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The TOTEM experiment at the LHC has performed the first luminosity-independent measure-

ments of the total proton-proton cross-section at
√

s = 7 TeV and 8 TeV. These measurements

are based on the optical theorem and require simultaneous measurements of the elastic rate by

measuring the outgoing protons with Roman Pots and of the inelastic rate, accomplished with the

forward charged-particle telescopes T1 and T2 in the range 3.1 < |η | < 6.5. TOTEM has also

determined the total pp cross-section using the CMS luminosity measurement in various ways

and the results were found in excellent agreement with the luminosity-independent measurement,

despite having very different systematic dependencies. Moreover, since TOTEM is capable to

detect inelastic events with diffractive masses down to 3.4GeV, a limit on the cross section for

low mass diffraction was set from the difference between theoverall inelastic cross section (mea-

sured only using elastic scattering) and visible inelasticcross section (measured using T1 and T2).

The differential elastic cross section has been measured inthe range 5·10−3 < |t|< 2.5 GeV2 for

pp collisions at the center of mass energy of 7 TeV and down to|t| =0.01 GeV2 for collisions

at 8 TeV. The measurement of the forward charged particleη-density has been performed at 7

TeV in the range 5.3< |η | <6.4. This measurement constitutes the most forward pseudorapidity

density measurement ever obtained at LHC. This analysis is also repeated at 8 TeV by using a

dedicated run taken with a common CMS/TOTEM trigger. A summary of these measurements is

here reported, as well as the preliminary results on single and double diffractive cross section.
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1. The TOTEM experiment

The TOTEM Experiment at the LHC [1] is designed to measure thetotal proton-proton cross-
section (σtot ) with a precision down to 1-2%, to study the differential elastic cross section (dσel/dt)
over a wide range of the squared four-momentum transfer and to make measurements on diffractive
processes, partially in cooperation with the CMS experiment [2]. The experimental apparatus is
sketched in fig. 1.

Figure 1: Top: the T1 and T2 telescopes in the forward region of CMS. Bottom: the Roman Pots location
along the LHC beam-line. All TOTEM detectors are installed symmetrically with respect to the IP 5.

To achieve optimum forward coverage for charged particles emitted by the pp collisions in the
interaction point IP5, two tracking telescopes, T1 and T2, covering respectively the pseudorapidity
range 3.1< |η | < 4.7 and 5.3< |η | < 6.5, are installed on each side. Special movable beam-pipe
insertions - called Roman Pots (RP) - are placed at distancesof ∼147 m and∼220 m from IP5 and
allow the measurement of the leading proton coming from diffractive or elastic interactions.

2. Total, elastic and inelastic pp cross section

TOTEM performed a first measurement of dσel/dt at
√

s =7 TeV in the 0.36 <|t| < 2.5 GeV2

range using data taken in 2010 with the standard LHC optics (β ∗ = 3.5 m), during a dedicated
run at low luminosity [3]. In June 2011, with a dedicated beamoptics configuration (β ∗ = 90
m) and low luminosity, the elastic scattering rate (Nel) was measured down to|t| = 2· 10−2 GeV2

[4], with ∼ 67% of the full elastic rate detected. With the use of the optical theorem, the CMS
luminosity (L , known with 4% uncertainty) and theρ parameter1 estimated by the COMPETE [6]

1ρ = ℜ| fel(0)|/ℑ| fel(0)|, where fel(0) is the forward nuclear elastic amplitude.
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collaboration, the elastic and total cross section was determined:

σ2
tot =

16π(h̄c)2

1+ ρ2 · 1
L

dNel

dt

∣

∣

∣

∣

t=0
(2.1)

The analysis was also repeated with a low luminosity run atβ ∗ = 90 m taken in October 2011
where even smaller|t| values, down to 5·10−3 GeV2, were measured. This enabled the observation
of 91% ofσel, allowing an improved extrapolation to the optical point [5].

The TOTEM differential elastic cross-section measurements at
√

s =7 TeV are reported in
figure 2, where the analysis results obtained in three different runs and|t|-intervals, are shown.

Figure 2: Elastic|t|-differential cross section at
√

s =7 TeV.

