 3,

a separation of at least 0.7 between lepton and photon and a cut of 15% of the photon energy on

the hadronic energy in a cone of 0.7 around the photon direction. As in the case of Wγ and WZ,

the large NLO corrections at high transverse momentum of the photon are due to collinear en-

hancement in a real emission diagram ( ) and the large qg luminosity at the LHC. The

high pΤ photon recoils against the quark, which radiates a soft Z boson. Due to the absence of a

radiation zero amplitude at tree level, the K-factor for the Zγ case is smaller than e.g. for Wγ or

WZ.

15.7.5.3 WZ production

The measurement of WZ production probes the WWZ coupling. A calculation at next-to-leading

order [15-160] is available, including the leptonic decays of the W and of the Z. A leading order

cross-section of about 26 fb is obtained, using the following cuts: pT
l > 25 GeV, |ηl| < 3, separa-

tion in η-φ of at least 0.4 between the leptons and missing transverse energy of at least 50 GeV.

The total next-to-leading order cross-section (with the same cuts) amounts to about 52 fb. Low-

ering the cut on the missing transverse energy to 20 GeV increases the cross-section to about

81 fb at leading order. In Figure 15-53 the cross-section for WZ production as a function of the

missing transverse momentum is shown, in Figure 15-54 the corresponding distribution as a

function of transverse momentum of the lepton. The following cuts have been applied: the lep-

tons (l = e,µ) are required to have a minimal transverse momentum of 20 GeV and have to be

within |η| < 2.5. A missing transverse energy of at least 20 GeV is demanded in addition. Both

figures show large NLO corrections for large transverse momenta, e.g. for the lepton transverse

momentum dependence the K-factor is about 2 at 100 GeV and rises to more than 5 at 400 GeV.

In the case of the missing transverse momentum dependence, the K-factor amounts to about 4

at 400 GeV. The reason for these large K-factors is on one hand due to the radiation zero ampli-

tude at tree level and on the other hand due to a collinear enhancement in the process

, where at large pT of the Ζ boson this is balanced by the quark, which then radiates

a soft W boson. These real emission diagrams only appear at next-to-leading order and are fur-

ther enhanced due to the large qg luminosity at the LHC.

For the final state of a lepton pair and an additional charged lepton at the Tevatron the CDF col-

laboration has one candidate event with three electrons and missing transverse energy [15-161].

The dominant background source for this channel is similar to the WW production for the semi-

leptonic final state.

qg qWγ→

qg Zγq→

q1g WZq2→



ATLAS detector and physics performance Volume II
Technical Design Report 25 May 1999

15   QCD processes at the LHC 527

15.8 Heavy flavour physics

15.8.1 Overview

Due to the quark mass involved, the produc-

tion of heavy quarks (charm, bottom and top)

provides an important process for the study of

perturbative QCD and of the effects of non-

perturbative aspects [15-162]. A perturbative

approach is justified for large transverse mo-

menta. In Figure 15-55 the differential cross-

section for the production of a heavy quark

pair is shown as a function of the transverse

momentum of the heavy quark for c, b and t
quarks (from [15-163], based on the calcula-

tions of [15-164] and [15-165]). Except for very

small pT (pT < 20 GeV) the cross-sections for

charm and bottom production are identical,

showing that for transverse momenta much

larger than the quark mass effects of the quark

mass can be neglected. When higher-orders

than NLO are included, the spectrum for c
quarks is expected to become softer and differ-

Figure 15-53 Differential cross-section for WZ pro-
duction and decay to leptons (where l = e, µ) at lead-
ing and next-to-leading order as a function of the
missing transverse momentum pT

miss for the following
cuts: |ηl| < 2.5, pT

l > 20 GeV and pT
miss > 20 GeV.

