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Summary. — The TOTEM experiment at CERN’s Large Hadron Collider is dedi-
cated to forward hadronic phenomena. The tree pillars of its physics programme are:
an accurate measurement of the total pp cross-section, a measurement of elastic scat-
tering in a wide kinematic range and a wide study of diffractive processes. TOTEM
plans to run at all LHC optics conditions with special emphasis on the high 8* optics
runs that enables TOTEM to make measurements of the total cross-section using the
luminosity-independent method. A key element of this method is the extrapolation
to t = 0GeV? of the differential elastic cross-section. An adequate parametriza-
tion of the differential elastic cross-section and a treatment of the Coulomb part
is presented and applied to the two high 8 optics, 1535 and 90 m. The expected
precision on the total cross-section measurement for the two optics is about 5% and
about 1%, respectively. The TOTEM physics in the early LHC runs will include
measurement of high-|¢| elastic scattering and high-mass diffraction and studies of
the forward charged particle multiplicy.

PACS 13.85.-t — Hadron-induced high- and super-high-energy interactions (energy
> 10GeV).
PACS 29.40.-n — Radiation detectors.

1. — Introduction

The TOTEM experiment [1-3] is dedicated to forward hadronic phenomena. The
tree pillars of its physics programme are: an accurate measurement of the total pp
cross-section, a measurement of elastic scattering in a wide kinematic range and studies
of diffractive processes.

The programme is touching one of the least explored and understood areas of hadronic
physics. This fact can be well demonstrated by fig. 1. The left plot shows several
model predictions for elastic differential cross-sections which differ by several orders of
magnitude at large [¢| (four-momentum transfer squared). The right figure compiles
data on the total pp cross-section. Due to large uncertainties of cosmic ray experiments
and conflicting Tevatron data [4,5], this data set can hardly favor any of the proposed
theoretical descriptions over another. TOTEM shall shed some light onto those open
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Fig. 1. — Left: predictions of the elastic differential cross-section at a center-of-mass energy of
14 TeV by several phenomenological models. Acceptance bands for the main optics (see sect. 2)
are shown at the bottom. Right: a compilation of available data for the total pp cross-section
with a fit by the COMPETE Collaboration [6]. The anticipated ultimate precision (1%) is
shown in the bottom right corner.

questions by providing precise measurements—see for instance the anticipated error bar
for the total cross-section in fig. 1.

The challenging programme brings special requirements for the detector apparatus.
In particular, large pseudorapidity coverage—to detect most fragments from inelastic
collisions and excellent acceptance for surviving forward protons. To accomplish this
task, TOTEM comprises three subdetectors: the inelastic telescopes T1 and T2 and
a system of Roman Pots (RP) for proton detection. This design results in a unique
apparatus with an excellent pseudorapidity coverage, see fig. 2 (a). The acceptance of
the RPs can be further varied by using different optics, as will be discussed in the next
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Fig. 2. — (a) The coverage of the three subsystems of TOTEM. The shown acceptance of the RPs
refers to the " = 1535 m optics. For the other optics, the acceptance is shifted to lower pseu-
dorapidity values, which narrows the gap between the RPs and T2. (b) and (c) Pseudorapidity
distributions of the charged particle multiplicity for non-diffractive (b) and single diffractive (c)
inelastic collisions at the energy of 14 TeV. The main objective is to register most events—and
that is achieved with this design, even if some particles are missed.
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section. The placement of telescopes T1 and T2 has been optimized to maximize the
inelastic trigger efficiency (see figs. 2 (b) and (c)), which is of crucial importance for the
total cross-section measurement (discussed in sect. 3). For details on instrumentation
see [1,2].

2. — Running scenarios

The forward protons, before being registered by the RP system, will pass through
the lattice of the LHC magnets, and thus the observed hit pattern will depend on the
accelerator settings (beam optics). In this way, the optics defines the acceptance and
the resolution of the proton kinematics reconstruction (for details see chapter 6 in [2]).
Besides the optics, the beam collision parameters (such as luminosity) can be optimized
for certain physics measurements. TOTEM plans to use the following three running
scenarios.

