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Abstract

The TOTEM experiment at the LHC has performed the first luminosity-independent determination
of the total proton-proton cross-section at /s = 7 TeV. This technique is based on the optical theo-
rem and requires simultaneous measurements of the inelastic rate — accomplished with the forward
charged-particle telescopes T1 and T2 in the range 3.1 < |n| < 6.5 — and of the elastic rate by de-
tecting the outcoming protons with Roman Pot detectors. The data presented here were collected
in a dedicated run in 2011 with special beam optics (f* = 90m) and Roman Pots approaching the
beam close enough to register elastic events with squared four-momentum transfers |¢| as low as
5-1073 GeV2. The luminosity-independent results for the elastic, inelastic and total cross-sections
are Og; = (25.1 4+ 1.1)mb, Ojpe; = (72.9+ 1.5)mb and Gior = (98.0 £2.5) mb, respectively. At the
same time this method yields the integrated luminosity, in agreement with measurements by CMS.

TOTEM has also determined the total cross-section in two complementary ways, both using the CMS
luminosity measurement as an input. The first method sums the elastic and inelastic cross-sections
and thus does not depend on the p parameter. The second applies the optical theorem to the elastic-
scattering measurements only and therefore is free of the T1 and T2 measurement uncertainties.
The methods, having very different systematic dependences, give results in excellent agreement.
Moreover, the p-independent measurement makes a first estimate for the p parameter at /s = 7 TeV
possible: |p| =0.145+0.091.
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1 Introduction

The TOTEM experiment has recently published [1, 2] the differential cross-section for elastic proton-
proton scattering as a function of the four-momentum transfer squared, . By extrapolation to ¢ = 0, the
cross-section doy /dt|,—¢ at the optical point was determined. Integration of the differential distribution
yields the elastic cross-section, o). Applying the optical theorem, the total and the fully inclusive inelas-
tic proton-proton cross-sections were derived, with a weak dependence on the p parameter (the ratio of
the real to the imaginary part of the forward hadronic scattering amplitude):

tot 1+p2 dt 0 9

t

Oinel = Otot — Oe] - (1)

All these cross-sections are exclusively based on the measurement of the elastic scattering cross-section.

Moreover, taking advantage of the two trigger-capable forward charged-particle telescopes T1 and T2,
the inelastic cross-section was also directly measured [3] using the same data set as in [2]. A small
Monte-Carlo correction (=2 4%) was applied to account for the invisible events in the very forward direc-
tion |n| > 6.5, mainly due to low-mass single diffraction. The cross-sections values with their systematic
uncertainties are summarized in Table 1.

The excellent agreement between the two completely different measurements of the inelastic cross-
sections confirms the understanding of the systematic uncertainties and corrections applied in both meth-
ods. Taking maximum advantage of the two measurements by combining them in different ways allows
extracting more information from the data, such as:

luminosity-independent cross-sections,

luminosity determination,

p-independent cross-sections,

luminosity- and p-independent cross-section ratios,
— p constraints.

The results presented in this article are obtained from the data collected in October 2011 (for details see
Table 1 in [2]). For completeness, some of the results will be compared to those of the lower-luminosity
run from June 2011 [1], where only the elastic part of the analysis could be performed.

2 Luminosity independent cross-sections

Using the optical theorem, one can combine the elastic measurements from [2] and the inelastic mea-
surements from [3] to derive the total cross-section without the knowledge of the luminosity:

167 (hic)? dNg /dt|,—o

; (2)
I+ P2 Nel "‘]Vinel

Otot =

where N, and N, stand for rates integrated over the run period. Taking p = 0.141 4+ 0.007 from the
COMPETE extrapolation [4] yields the luminosity-independent total cross-section, see Table 1. Fur-
thermore, using the measured ratio Ngj/Ninel, also the elastic and inelastic cross-sections can be derived
independently from the luminosity. These cross-sections are given in Table 1 with their uncertainty
compositions.