Figure 15-54 Differential cross-section for WZ pro-
duction and decay to leptons (where l = e, µ) at lead-
ing and next-to-leading order as a function of the
lepton transverse momentum pT

l for the following cuts:
|ηl| < 2.5, pT

l > 20 GeV and pT
miss > 20 GeV.
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ences might be visible even for larger pT values. The total cross-sections for charm production is

7.8 mb, the one for bottom production 0.5 mb. The top-pair production cross-section is only

0.8 nb.

In this section, the production of charm quarks is discussed first (Section 15.8.2), concentrating

mainly on the production of charmonium states (J/ψ and ψ’). Next, the production of b quarks is

discussed (Section 15.8.3), where the emphasis lies on open bottom production, related to the

studies of B physics as discussed in Chapter 17. Finally, the QCD related issues of top pair pro-

duction will be presented (Section 15.8.4).

15.8.2 Charm production

15.8.2.1 Prompt J/ψ production

The direct production of J/ψ mesons can be studied due to the availability of vertexing detec-

tors, which allow the separation of the contribution due to the production of B mesons with

subsequent decay into final states containing a J/ψ. Further background is due to the production

of χc mesons [15-166], which decay radiatively to a J/ψ meson. Measurements at the Tevatron

[15-167],[15-168] have shown that the prediction of the colour-singlet model underestimates the

data. This model uses perturbative QCD for the production of a colour-singlet state for the cc
pair, which then can hadronise in a non-perturbative way to a charmonium state.

The discrepancy of the Tevatron data from this prediction led to a modified approach [15-55];

firstly all diagrams of perturbative QCD leading to a cc state are taken into account, whether or

not the state forms a colour-singlet. Next the transformation of this state into a colour-singlet

state is performed, assuming non-perturbative processes [15-169] (e.g. the colour-octet state is

changed into a singlet state by emission of a very soft gluon). This leads to an expected similari-

ty in the shape of the pT distribution for different charmonium states, which is supported by the

data. These models were then tuned to the data obtained at the Tevatron and subsequently used

to extrapolate to LHC energies. This assumes that the non-perturbative contributions are uni-

versal.

Figure 15-56 shows the cross-section for direct J/ψ production (times the branching ratio for the

decay to muons) [15-170] as a function of pT. The calculation uses the CTEQ2L distribution and

a cut on |y| < 2.5. The cross-section is decomposed into the contributions from the colour-sin-

glet part and two colour-octet parts, which appear in the expansion as a function of the relative

velocity of the two quarks: the 1S0
(8) ‘+’ 3PJ

(8) part and the 3S1
(8) part. These in total three parts

can be determined from the Tevatron data and are then used to make the predictions shown

above.

15.8.2.2 Prompt ψ(2S) production

In Figure 15-57 the cross-section for direct ψ’ production [15-170] is shown, as a function of the

pT of the ψ’ meson. The rapidity acceptance for the mesons is restricted to |y| < 2.5 and the

CTEQ2L distribution has been used. For comparison, the cross-section for J/ψ production is also

shown. Both give a similar shape and differ by about a factor of ten in absolute value.
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15.8.2.3 Production of J/ ψ with a photon or a massive vector boson

The associated production of a J/ψ meson at the LHC, together with a photon, should not be

dominated by fragmentation contributions up to pT values of 50 GeV [15-171]. This should be

due to the fact that qq initial states are suppressed at the LHC. The more abundant gg initial

states do not contribute to this process at leading order, higher order corrections are expected to

be negligible. The expected differential cross-section (with the restriction |y| < 2.5) ranges from

about 0.1 pb/GeV for pT = 20 GeV to 0.5 nb/GeV at 100 GeV transverse momentum. A further

possibility is the associated study of the production of J/ψ mesons with a W or Z boson, as dis-

cussed in [15-172], which can be used to cross-check the predictions of the colour octet model.

