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Abstract. In this paper a new method is described for determining the non-diffractive part of the inelastic
proton—proton cross section, at the LHC centre of mass energy of 14 TeV. The method is based on counting
the number of inelastic proton—proton interactions in the collision regions. According to a preliminary inves-
tigation, this measurement will be best suited for the initial low luminosity phase of the LHC. Knowledge of
the proton—proton luminosity is likely to dominate the measurement uncertainty.
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1 Introduction

The large hadron collider (LHC) has been designed to col-
lide protons at a centre of mass energy /s = 14 TeV, pro-
viding experiments with a TeV-scale reach for new physics.
Also possible at the LHC are measurements of soft in-
teraction physics processes, using so called minimum bias
data [1]. The study of soft interactions in proton—proton
collisions at /s = 14 TeV and comparison with results ob-
tained at lower centre of mass energies should improve our
understanding of the structure of the proton in the non-
perturbative QCD regime.

The number of proton—proton (pp) interactions in
a bunch crossing at the LHC will vary according to Poisson
statistics with a mean value A given by

A= oppL (1)

where oy, is the total pp cross section and Ly, is the lumi-
nosity per bunch crossing. The total pp cross section has
contributions from elastic, diffractive and non-diffractive
inelastic processes [2], so that o, = 0el + 0di + 0na. The
diffractive cross section og; can be subdivided further, with
the dominant contributions coming from single and double
diffractive dissociation.

The CDF experiment measured the total and elas-
tic antiproton—proton cross sections at /s = 1.8 TeV to
be 80.03 £2.24 mb and 19.70 4+ 0.85 mb respectively [3,4].
Also at /s = 1.8 TeV, the ET10 experiment measured the
total cross section to be 72.8 3.1 mb [5]. These measure-
ments confirmed the rise in the total cross section observed
at lower centre of mass energies. However the difference in
the CDF and E710 results means that the form of the rise
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in total cross section is ambiguous at the TeV scale. Cross
section measurements at the LHC energy /s = 14 TeV
should therefore provide important insight into the nature
of this rise.

Described in this paper is a new method for measur-
ing the non-diffractive part of the inelastic pp cross section,
using minimum bias events. A description of minimum
bias events and their selection is given in Sect. 2. The pro-
posed method is based on determining the mean number
of inelastic pp collisions in a bunch crossing. In the inter-
action regions of the LHC experiments ATLAS and CMS,
nearly every bunch crossing will contain at least one in-
elastic pp collision. The subject of collision multiplicity is
discussed in Sect. 3. If individual collisions can be identi-
fied and counted, then the mean can be determined. We use
the example of the ATLAS experiment to show in Sects. 4—
6 that the identification of each collision should be possible
using charged particles produced within the acceptance of
the inner detector. A discussion of uncertainties is given in
Sect. 7, and in Sect. 8 we present our conclusions.

2 Minimum bias events

In hadron collider experiments, inelastic events are se-
lected using a minimum bias (MB) trigger. Typically the
MB trigger accepts non-diffractive and double diffractive
inelastic events, but rejects single diffractive events. The
MB events are therefore commonly identified with non-
single diffractive inelastic (NSD) events.

At the LHC, the inelastic collision can also be col-
lected by triggering on randomly selected bunch crossings.
These data will contain both non-diffractive and diffrac-
tive events, which can be analysed offline. Single diffrac-
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tive events can be removed to create NSD data sets simi-
lar to the MB trigger data. An advantage of the random
trigger is that no trigger bias is introduced in the event
selection. In this paper, events selected with either the
MB trigger or the random trigger are referred to as MB
events. It is assumed that non-diffractive inelastic events
can be extracted from MB events, although the double
diffractive component in the NSD data will require further
consideration.