3 Luminosity determination

The optical theorem can also be applied in a complementary way such that the luminosity is determined:

o TOTEM _ 14+p%  (Net+ Nipel)?
n 167 (hic)?  dNe /dt|i—o

3
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Table 1: Cross-section summary. The statistical uncertainties are negligible and therefore omitted. The systematic-
uncertainty contributions are grouped into several categories — el (from the elastic-scattering analysis), inel (from
the inelastic-scattering analysis), lumi (from the 4% uncertainty of the CMS luminosity measurement) and p (from
the COMPETE p extrapolation, considering only the uncertainty of £0.007 related to their preferred model) —
together forming the full systematic uncertainty (components combined in quadrature, including their correlations).

elastic only: Eq. (1) elastic only: Eq. (1) Zine-independent: Eq. (2) p-independent: Eq. (6)
June 2011 October 2011 October 2011 October 2011
published in [1] published in [2]
full el lumi p = full el inel p = full el inel lumi=> full
Oiot [mb] 98.3 +2.8 98.6 +£1.0 £2.0 £0.1=+2.2 98.0 +£1.8 +£1.7 £0.2=+2.5 99.1 +0.3 +1.7 +4.0=+4.3
Ginel [mb] 73.5+1.6 73.24+0.8 +£1.0 £0.1=+1.3 72.9+1.1 £0.9 +£0.1=+£1.5 73.7 +1.7 +£3.0=+134
O [mb] 24.8 +1.2 254403 +1.0 =+1.1 25.1 £0.6 £0.9 £0.0=+1.1 25.440.3 +1.0=+1.1

Measurements at /s = 7 TeV
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Fig. 1: Left: the dependences of total, inelastic and elastic cross-sections on the scattering energy /s. The
continuous black lines (lower for pp, upper for pp) represent the best fits of the total cross-section data by the
COMPETE collaboration [4]. The dashed line results from a fit of the elastic scattering data. The dash-dotted
curves correspond to the inelastic cross-section and were obtained as the difference between the continuous and
dashed fits.

Right: measurements of total, inelastic and elastic cross-sections at /s = 7TeV. The circles represent the four
TOTEM measurements summarized in Table 1 (weighted mean given by the dotted line), the other points show the
measurements of other LHC collaborations.
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Thus, integrating the rates over the data-taking period during which the elastic [2] and inelastic [3]
interactions have independently but simultaneously been measured, the integrated luminosity . I0TEM
is obtained. Using the above p value, the luminosity determined by TOTEM for the October run is
compared in Table 2 to the one obtained by CMS in a completely different way. Both measurements

agree well within their uncertainties.

Once the cross-section of a process is known, it can be, in general, used for luminosity determination. In
particular, knowing the total and elastic cross-sections, the integrated luminosity of the earlier June run
[1] has been calculated from the elastic scattering rates dNj/dt|;,—o and Ngj, which are of course highly
correlated:

167 (hic)? dN2™e 1

June __

pJune _ —, 4)
" 1+p? dt |, o
NJune
L= 5)
€

The luminosity-independent values for the total and elastic cross-sections (see Table 1) yield the inte-
grated luminosities for the June run, which are again in excellent agreement with the CMS results, see
Table 2.

Table 2: The integrated luminosities for the October and June data sets as determined by different experiments
and different methods.

data set method EZa
Octob TOTEM, Eq. 3) 83.7 3.2
ctober  cms 82.8 £33

TOTEM, Eq. (4) 1.66£0.08
June  TOTEM, Eq.(5) 1.65+0.07
CMS 1.65+0.07

4 p-independent quantities

p enters into the equations when the optical theorem is used. However, a p-independent determination
of the total cross-section can be obviously obtained by summing directly the elastic [2] and inelastic [3]
cross-sections:

Otot = Ocl 1 Oinel - (6)

These p-independent cross-sections (see Table 1) have a larger uncertainty due to the direct propagation
of the luminosity uncertainty which, however, cancels for the cross-section ratios

Ol _ 034540009, 2 —0.257+0.005.