15.8.2.4 Open cc production

As discussed in [15-55], the production of open charm (i.e. the production of DD pairs) is ex-

pected to show a similar kinematical dependence on xF as the production of J/ψ mesons. This

can be used as a further constraint to verify predictions of different models. The experimental

challenge is the selection of a sample of open charm production. When the D meson decays are

reconstructed via π and K final states, there is no trigger available to select these. One possibility

would be to use a sample of minimum-bias events (selected either by a trigger on random

bunch crossings or by a trigger using information from dedicated detectors in the forward re-

gion, as mentioned in Section 15.3.2) where cc should contribute to a sizeable fraction of the to-

tal cross-section. To enrich this sample of events, it could be helpful to do a reconstruction of

Figure 15-56 The cross-section for direct J/ψ produc-
tion (with the decay to two muons) at the LHC a func-
tion of the J/ψ transverse momentum (from [15-170]).
Shown are the total cross-section (solid), the colour-
singlet contribution (dotted) and two colour-octet con-
tributions (dashed for the 1S0

(8) ‘+’ 3PJ
(8) contribution

and dot-dashed for the one of 3S1
(8)).

Figure 15-57 The cross-section for direct ψ' produc-
tion (with the decay to two muons, the dash-dotted
line) at the LHC as a function of the ψ' transverse
momentum (from [15-170]). Also shown is the corre-
sponding cross-section for J/ψ production (the solid
line) as a function of the J/ψ transverse momentum.
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charged tracks in the Inner Detector at the higher trigger levels and to pre-select D meson decay

candidates. Further studies have to be performed in order to quantify the possible reach of such

a selection.

15.8.3 Bottom production

15.8.3.1 Prompt Υ production

The production of bottomonium states should proceed either directly or via the decay of higher

mass bb states. It exhibits similar discrepancies with respect to the predictions of the colour-sin-

glet model. The cross-sections measured at the Tevatron for the production of the Υ(1S), Υ(2S)

and Υ(3S) states [15-173] are larger then the predicted ones, with the discrepancy factor depend-

ing on the transverse momentum of the Υ resonance and increasing with increasing pT (exceed-

ing a factor of ten in the case of the Υ(1S)). An advantage of using Υ production, with respect to

the production of charmonium states, is the possibility to reach smaller transverse momenta in

case of the Υ, due to experimental selection requirements.

The associated production of an Υ meson together with a W or Z boson has been proposed [15-

174] as a possible check for different model predictions. The dominant contribution to this proc-

ess is expected from the production of a bb colour-octet state, which then binds to a P-wave

state, that subsequently decays to an Υ. The expected cross-section amounts to 44 fb for Υ + W
and 7 fb for Υ + Z production. This channel could also be used to search for heavy particles, de-

caying into a W or Z boson together with a bb pair.

15.8.3.2 Beauty production features

ATLAS will observe B-hadrons produced in proton-proton collisions at TeV in the cen-

tral rapidity region, |η| < 2.5. The lower limit for the B-hadron transverse momentum pT(B) is

set by the trigger requiring a muon with pT(µ) > 6 GeV. This corresponds to approximately

pT(B) > 10 GeV. The specific property of this kinematical region is that beauty production

should be governed mostly by perturbative QCD. Contributions from non-perturbative diffrac-

tive processes are expected to be small, and the interaction between the reaction products and

the beam remnants is negligible.

The observed particle spectra represent a composite effect of three factors: the parton densities,

the hard partonic subprocess and the hadronisation or fragmentation. The quark distribution

functions are measured precisely in deep-inelastic scattering (see Section 15.2) over a range in x
from 10-1 to 10-5, which fully includes the range 10-4 < x < 10-1 accessible in B production at AT-

LAS. The fragmentation functions are clearly determined at LEP in e+e- annihilation. In the cases

when the hard QCD dynamics is well understood, LHC gives access to direct measurements of

gluon densities by means of the dominant gluon-gluon fusion process.