3 Collision multiplicities

The design luminosity at the LHC is 1034 cm =2 s~ 1, corres-
ponding to an average proton luminosity per bunch cross-
ing of approximately 3 x 1026 cm™=? [6]. The number of in-
teractions per bunch crossing will vary according to Pois-
son statistics, with a mean value determined by (1). For
a cross section o,q = 60 mb, this would give a mean of 18
inelastic non-diffractive events per bunch crossing. During
the early stages of the LHC, the plan is to run at the lower
luminosity of 2 x 1033 cm~2s~!. Assuming the same num-
ber of proton bunches, this would give an average of 3.6
interactions per bunch crossing for the case of 0,4 = 60 mb.
We refer to this initial luminosity phase as low luminosity,
and high luminosity for the case of L = 103* cm=2s71.

Shown in Fig. 1 is a Poisson distribution representing
the number of interactions per bunch crossing for the low
luminosity case (solid line). The dashed line represents the
distribution obtained from varying the mean of the Pois-
son distribution according to a Gaussian distribution. This
latter case represents a 20% uncertainty in luminosity for
different proton bunches. It can be noted that while the
variance of the multiplicity distribution changes, the mean
does not.
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Fig. 1. Number of inelastic non-diffractive pp interactions per
bunch crossing at low luminosity, assuming 0,43 = 60 mb. The
mean multiplicity is 3.6

4 Particle multiplicity

As discussed above, the proposed method is based on de-
termining the mean number of pp collisions in a bunch
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Fig. 2. Number of charged particles produced in inelastic non-
diffractive pp interactions at /s = 14 TéV, normalised to the
number of events, as predicted by PYTHIA 6.214

crossing. This requires identifying and counting the num-
ber of primary vertices of pp interactions with high ef-
ficiency. A successful reconstruction of primary vertices
requires that in each collision at least several charged par-
ticles are produced within the acceptance of a detector and
that the reconstruction of their trajectories is efficient.

In previous work [1], the predictions of two Monte Carlo
event generators PYTHIA [7] and PHOJET [8] were com-
pared with minimum bias and underlying event data for
a wide range of centre of mass energies. Both of these gen-
erators have successful models for describing both the soft
and hard scattering components in inelastic pp interac-
tions. A new set of tunings were developed and used to
extrapolate the Monte Carlo predictions to LHC energies.

Shown in Fig. 2 are the distributions of charged par-
ticle multiplicity for inelastic non-diffractive events, as pre-
dicted by PYTHIA 6.214. The distributions are presented
for three different combinations of cuts on particle trans-
verse momentum pr and pseudorapidity n'. These com-
binations correspond to different regions of phase space
where track reconstructing should be possible with the
tracking detector of ATLAS.

It can be noted that within the angular acceptance
of |n| < 2.5, the average numbers of charged particles per
event for transverse momenta pt > 500 MeV /¢ and pt >
150 MeV/ c are 15.4 and 36.4, respectively. It is also import-
ant that the probability of finding no particles per collision
is small: ~ 3% for the case of pr > 500 MeV /¢, and only
~ 0.4% for the case of pr > 150 MeV/c. These two facts
give the motivation to reconstruct tracks starting from the
lowest pt possible. In addition, the fact that at least one
charged particle will be produced in nearly every pp colli-
sion makes efficient primary vertex finding possible.

Also shown in Fig. 2 is the multiplicity distribution for
charged particles with pr > 150 MeV /¢ produced in the re-
duced pseudorapidity range |n| < 1.5 (usually referred to as
the central tracking region). The average number of par-

! The angular coverage of the ATLAS and CMS inner de-
tectors corresponds to a pseudorapidity range |n| < 2.5, where
n= —In(tan(6/2)) and 6 is the polar angle with respect to the
beam axis.
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ticles produced is 21.8. It is expected that trajectories of
charged particles reconstructed in the central region of the
ATLAS tracker will have better position resolutions [9],
allowing for more accurate vertex counting. This point is
discussed further in the following sections.

5 Track reconstruction

For the purpose of vertex counting, it is important that
the trajectories of charged particles are reconstructed ef-
ficiently and fake rates are kept low. In general, recon-
struction inefficiencies are related to the performance of
detector and track reconstruction algorithms. In the case
of charged pions, which dominate the spectrum of charged
particles in inelastic pp collisions, there are also losses of ef-
ficiency due to hadronic interactions in the detector mate-
rial and decays. According to ATLAS performance simula-
tions [9], reconstruction efficiencies of approximately 80%
are obtained for charged pions with transverse momenta
pr > 500 MeV/c.