For |t| < 0.2 GeV2 the data can be described very well by an exponential function with slope
B = 19.9± 0.3 GeV2. The diffractive minimum was found at|tmin| = 0.53± 0.01 GeV2. B and
|tmin| are found to be respectively larger and smaller with respectto the values obtained from the
elastic scattering measurements at lower-energy. Therefore with the increase of the center of mass
energy the "shrinkage of the diffractive peak in elastic pp collision" was confirmed by TOTEM. In
the|t|-range 1.5 - 2.0 GeV2 dσel/dt can be described by a power law|t|n with n =−7.8±0.3. The
luminosity-dependent total, elastic and inelastic cross section, obtained by measuring the elastic
rate only, were found to be [5]:

σtot = 98.6±2.2 mb σel = 25.4±1.1 mb σinel = 73.2±1.3 mb (2.2)

With the same data as in [5],σinel was also directly measured using inelastic events triggered
by the T2 telescope, with the luminosity provided by CMS [7].The inelastic cross section visible
to T2 was found to be 69.73± 2.88 mb. From the study of a sample triggered on bunch crossing
the contribution of the T1 telescope to the inelastic rate was also determined. The cross-section for
inelastic events with at least one|η | <6.5 final-state particle was determined to be 70.5± 2.9 mb.
This cross-section includes all central diffractive events of which maximally 0.25 mb is estimated
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to escape the detection of the telescopes. The T1+T2 telescopes are expected to be sensitive to
diffractive masses larger than 3.4 GeV. Based on models for low mass diffraction, the total inelastic
cross-section was deduced to be 73.7± 3.4 mb. An upper limit of 6.31 mb at 95% confidence
level on the cross-section for events with diffractive masses below 3.4 GeV was obtained from the
difference between the overall inelastic cross-section obtained by TOTEM using elastic scattering
[5] and the cross-section for inelastic events with at leastone|η |< 6.5 final-state particle. By using
the optical theorem the luminosity of the run used for the luminosity-independent measurement of
the cross sections [8] was determined:

Lint =
1+ ρ2

16π(h̄c)2 ·
(Nel + Ninel)

2

dNel/dt|t=0
(2.3)

The value estimated by TOTEM (83.7± 3.2 µb−1) was in good agreement with the one provided
by CMS (82.8± 3.3 µb−1). The measurement of the luminosity independent total cross section
was obtained from the relation:

σtot =
16π(h̄c)2

1+ ρ2 · dNel/dt|t=0

Nel + Ninel
, (2.4)

whereNel andNinel represent respectively the elastic and inelastic rates integrated over a given
data taking period. The total, elastic and inelastic luminosity-independent cross section were found
to be[8]:

σtot = 98.0±2.5 mb σel = 25.1±1.1 mb σinel = 72.9±1.5 mb (2.5)

The errors on theσel measurement are dominated by the uncertainties on the extrapolation to
t = 0 while theσinel leading uncertainty is due to the correction for the contribution from low mass
diffraction.

Using the same analysis procedures, the cross sections werealso determined at 8 TeV [9], in
a low luminosity run withβ ∗ = 90 m where the elastic proton|t| was measured down to|tmin| =
10−2GeV2. The luminosity independent results are:

σtot = 101.7±2.9 mb σel = 27.1±1.4 mb σinel = 74.7±1.7 mb (2.6)

The cross section measurements at 7 and 8 TeV, in good agreement with the COMPETE ex-
trapolation, are summarised in fig. 3 (left). The right part of fig. 3 reports a comparison of the cross
sections measurements at

√
s = 7TeV obtained with the different analysis methods [8]: in(1,2)

the optical theorem, the luminosity from CMS andρ from the COMPETE fit were used, for two
runs with different instantaneous luminosity and different position of minimum approach of the
RPs to the beam; in(3) a ρ independent measurement was performed, using the luminosity from
CMS and the relationσtot = σel + σinel; in (4) the cross sections were evaluated with the luminos-
ity independent method. It is important to remind that an elastic and total cross section analysis
at 8 TeV is also ongoing based on a low luminosity run withβ ∗ = 1 km where the elastic proton
|t| was measured down to|tmin| = 6 · 10−4GeV2 and a detailed study on the Hadronic/Coulomb
interference is performed.
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Figure 3: Left: measurement of the luminosity-independentσtot , σel , σinel at
√

s =7 and 8 TeV. Measure-
ment from cosmic rays, other LHC experiments and lower energy data are also superimposed together with
the best fits from the COMPETE collaboration [6]. Right: comparison of the TOTEM measurementσtot ,
σel , σinel obtained with different analysis methods (see text for moredetails).

3. Single-diffractive and double-diffractive cross sections

Preliminary measurements of the double and single diffractive cross section were obtained
by using low pile-up runs at 7 TeV. The double diffractive cross section was obtained from a run
triggered with T2, requiring at least one track in both T2 hemispheres and no tracks in T1.

The measurement is corrected in order to be representative for double diffractive events with
central rapidity gap starting from 4.7<|ηmin±|<6.5. This corresponds to the the cross section for
DD events where both diffractive systems have masses between 3.4 and 8 GeV.