The present experimental results at Fermilab [15-175][15-176] indicate that the theory of beauty

production is still not complete, suggesting important contributions from higher-order correc-

tions beyond the LO and NLO calculations [15-164][15-177]. At the phenomenological level, the

higher-order QCD contributions are interpreted in terms of additional production mechanisms,

such as the Flavour Excitation and Parton Showering [15-14]. Methods of experimental separa-

tion of different production mechanisms based on the observation of specific phase space re-

gions are discussed in the next sections.

s 14=
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15.8.3.3 Single b differential cross-section

The inclusive single b quark (or B-hadron) distributions together with the total visible produc-

tion cross-section provide the simplest test of theoretical consistency. Typically the shape of the

differential cross-section d2σ/dpTdη shows only little sensitivity to the details of the production

mechanism. The difference between models is mainly in the overall cross-section normalisation

and usually does not exceed the inherent theoretical uncertainties. In this sense, the single b dis-

tributions can not be easily used to discriminate between different theories, unless a significant

discrepancy is observed.

Due to a large beauty production cross-section and a selective trigger, ATLAS can reconstruct

large samples of exclusive B-hadron decays. Statistically dominant, with the trigger criteria that

have been considered so far, are the exclusive channels with J/ψ → µµ (Figure 15-58), which will

allow measurements up to pT ~ 100 GeV with negligible statistical errors (about 2000 events

with pT > 100 GeV). The region of higher pT can be covered by inclusive J/ψ → µµ measure-

ments. It has been shown that a J/ψ vertex cut will remove the direct J/ψ contribution. Α compar-

ison with exclusive decays can be used for calibration.

Using bb → J/ψ(µµ) X events (where the b quark was required to have a transverse momentum

larger than 40 GeV), which were passed to a full detector simulation, the efficiency for the re-

construction of muons using the combined information from the muon chambers, the Inner De-

tector and the calorimeters was studied (for more details on the combined reconstruction

procedure see Section 8.1). As seen in Figure 15-60, the muons from the J/ψ decay can be identi-

fied with high efficiency, despite the large transverse momentum of the b jet. For a transverse

momentum of the muon larger than 10 GeV the efficiency reaches a value of about 85%. In

Figure 15-58 Number of reconstructed inclusive and
exclusive B-hadron decays to J/ψ(µµ) for 30 fb-1, as a
function of the minimum transverse momentum of the
B-hadron. The solid line corresponds to inclusive
events (bb → J/ψ X with J/ψ → µµ). The sum of the
following exclusive channels is shown as the dashed
line: Bd → J/ψ K0(ππ), Bd → J/ψ K0*(K+π-),
B+ → J/ψ K+, Bs → J/ψ φ(KK) and Λb → J/ψ Λ0(ρπ-),
always with J/ψ → µµ.

Figure 15-59 Azimuthal µµ correlations at the LHC
(from [15-179]). Shown are the different mechanisms
contributing in PYTHIA to the ∆φµµ spectrum: flavour
excitation (dash-dotted curve), gluon−gluon
fusion (dotted curve), gluon−gluon scatter-
ing followed by gluon splitting with
(dashed curve) and the sum of all contributions (solid
curve).
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Figure 15-61 the resolution in the invariant mass of the muon pair is shown, from a fit of a Gaus-

sian a resolution of 39 MeV is obtained. The resolution does not degrade in comparison with the

case when the J/ψ is reconstructed from the tracks of the Inner Detector (using information from

the event simulation for the identification of the muons, as discussed in Section 6.6.1 of [15-

178]). The probability to lose an event due to the matching of a muon (from the muon system) to

a wrong track in the Inner Detector is only about 10%, leading to events where the invariant

mass of the muon pair is outside a 3σ window around the nominal J/ψ mass. This is the result of

a first study, where further improvements, especially on the loss of events, are expected.

The lower pT limit on channels with J/ψ → µµ comes from the muon trigger and muon identifi-

cation performance. There are exclusive channels with electrons and hadrons reconstructed

with pT < 10 GeV, but they are biased by a LVL1 pT cut on the muon coming from the associated

B hadron. These events can be used for b-b correlation measurements, as discussed below.