Oinel Otot

5 p determination

The elastic and inelastic measurements can be combined in order to determine p?:

dNg /dr =
2 2 CMS el =0
=167 (hc)” L — 1. 7
P ( C) n (N61+Ninel)2 ( )

Note that this is a direct measurement at /s = 7TeV, not an extrapolation from lower-energy measure-
ments. Inserting the values from [2, 3] and the CMS luminosity measurement yields p? = 0.009 +0.056
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Fig. 2: The ratio of the elastic to total cross-section as a function of the scattering energy /s. The dashed line
shows the ratio of the o (s) and Oy (s) fits from Figure 1.

(mean and standard deviation). This estimate of p? cannot be translated into terms of p in a straight-
forward manner since an important part of the p? distribution extends to negative values, where the
square root is not defined. Instead, one can state that at 95% confidence level p? < 0.10. This upper
bound can be equally expressed as p < 0.32. Alternatively, one can pursue the Bayes’ approach to esti-
mate |p|. Taking a uniform prior |p| distribution, it yields a posterior distribution with mean 0.145 and
standard deviation 0.091.

6 Comparison with other experiments

The total, elastic and inelastic cross-section values obtained with different methods and data sets (sum-
marized in Table 1) show excellent agreement. In particular, the inelastic cross-sections from two com-
pletely independent measurements, once determined from the elastic measurement with the Roman Pot
detectors and once directly from the more central charged-particle telescopes, agree remarkably well
with each other and also with the ALICE [5], ATLAS [6] and CMS [7] results (see Figure 1 right).

The energy dependence of the proton-(anti)proton cross-sections is shown in Figure 1 left. The best fit of
Oiot(s) by the COMPETE Collaboration [4] (published before the TOTEM result) describes the energy
dependence well even up to the highest energies measured.

The ratio O,/ Ot can give some insights into the shape and the opacity of the proton, subject to model-
dependent theoretical interpretations. The steady rise of this ratio with energy (Figure 2 compiled from
[8]) is often interpreted as the increase of proton size and opacity with energy.

7 Relevance for cosmic-ray measurements

The LHC energy begins to overlap with the energy range where large area cosmic ray showers are studied
(see Figure 1). Investigations of high-energy proton-proton interactions at the LHC are therefore of high
importance for the study of the development of cosmic ray showers in the atmosphere and thus for high-
energy cosmic ray interpretations, like e.g. the energy spectrum and particle composition [9]. The most
important observable is the shower maximum Xp,x which is related to the primary particle mass. It
strongly depends on the inelastic proton-air cross-section. It is worth mentioning that calculations of
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hadron-nucleus cross-sections in the Glauber-Gribov formalism [10, 11] require the knowledge of not
only the inelastic pp cross-section but also the proton-proton elastic scattering amplitude in the small |¢|-
range. The latest Auger measurement of the inelastic cross-section at /s = 57 TeV [12] (Figure 1) used
the TOTEM cross-section values as an input. In addition, all kinds of diffractive phenomena influence the
development of the shower cascade and the multiplicity fluctuations of secondary hadrons [13]. Thus the
measurements of the pp cross-sections and the particle flow are of high importance for the interpretation
of cosmic ray showers.

8 Final remark

Within the currently available |¢|-range and with the present experimental resolution, no effects due to
the Coulomb interaction have been observable. Therefore, the obtained elastic scattering |¢|-distribution
has been — within the experimental uncertainties — attributed to the hadronic component only, used in the
optical theorem. Moreover, a larger-B* optics (8* = 1000m) has been developed. A recent successful
run with this optics has demonstrated that |¢| values down to 0.0005 GeV? can be attained. A study of the
Coulomb-hadronic interference and an observation of the low-|¢| hadronic cross-section are, therefore,
in reach.
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