1) B* = 1535m with £ ~ (1028-10%) cm~2s~!. This is the ultimate optics for low-
|t| elastic scattering and precise (1% error) total cross-section measurement. The
precision is made possible by very good angular resolution o () & 0.3 urad (mainly
due to the beam divergence). The momentum-loss (£ = Ap/p) resolution is o (§) ~
(2-10) - 1072 for this optics.

2) B* = 90m with £ ~ 103° cm~2s7! is a universal optics allowing for measurement
of elastic scattering (medium || range), total cross-section (5% uncertainty) and
also for diffraction studies. The angular and momentum-loss resolutions are o () ~
1.7 prad and o(§) ~ (6-15) - 1073,

3) f* = (0.5-3)m (standard optics for the general purpose experiments) are
suited for high-|¢| elastic scattering and various diffractive measurements. The
relatively low cross-sections of these processes require high luminosities £ =
(1032-10%3) cm=2s7!. The angular and momentum-loss resolutions are o(¥) ~
15 prad and o (&) ~ (1-6) - 1073.

See fig. 3 for a comparison of proton acceptances for the above optics. Figure 1 left
shows that all the three scenarios are needed to measure elastic scattering in the wide |¢|
range.

All the scenarios mentioned have been conceived for the nominal LHC energy of
14 TeV. However, as it is planned in October 2009, the LHC will start up at a reduced
energy of 7TeV. But one may still assume that the main characteristics of the discussed
scenarios will remain unchanged. The beginning of the LHC operation is scheduled for
B* ~ 2m runs. TOTEM plans for this period are presented in sect. 4. Then, TOTEM
intends to request the 90 m optics as soon as possible. This optics is relatively easy to
get (it does not require a special injection as the §* = 1535m one) and still allows for
measurements throughout the entire physics programme—note (e.g., in fig. 3) that all £’s
are seen through a broad |¢| range. Moreover the |¢| range is shifted by nearly two orders
down in comparison to the low 3* optics and therefore corresponding cross-sections are
much higher.
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Fig. 3. — A comparison of RP acceptances for several optics at the center-of-mass energy of
14 TeV. Black color represents full acceptance while white zero acceptance. Note that the
acceptance for elastic events can be read at the bottom horizontal axis (§ — 0).

3. — Measurement of the total cross-section

TOTEM intends to measure the total cross-section by the luminosity-independent
method. It is based on the Optical Theorem:

(1) Otot (8) o STH(S, t=0),

relating the total cross-section oot to the hadronic(l) component of the elastic scattering
amplitude 7 (s,t). When it is complemented by common definitions for luminosity £
and rates N

_RT H do

— o |TH}?, dN = Ldo, Niot = Nel + Ninel,

2 o=7m|
STH|,_, dt

one can obtain relations for the total cross-section and luminosity:

1 dN/dt|—g

_ (Nel + ]Vinel)2
1+ 92 Ncl + Nincl ’

= (14 o°
£=0+0) N,

(3) Otot

Here, dN/dt|t—¢ stands for elastic rate in the Optical Point (i.e. t = 0), which is to be
obtained by an extrapolation procedure discussed in subsect. 3'1. N, is the total elastic
rate, which will be measured by the RPs and adjusted, again, by the extrapolation
procedure. Ni,e represents the total inelastic rate measured by the telescopes T1 and
T2 (for more details see sect. 2.2 in [7]).