15.8.3.4 b − b correlations

The correlations between the b and b quarks are usually presented in terms of the azimuthal an-

gular difference ∆φ. In Figure 15-59 the expected azimuthal correlation ∆φµµ between the muons

from the b and b decay is shown, which can be used to get information about the correlation be-

tween the b and b. The domain of back-to-back kinematics, ∆φµµ ~ π, is mostly populated by the

LO QCD contribution. On the contrary, the effects of higher orders are most pronounced in the

deviations from this back-to-back configuration. The region of ∆ϕµµ ~ 0 is free of the LO contri-

bution, and so is only sensitive to the NLO contributions.

b-b correlations can be measured by full reconstruction of one of the associated B hadrons and

by the inclusive reconstruction (lepton) of the other B hadron (see Section 17.1.1). After the ex-

clusive reconstruction of a B hadron, no isolation cuts are needed to separate an accompanying

lepton. This type of event gives a possibility to detect b and b quarks produced close to each oth-

er. There will be approximately events of this type after three years, however, they are

Figure 15-60 Reconstruction efficiency for muons
from bb → J/ψ(µµ) X events (with a minimal trans-
verse momentum of the b quark of 40 GeV) as a func-
tion of the minimum muon transverse momentum pT.

Figure 15-61 Mass resolution for muon pairs from
bb → J/ψ(µµ) X events (with a minimum transverse
momentum of the b quark of 40 GeV). Shown is the
distribution of the invariant mass m of the muon pair.
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mostly concentrated at ∆ϕ ~ π, with only a minor part contributing to the region of interest

∆ϕ ~ 0. Besides that, the angular correlations should be studied for different transverse momen-

ta of b and b quarks. All this requires high statistics, which can be obtained by an inclusive re-

construction of J/ψ from B hadrons and a lepton from the semileptonic decays of the associated

anti-B hadrons. The argument for not requiring the lepton to be isolated from J/ψ is still valid.

The expected number of events as listed in Table 15-1 is of the order of . The exclusive

decays can be used for calibration. For large transverse momenta the statistics can be extended

by using inclusive events with two muons of opposite charge coming from semileptonic decays

of two B hadrons. The selection of these events at the trigger is under study; as discussed in

Section 11.6 the second level trigger is capable to accept the expected rate of two muon events.

Requiring for the second muon a threshold of pT(µ) > 5 GeV will give in 3 years of the order of

109 events (after the second level trigger) with two muons from bb events (including the contri-

bution from minimum bias events). More studies are needed to assess the final contribution

from cc production and from π/K decays.

15.8.3.5 Production asymmetry

The B-hadron production asymmetry is defined as the difference of the probabilities of B and B
hadron production in pp collisions. From the theoretical point of view, the asymmetry can pro-

vide information on the effects of soft dynamics during the fragmentation (i.e. the soft interac-

tions between the produced b quark and the remnants of the disrupted proton). However, the

relevant physical effects are expected [15-14],[15-180],[15-181] to be unimportant [15-182],[15-

183] in the central rapidity region covered by ATLAS.

A production asymmetry always occurs at the presence of a CP-violation asymmetry originat-

ing from the B-hadron decays (see Section 17). In some cases these two effects are expected to be

of the same order, for instance in the channels B0 → J/ψ(µµ) K0*, B+ → J/ψ(µµ) K+ and

Λb → J/ψ(µµ) Λ0. These channels are expected to have small CP violation (< 1%) due to interfer-

ence between the lowest and higher-order decay amplitudes. A method of separation of these

two effects is considered, which is based on the fact that the production asymmetry varies with

transverse momentum and the rapidity of produced b quark, while the decay process should re-

main the same.