The non diffractive (ND) background was estimated by scaling the MC predictions according
to a control sample from data dominated by ND (both sides of T1and T2 detectors with tracks). The
single diffractive (SD) background was estimated completely from the data using a SD dominated
control sample (tracks in one T2 hemisphere, veto for tracksin the other T2 hemisphere and in T1),
with a proton in the RPs. The double diffractive cross section was found to beσDD(4.7<|ηmin±|<6.5) =

120±25µb. The measurement was also repeated requiring smaller rapidity gaps. The results are
reported in table 1.

The single diffractive cross section measurement was obtained in a highβ ∗ = 90 m run trig-
gered with T2, requiring only 1 proton in the RPs. Depending on the different configurations
of the inelastic telescopes, different diffractive mass ranges can be selected (see table 2). The
|t|-differential diffractive cross sections was also measured for the different mass ranges. The dis-
tributions have been fitted with an exponential,Aexp(−B|t|). The B parameter was found to be
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Table 1: Double diffraction cross sections for different sizes of the central rapidity gap.

−4.7 > ηmin− > −5.9 −5.9 > ηmin− > −6.5

4.7 < ηmin+ < 5.9 66± 19 µb 27± 5 µb

5.9 < ηmin+ < 6.5 28± 5 µb 12± 4 µb

Table 2: Single diffraction measurements for different ranges of the diffractive mass (“opposite” refers to the
side of the IP with respect to the proton in the RP). The SD cross-section numbers contain two contributions:
the leading proton can be reconstructed both in the left or inthe right side of the IP.

SD class Inelastic telescopes configuration Mass σSD (±20%) B (±15%)

Low Mass p + T2 opposite only (no T1) 3.4 - 8 GeV 1.8 mb 10.1
Medium Mass p + T2 opposite + T1 opposite 8 - 350 GeV 3.3 mb 8.5

High Mass p + T2 opposite + T1 same 0.35 - 1.1 TeV 1.4 mb 6.8

larger for smaller diffractive masses. Integrating each distribution down tot =0, the cross section
was also determined for each single diffractive mass category (σSD). The values ofB andσSD are
reported in table 2.

An optimal measurement of the diffractive mass (M) is achieved for low and medium masses
using the estimation of the rapidity gap∆η based on the charged track position in T1 and T2
(∆η =-ln(M2/s), wheres is the Mandelstam variable). At high masses the protonξ = ∆ p

p measured
by the RPs was instead used to determine the mass (M2 = sξ ).

4. Forward multiplicities

A preliminary measurement of the charged particle pseudorapidity density (dN/dη) in T2 was
obtained for inelastic events by using a low-luminosity runat

√
s = 8 TeV. The analysis is similar

to the one implemented for the measurement at 7 TeV [10], despite several improvements in the
event selection, detector simulation and alignment were introduced. Now that the TOTEM trigger
signal is able to go into the CMS trigger menu, the T2 minimum bias trigger was used also to
trigger the readout of CMS and a simultaneous measurement ofthe dN/dη on the same events
was performed both in the CMS central tracker (|η | < 2.4) and in the very forward pseudorapidity
region with T2 (5.3< |η |< 6.4) [11, 12]. The measurement is obtained for an “inclusive” inelastic
sample of events, where at least a reconstructed track in T2 is required. The measurement is then
corrected in order to be representative for inelastic events with at least a charged particle generated
in the T2η-acceptance withPT >40 MeV/c. This selection guarantees that a fraction> 94% of
the inelastic events is included in the sample. The pseudorapidity density measurement is also
repeated for a non-single-diffractive enhanced sample where both side of T2 was required to have
some tracks reconstructed. This measurement is then corrected in order to be representative for
inelastic events with at least a charged particle generatedin each side of the T2η-acceptance, with
PT >40 MeV/c. A measurement of the charged particle dN/dη for a single-diffactive enhanced

6



P
o
S
(
D
I
S
 
2
0
1
3
)
0
6
6

Cross sections and forward multiplicities measurements with TOTEM Mirko BERRETTI

sample is also ongoing. The results of the CMS and TOTEM dN/dη analysis obtained with the
inclusive sample, are reported in fig. 4.

Figure 4: Charged particle dN/dη obtained with a common CMS-TOTEM trigger. The measurement is
representative of inelastic events with at least a charged particle generated in T2 (PT > 40 MeV/c).

Having the two experiments different PT acceptance the measurement includes charged parti-
cles withPT > 100 MeV/c in the central tracker, while particles withPT > 40 MeV/c are included
in the T2 measurement. Consistently with thePT thresholds used in the analysis, the MC predic-
tions are superimposed to the experimental points using different charged particle minimumPT ,
depending on the pseudorapidity region.
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