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PACS 13.60.Hb — Total and inclusive cross sections (including deep-inelastic processes)

Abstract — The TOTEM experiment at the LHC has performed the first luminosity-independent deter-
mination of the total proton-proton cross-section at /s = 7TeV. This technique is based on the optical
theorem 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 detecting
the outcoming protons with Roman Pot detectors. The data presented here were collected in a dedi-
cated run in 2011 with special beam optics (8* = 90m) and Roman Pots approaching the beam close
enough to register elastic events with squared four-momentum transfers |t| as low as 5- 1072 GeV?2. The
luminosity-independent results for the elastic, inelastic and total cross-sections are o = (25.1 + 1.1) mb,
Oinel = (72.9 £ 1.5) mb and oot = (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 = 7TeV possible: |p| = 0.145 £ 0.091.
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Introduction. — The TOTEM experiment has re-
cently published [1,2] the differential cross-section for elas-
tic proton-proton scattering as a function of the four-
momentum transfer squared, . By extrapolation to ¢ = 0,
the cross-section doe/dt|;—¢ at the optical point was de-
termined. Integration of the differential distribution yields
the elastic cross-section, o.. Applying the optical the-
orem, the total and the fully inclusive inelastic proton-
proton cross-sections were derived, with a weak depen-
dence on the p parameter (the ratio of the real to the imag-
inary part of the forward hadronic scattering amplitude):

dO’el

dt |,_,’

o2, = 167 (hc)?
O 1+p2

(1)

Oinel = Otot — Oel-

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 inelas-
tic cross-section was also directly measured [3] using the
same data set as in [2]. A small Monte Carlo correction
(= 4%) was applied to account for the invisible events
in the very forward direction || > 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 con-
firms the understanding of the systematic uncertainties
and corrections applied in both methods. Taking maxi-
mum 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 ta-
ble 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.
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Luminosity independent cross-sections. — Using
the optical theorem, one can combine the elastic measure-
ments from [2] and the inelastic measurements from [3] to
derive the total cross-section without the knowledge of the
luminosity:

167 (hC)Q dNel/dﬂt:O
1+PQ Nel“‘Ninel,

(2)

Otot —

where Nej and Niye 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. Furthermore, using the mea-
sured ratio Nei/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 uncer-
tainty compositions.

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

rorem _ _1+p°  (Net + Niner)?
int 167 (hc)®  dNa/dtlizo

(3)

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 LIOTEM 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 particu-
lar, knowing the total and elastic cross-sections, the inte-
grated luminosity of the earlier June run [1] has been cal-
culated from the elastic scattering rates dNe/dt|;—¢ and
N1, which are of course highly correlated:

tune 16w (Re)? dNTune 1
int = 2 2 (4)
1+p dt |, Ofot
p Jlune
une e
e = =t 5
e = e )

The luminosity-independent values for the total and elas-
tic cross-sections (see table 1) yield the integrated lumi-
nosities for the June run, which are again in excellent
agreement with the CMS results, see table 2.

p-independent quantities. — p enters into the equa-
tions 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:

(6)

Otot = Oel + Oinel-
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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)

Lint-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
Otot (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
Oinel (mb) 73.5 £1.6 73.2+0.8£1.0£0.1=+1.3 7294+1.1+09+0.1=+1.5 73.7 +1.74+3.0=+34
oel (mb) 24.8 £1.2 25.44+0.3 £1.0 =+1.1 25.1 0.6 0.9 £0.0==£1.1 25.4 +0.3 +1.0==£1.1

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

methods.

Data set Method Ling (ub™1)
TOTEM, cq. (3) 837 £32
October g 82.8 +3.3
TOTEM, cq. (4) 1.66 £ 0.08
June TOTEM, eq. (5) 1.65 4+ 0.07
CMS 1.65+0.07

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 1/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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Fig. 2: The ratio of the elastic to total cross-section as a func-
tion of the scattering energy \/s. The dashed line shows the
ratio of the gei(s) and oot (s) fits from fig. 1.

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

Oel Oel

= (0.345 %+ 0.009, = 0.257 £ 0.005.

Oinel Otot
p determination. — The elastic and inelastic measure-
ments can be combined in order to determine p:

2 pOMS dNer/dt|i=o

2 =167 (h Y e i
P 77( C) int (Nel +Ninel)2

— 1.