However, measurements of such small effects will require very good understanding of the pos-

sible detection asymmetries. For the selected channels the LVL1 trigger asymmetries due to

muon charge are not relevant, as a muon comes from the decay of the J/ψ. In the Inner Detector

Table 15-1 Expected number of inclusive events (where the J/ψ decays to leptons) reconstructed
after 3 years. These events will be used for b − b correlations studies. For each inclusive channel the number of
exclusive events with the same lepton content is given. Here ‘had ’ denotes any of K0, K0*, K+, Λ0 or φ, and ‘B’
stands for either B0, B+, Bs or Λb.

Inclusive decay channel

Number of events for
inclusive
reconstruction

Exclusive channels
with the same lepton
content

Number of events in
reconstructedexclusive
channels

6 10
6×

bb J ψX⁄→

bb µ→ J ψ µµ( )⁄ X 2.8 10
6× bB µ→ J ψ µµ( )⁄ had 2.1 10

5×

bb e→ J ψ µµ( )⁄ X 3.6 10
6× bB e→ J ψ µµ( )⁄ had 2.1 10

5×

bb µ→ J ψ ee( )⁄ X 0.6 10
6× bB µ→ J ψ ee( )⁄ had 0.9 10

5×
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the asymmetry may come from differences in hadron reconstruction with opposite charges, e.g.
due to strong interaction cross-sections. More details on systematic uncertainties can be found

in Chapter 17.

15.8.3.6 Production polarisation

The polarisation phenomenon is closely related to the production mechanism and, probably, in-

cludes an interplay between ‘hard’ and ‘soft’ interactions. This topic is addressed in

Section 17.5.

15.8.3.7 Double beauty production

The production of two heavy-quark pairs is a fourth-order QCD process, and so provides a sen-

sitive test of perturbative QCD. The full fixed-order O(αs
4) calculation [15-184] for p p collisions

at the LHC gives a cross-section of about 440 nb which contrasts with a value of 3800 nb predict-

ed by PYTHIA. This difference maybe due to an underestimation of higher order effects in the

fixed order QCD calculation, together with an overestimation of these by PYTHIA.

Even the larger (PYTHIA) cross-section prediction is, however, too small to allow the double

beauty production detection and its separation from the background processes. For the B phys-

ics studies requiring tagging of B flavour it was shown [15-184] that the probability of a wrong

tag due to double b production will be negligible: 10-4 - 10-3, as also discussed in more detail in

Section 17.2.2.4.

15.8.4 Top production

15.8.4.1 Total cross-section

Within perturbative QCD, higher order corrections to the total cross-section for top pair produc-

tion are under control and the scale uncertainty for a NLO calculation is of the order of 10% at

Tevatron energies and similar for the LHC. When taking into account a resummation of soft

gluon effects [15-185], the uncertainty is decreased to about 5% for LHC energies. The inclusion

of the soft gluon resummation leads to an increase of the cross-section for a large scale and even

to a decrease at a small scale, thus reducing the scale dependence. The total cross-section for tt
production (assuming a top quark mass of 175 GeV and using the MRSR2 parton distribution

set [15-141]) is 803 pb at NLO and 833 pb for NLO including the NLL resummation [15-185]. In

Figure 15-62 the dependence of the total tt cross-section on the top mass, mtop, is shown for the

NLO calculation including the NLL resummation. In addition, the predictions of the NLO+NLL

as well as the one of the NLO calculation alone are shown, for setting the scale µ to the values

µ = 2µ0 and µ = µ0/2 (where µ0 = mtop). As mentioned above, the sizeable scale dependence at

NLO is reduced when the NLL resummation is included.

An uncertainty of similar size (to the one of the scale uncertainty) arises due to the choice of the

parton distribution function. The precision on the measurement of the total cross-section is ex-

pected to be dominated by the knowledge of the absolute scale of the luminosity. More details

on the experimental selection and the study of systematic uncertainties can be found in

Section 18.1.4.1. An error of 5% on the total tt cross-section corresponds (when the validity of

the NLO+NLL calculation is assumed) to an error of 1% on the top mass.
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15.8.4.2 Inclusive pT distribution of the tt pair

The measurement of the pT of the top quark

for the top pair production is important for the

understanding of the top production efficien-

cies needed for a precise cross-section meas-

urement. In contrast to the measurement of

the inclusive pT distribution for b quark pro-

duction (which can be done using the inclu-

sive measurement of the transverse

momentum of muons), this measurement will

start from a reconstructed top quark decay,

where details on the cuts for the selection of

top quarks are given in Section 18.1.2.