The resolution on the reconstructed track parameters
is also crucial for vertex counting. Of particular impor-
tance is resolution on the zy impact parameter?. In order
to distinguish different pp collisions within the same bunch
crossing, we need the resolution on zy to be smaller than
the typical distance between adjacent interactions. For
charged tracks with pr = 500 MeV /¢ produced in the cen-
tral tracking region of the ATLAS Inner Detector, the reso-
lution on the zo impact parameters is found to be o(zg) ~
200 um [9]. However, the resolution degrades rapidly for
[n| > 1.5, and o(zo) reaches a few mm in the most forward
regions.

As discussed in Sect. 4, there is motivation to recon-
struct charged tracks with transverse momenta below pt =
500 MeV /c. The trajectory of a charged particle with pp =
150 MeV/ ¢, travelling in a 2 T magnetic field, has a trans-
verse radius of curvature of approximately 25 cm. Ignoring
decays and inelastic hadron interactions in the detector
material, this particle will reach the outer layers of the
ATLAS silicon tracker, providing up to 7 measurements
along its trajectory [9]. Therefore, it should be possible to
reconstruct particle trajectories with transverse momenta
significantly below pr = 500 MeV/c.

6 Primary vertex counting

The number of inelastic pp interactions in a bunch cross-
ing will vary according to Poisson statistics, as discussed
in Sect. 3. The space distribution of these interactions
will depend on the proton bunch profile. In the direc-
tion of the beam (defined as the z-axis) the collisions in

2 The zo impact parameter is the longitudinal distance (along
the beam axis) between the point of the closest approach of
a reconstructed trajectory of a charged particle and a reference
point with respect to which the parameters of this trajectory
are calculated.
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Fig. 3. Distance between pairs of adjacent pp interactions, for
bunch crossings with two or more interactions

bunch crossing will be distributed according to a Gaus-
sian with standard deviation o, ~ 5.6 cm. The transverse
dimensions of a bunch crossing region o, and o, are much
smaller, ~ 15 pm. If the displacement in z between two ad-
jacent pp interactions in a bunch crossing is greater than
the resolutions on the zy impact parameter of the recon-
structed tracks, then associating tracks to vertices should
be possible.

Shown in Fig. 3 are the distances between pairs of ad-
jacent pp interactions in an LHC bunch crossing, for o, =
5.6 cm, for the high and low luminosity cases. In the low
luminosity case, the probability of finding two interactions
closer than 0.5 mm (5 mm) to each other is ~ 1% (~ 10%).
As discussed in Sect. 5, in the central region of the ATLAS
Inner Detector the resolution on the zy impact parameter
for tracks with pr = 500 MeV /¢ is about 200 pm. A correct
association of tracks to their production vertices should
thus be possible. In the high luminosity mode, the recon-
struction of the number of interaction vertices should also
be possible in ATLAS, given that the resolution on the zg
impact parameter is not expected to degrade.

As mentioned above, o(zg) increases in the most for-
ward regions up to a few mm. It is expected that the effi-
ciency of the vertex finding will degrade due to the charged
tracks produced in this region. The optimal geometrical
cuts required for the effective vertex finding should be es-
tablished through a dedicated analysis. It should be noted
however, that in the low luminosity regime, the degrada-
tion in question will be predominantly small. A careful
inspection of Fig. 3 shows that only ~ 10% of pairs of ad-
jacent pp interactions will have distances less than 5 mm.

7 Uncertainties

The main uncertainties associated with using the vertex
counting method to determine the inelastic pp cross section
can be listed as follows.

1. The pp luminosity. At the LHC the expected preci-
sion for measuring the average luminosity is 5-10% [10].
This is likely to dominate the inelastic pp cross section
measurement uncertainty.
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The uncertainty associated with the luminosity per
bunch is expected to be small. If the fluctuations are
distributed symmetrically around a mean, then the
mean value of the event multiplicity distribution does
not change, as discussed in Sect. 3. A Gaussian distribu-
tion is anticipated due to the many proton bunches at
the LHC. The variance is not expected to exceed 20%.
Indeed, measuring the deviation of the event multi-
plicity variance from that of a Poisson distribution
will give a measure of the bunch-bunch luminosity
fluctuations.