(7)

Note that this is a direct measurement at /s = 7TeV, not
an extrapolation from lower-energy measurements. Insert-
ing the values from [2,3] and the CMS luminosity measure-
ment yields p? = 0.009 £0.056 (mean and standard devia-
tion). 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 Bayes’ approach to estimate |p|. Taking a uniform
prior |p| distribution, it yields a posterior distribution with
mean 0.145 and standard deviation 0.091.

Comparison with other experiments. — The total,
elastic and inelastic cross-section values obtained with dif-
ferent methods and data sets (summarized in table 1) show
excellent agreement. In particular, the inelastic cross-
sections from two completely 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 fig. 1, right).

The energy dependence of the proton-(anti)proton
cross-sections is shown in fig. 1, left. The best fit of oot (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 ge /oot 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 (fig. 2 compiled from [8]) is often interpreted
as the increase of proton size and opacity with energy.

Relevance for cosmic-ray measurements. — The
LHC energy begins to overlap with the energy range where
large-area cosmic-ray showers are studied (see fig. 1). In-
vestigations 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
Xmax 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 hadron-nucleus
cross-sections in the Glauber-Gribov formalism [10,11] re-
quire the knowledge of not only the inelastic pp cross-
section but also the proton-proton elastic scattering am-
plitude in the small |¢t|-range. The latest Auger measure-
ment of the inelastic cross-section at /s = 57TeV [12]
(fig. 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 multiplic-
ity fluctuations of secondary hadrons [13]. Thus, the mea-
surements of the pp cross-sections and the particle flow
are of high importance for the interpretation of cosmic-
ray showers.

Final remark. — Within the currently available [¢|-
range and with the present experimental resolution, no ef-
fects due to the Coulomb interaction have been observable.
Therefore, the obtained elastic scattering |¢|-distribution
has been — within the experimental uncertainties — at-
tributed to the hadronic component only, used in the op-
tical theorem. Moreover, a larger-3* optics (6* = 1000 m)
has been developed. A recent successful run with this op-
tics has demonstrated that |¢|-values down to 0.0005 GeV?
can be attained. A study of the Coulomb-hadronic inter-
ference and an observation of the low-|t| hadronic cross-
section are, therefore, in reach.

X ok ok

We are indebted to the beam optics development team
for the design, the thorough preparations and the success-
ful commissioning of the 5* = 90 m optics. We congrat-
ulate the CERN accelerator groups for the very smooth
operation in 2011. We thank the LHC physics coordina-
tors for scheduling the dedicated fills.

We are grateful to CMS for providing their luminosity
measurements.

21004-p4



Luminosity-independent measurements of total, elastic and inelastic cross-sections at /s = 7 TeV

We thank S. OSTAPCHENKO and R. ULRICH for valuable  [3]
discussions on the cosmic-ray implications of our results.

This work was supported by the institutions listed on  [4]
the front page and partially also by NSF (US), the Mag-

nus Ehrnrooth foundation (Finland), the Waldemar von [5]
Frenckell foundation (Finland), the Academy of Finland, 6]
the Finnish Academy of Science and Letters (The Vilho, 7]
Yrjo and Kalle Viisalda Fund), the OTKA grant NK 8]
101438, 73143 (Hungary) and the NKTH-OTKA grant
74458 (Hungary). 9]
10]

REFERENCES

[1] TOTEM COLLABORATION (ANTCHEV G. et al.), EPL, [l1]

96 (2011) 21002. [12]
[2] TOTEM COLLABORATION (ANTCHEV G. et al.), CERN-
PH-EP-2012-239. [13]

21004-p5

TOTEM COLLABORATION (ANTCHEV G. et al.), CERN-
PH-EP-2012-352.

COMPETE COLLABORATION (CUDELL J. R. et al.),
Phys. Rev. Lett., 89 (2002) 201801.

ALICE CoLLABORATION, CERN-PH-EP-2012-238.
ATLAS COLLABORATION, Nat. Commun., 2 (2011) 463.
CMS COLLABORATION, CMS-PAS-FWD-11-001, CMS-
PAS-QCD-11-002.

PARTICLE DATA GROUP (NAKAMURA K. et al.), J. Phys.
G, 37 (2010) 075021.

NAGANO M. and WATSON A. A., Rev. Mod. Phys., 72
(2000) 689.

GLAUBER R. J., in Lectures in Theoretical Physics, edited
by BRITTEN W. E., Vol. 1 (Interscience, New York) 1959,
p. 315.

GRriBov V. N., Sov. Phys. JETP, 29 (1969) 483.
PIERRE AUGER COLLABORATION, Phys. Rev. Lett., 109
(2012) 062002

D’ENTERRIA D. et al., Astropart. Phys., 35 (2011) 98.