In Figure 15-63 the integrated cross-section for

tt production is shown as a function of the

minimal transverse momentum of the tt pair.

The NLO calculation [15-177] (using the MRST

parton distribution set) is shown for a value of

the scale µ being equal to µ0, where µ0 is given

by . The scale uncertainty

is obtained by choosing the settings µ = 2µ0
and µ = µ0 / 2 for the scale µ.

Figure 15-62 Total cross-section for top pair produc-
tion as a function of the top mass, mtop. The solid line
shows the cross-section at NLO, including the resum-
mation of soft gluon contributions (NLL), based on [15-
185]. The dashed (dotted) line indicates the scale
uncertainty for the NLO+NLL (NLO only) calculation.

Figure 15-63 Cross-section for top pair production as
a function of the minimum transverse momentum of
the top pair from a NLO calculation (solid line). The
dashed and the dotted lines indicate the scale uncer-
tainty of the NLO calculation [15-177], using the
MRST pdf.
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15.8.4.3 tt mass distribution

A clarification of possible deviations in the production cross-section regarding new physics

needs to study kinematical distributions, like the invariant mass of the tt pair. Deviations from

the QCD expectation (like new s-channel resonances) should give characteristic signatures in

the invariant mass distribution. Furthermore the extraction of Higgs decay into tt (at low tanβ)
requires a precise knowledge of the invariant mass distribution. More details can be found in

Section 18.1.4.

The precise measurement of the production of top quark pairs can be used to put constraints on

the gluon density. Figure 15-64 shows the differential cross-section for top pair production at

the LHC as a function of the normalised hard process centre-of-mass energy . For

value of the cross-section is dominated by the gluon-gluon initial state, for larger val-

ues of  the quark-gluon initial state starts to dominate.

15.9 Conclusion

The overview presented in this section illustrates the variety of QCD related processes that can

be studied using the ATLAS detector. These measurements are of importance as a study of QCD

at the LHC, accessing a new kinematic regime at the highest energy accessible in the laboratory.

On the other hand, a precise knowledge and understanding of QCD processes is important for

the studies of the Higgs boson(s) and searches for new physics beyond the Standard Model,

where QCD represents a large part of the background.

The study of diffractive processes, which allows to access the hard and soft regime of QCD at

the same time, presents a significant experimental challenge in the LHC environment and given

the limited angular acceptance of the ATLAS detector. More detailed studies are needed to

quantify and prove the ideas sketched in this section and to validate the design of the additional

detectors envisaged.

At the present stage of these studies of QCD related processes, the possible constraints on par-

ton density functions are difficult to quantify. Given more precise information about the actual

measurement range possible and the achievable accuracy (obtained from detailed simulation of

the detector response), it will be necessary to perform ‘global fits’ to determine the impact of the

LHC measurements. As a further study one should investigate the amount of information on

the parton distributions, that can be deduced from the LHC data alone.

Candidate signatures to provide constraints on the quark and anti-quark distributions are the

production of W and Z bosons via the Drell-Yan process as well as lepton pair production in

general. On the other hand, the production of direct photons, of jets and of top quarks can be

used to get information on the gluon distribution.

The LHC will extend the kinematic range to larger values of Q2, the hard scale of the partonic

process, reaching scales of the order of TeV2. The fraction of the proton momentum attributed to

a parton will allow access to values below 10-5, while keeping the scale above 100 GeV2, in con-

trast to HERA measurements, where these small momentum fractions are only reached for hard

scales close to or even below 1 GeV2.

τ x1 x2⋅=
τ 0.1<

τ
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