2. Diffractive events. The predictions of PHOJET for sin-

gle and double diffractive cross sections in pp scattering
at the LHC are 11 mb and 4.1 mb, respectively. These
values can be compared to the prediction for the non-
diffractive inelastic cross section of 69.5 mb. The event
topology of diffractive events is distinctive because of
so called rapidity gaps, where particles are produced in
the very forward regions with little event activity in the
central rapidity region. In contrast, particles are pro-
duced predominantly in the central rapidity region in
non-diffractive inelastic events.
Determining the fraction of diffractive events in the
minimum bias data sample and their rejection will re-
quire a dedicated analysis. The contamination in the
final data sample is expected to be small, along with
the corresponding uncertainty on the cross section
measurement. We note that at the UA1 experiment at
/s =0.9 TeV the background contribution from single
diffractive events in their minimum bias data was esti-
mated to be less than 2% [11].

3. Beam—gas interactions. The contribution of beam—gas
interactions in MB data samples will have to be studied.
This background is usually easy to discriminate against
due to the asymmetry in pseudorapidity. For example,
the CDF experiment estimated the contamination of
misidentified beam-gas interactions in the final data
sample to be less than 0.5% at /s = 1.8 TeV and less
than 2.5% at /s = 600 GeV.

4. Detector acceptance. Not all inelastic events result in
particles being produced within the detector accept-
ance. However, as discussed in Sect. 4, less than 5% of
events have no particle produced within the detector
acceptance for pr > 500 MeV /c. For the lower trans-
verse momenta, the fraction of these events will be even
smaller. It can be therefore concluded that the correc-
tions associated with detector acceptance will be small
and so will be the corresponding uncertainty on the
cross section measurement.

5. The verter counting efficiency. The uncertainty related
to the efficiency of vertex counting depends strongly
on the resolutions on the zp impact parameter of the
reconstructed tracks. In order to estimate this contri-
bution, a dedicated analysis is required. However, as
mentioned in Sect. 6, only ~ 10% of the pp interactions
will have distances within 5 mm of each other along the
z-axis. This distance is much bigger than the typical 2z
resolutions of the tracks, discussed in Sect. 5. The asso-
ciated uncertainty is therefore not expected to be more
than a few percent.
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8 Conclusions

In this paper we have described a new method for measur-
ing the inelastic non-diffractive cross section, which can be
applied at LHC experiments. We have argued that the ac-
curacy of the measurement will be at the level of 5%-10%
and that the dominant uncertainty will come from know-
ledge of the luminosity.

We have shown that the ATLAS experiment provides
an excellent laboratory for testing this new approach. We
have also suggested that the reconstruction of particle tra-
jectories to lower transverse momenta should be beneficial
for finding the primary vertices associated with the inelas-
tic pp collisions. We therefore recommend the development
of track reconstruction algorithms into this low-pr regime.
Similar arguments apply to the CMS experiment, although
its prospects for low-p track measurement are more chal-
lenging due to the higher magnetic field in the CMS inner
detector.

We note that measurements of the total and elastic
cross sections are being planned by the TOTEM experi-
ment at the LHC using a luminosity independent method
based on the optical theorem [12]. These measurements
require dedicated instrumentation in the very forward re-
gions. Diffractive physics measurements will also feature
strongly. The inelastic non-diffractive cross section can be
obtained by subtracting the elastic and diffractive compo-
nents from the total cross section.

Finally, we would like to point out that, while we have
proposed the vertex counting method for making a meas-
urement of the inelastic non-diffractive cross section, this
method can be used equally for luminosity measurement.
Once we have some knowledge of 0,4 at /s =14 TeV, ei-
ther from ATLAS or from TOTEM, the efficient recon-
struction of the number of minimum bias events should
allow for measurements of the LHC luminosity.
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