The g quantity can only be determined by an analysis of the Coulomb-hadronic in-
terference (see below in subsect. 3'1) and there is only a small |¢t| window, where these
effects are significant enough. Moreover, for the energy of 14 TeV this region is found
around ¢ = 1- 1073 GeV? which is on the very edge of TOTEM’s acceptance. Therefore
TOTEM might not be able to determine the p value at the nominal LHC energy, unless

(*) There is obviously a second component due to the Coulomb scattering. Their interference
is briefly discussed in subsect. 3°1.
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Fig. 4. — Model predictions for E = 14 TeV in a low-|¢| region. (a) Predictions for the elastic
differential cross-section. (b) Predictions for the elastic slope B(s,t) = & log 9. (c) Predictions
for the hadronic phase.

allowed to insert the RPs closer than the standard 10 beam-o distance (which would
push the acceptance to lower [¢]). For reduced energies, the prospects are much brighter
as the interference region shifts towards higher |t| values. Even if TOTEM was unable to
resolve p, its value could be taken from external predictions (e.g. [6]). Note that expected
p values are small ~ 0.14 and since p enters formulae (3) only via 1 + ¢?, the influence
of any uncertainty is small [2,7].

3'1. Extrapolation to t = 0. — The value do/dt|y is, indeed, not accessible experimen-
tally and thus an extrapolation from a higher-|¢| region must be applied. A necessary
condition for any successful extrapolation is a suitable parameterization. Looking at
fig. 4, showing several model predictions in a low-|t| region, one can observe an almost
exponential decrease of the elastic cross-section up to [t| < 0.25GeV?. This is further
supported by the almost constant differential slope B(s,t) in the quoted range(?). The
plot (c) hints that the phase of hadronic amplitudes can be described by a polynomial of
a low degree. These arguments suggest that the following parameterization is adequate:

(4) TH(s,t) = Ml
C:T(Z = |T“ H (s, 1)|?,  with M, P polynomials for a fixed s.

TE+H stands for the scattering amplitude of the combined Coulomb and hadronic forces
and will be discussed below. The questions to be answered are: what is the optimal fit
range and what is the optimal degree of the polynomials. It is obvious that if too many
free parameters are introduced, they cannot be resolved with confidence. This is mainly a
problem for the phase polynomial P(t) since any phase information can only be resolved
from a narrow Coulomb interference window, as discussed above. The optimal values
shall give good results for most of the models considered; in this way the procedure can
be regarded as model independent.

(?) The model of Islam et al. is an exception which would be easily recognized (e.g., in large-|t|
elastic scattering) and a different strategy would be applied.
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Fig. 5. — (a) The extrapolation deviation as a function of fit’s lower bound for the 5* = 1535 m
optics. (b) Comparison of ¢, and ¢, resolutions for the 8* = 90 m optics. (c) The extrapolation
deviation for the 90 m optics. All plots are based on preliminary simulation/reconstruction data.

So far, only the hadronic contribution T to the elastic scattering has been discussed.
It is clear that the Coulomb interaction will play a role and therefore must be taken into
account. At the time being, there are two approaches to calculate scattering ampli-
tudes TCFH for the combined interaction: the traditional (a la West-Yennie [8]) and the
etkonal (see, e.g., Kundrat-Lokajicek [9]). The traditional approach is based on rather
constraining assumptions on the form of the hadronic amplitude, and furthermore it has
recently been shown internally inconsistent [10].

As mentioned in sect. 2, TOTEM plans to measure the total cross-section with two
optics: §* = 1535m and 90 m. The lowest measurable [t| values differ quite considerably
(see fig. 2 right and vertical marks in fig. 4) and therefore the extrapolation strategies
differ as well.

For the 1535 m optics, the Coulomb interference effects play a role and thus an in-
terference formula must be applied (the eikonal one has been used in this study). The
following configuration has been found optimal: quadratic B(t) and constant phase with
upper bound [t| = 41072 GeVZ2. Preliminary results are shown in fig. 5 (a). One can
see that most models lie within a band +0.2% (except for the model of Islam et al.—see
footnote 2).

As for what concerns the 90 m optics, the Coulomb effects are negligible and therefore
the phase parameterization becomes irrelevant(®). On the other hand, the horizontal
t component ¢, can be resolved with a limited resolution only—see fig. 5 (b). Since
t =1, +t,, the considerable uncertainties propagate to the full ¢ distribution. A number
of solutions might be suggested.

1) Use the t-distribution (i.e. do/dt) despite large uncertainties.

2) Using azimuthal symmetry, one can “transform” a t¢,-distribution in a ¢-distri-
bution:

do do do 0 do do
— = —(t du — (u) — (t — ).
i = gox [ agwge-

(3) The T coincides with 7% and the phase factor exp[iP(t)] cancels out when differential
cross-section is calculated according to eq. (4).
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However, since low-|t, | information is missing (out of acceptance), an extrapolation
step would be needed just for this transformation.

3) “Transform” a t¢-parameterization in a t,-parameterization and fit it directly
through ¢, data:

ty=t sin? ¢, with ¢ uniformly distributed
do 3 _ 2/”/2 dp do [ t,
dt, " 7w Jy sin®¢ dt \sin¢/’

Considering a parameterization of type eq. (4), one can derive an approximate

formula:
R LT i
dt dt, v N bt ] )

which can be justified provided the non-linear terms in the exponent (ct?,...) do
not give an essential contribution—which is the case, see fig. 4.

Eventually, the third approach has been chosen and a cubic polynomial with an
upper bound of [t| = 0.25 GeV? has been found optimal. Preliminary results are plotted
in fig. 5 (c). Most models fall in a band between —1% and —3% (Islam’s model being
again an exception—see footnote 2). The overall offset of —2% is a consequence of the
beam divergence and can be corrected in the data analysis.

32. Inelastic rate. — The inelastic rate Niper (in eq. (3)) is to be measured by the
forward trackers T1 and T2. In order to maximize the detection efficiency a number
of trigger strategies is foreseen, see, e.g., sect. 2.2 in [7]. The dominant contribution of
trigger losses is expected to arise from low-mass single or double diffractive events. To
correct for this deficiency, an extrapolation procedure has been established (details can
be found in sect. 6.2.2 in [2]).

4. — Early measurements

As of October 2009, the LHC schedule counts on first physics collisions at the center-
of-mass energy of /s = 7TeV and 8* ~ 2m. The expected RP acceptance and resolution
for this scenario are similar to the nominal energy case, see sect. 2. That means &
acceptance 0.02 < ¢ < 0.18 and resolution o (&) < 6 - 1073, elastic acceptance 2 < |t| <
20 GeV? and resolution o(t) =~ 0.2/1/]t|. These parameters are suitable for the physics
studies listed below.

— The vertical RPs will measure high |t| elastic scattering.

— Given the range where £ can be determined by (horizontal) RPs, TOTEM will
measure spectra of high-mass diffractive processes. For single diffraction,the mass
spectrum doP /dM could be measured for masses 1 TeV < M < 3TeV. For dou-
ble pomeron exchange(*) the distribution doPFE/dM will be available for masses

(*) Here, the term “double pomeron exchange” is used as a synonym to central diffraction.
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Fig. 6. — (a) and (b) Characteristic event structures of high-mass single diffraction (a) and dou-
ble pomeron exchange (b). The boxes in the upper part present pseudorapidity vs. azimuthal
angle charts. The diagrams in the bottom show momenta of particles in sample events, to-
gether with rapidity gaps An between outgoing protons p and edges of the diffractive system X.
(c¢) Pseudorapidity distribution of charged particles produced in single diffractive events with &
range compatible with the RP acceptance in the LHC start-up scenario. In this simulation, only
intact protons with negative pseudorapidity have been considered. The shaded vertical bands
represent the coverage of the telescopes T1 (blue) and T2 (red).

0.14TeV < M < 1.3TeV. See fig. 6 (a) and (b) for typical event topologies for
these processes.

The value of ¢ can be alternatively determined by the telescopes T1 and T2. When
an edge of a rapidity gap is detected in the telescopes (see the bands around n ~ —5
in fig. 6 (¢)), the gap size An can be related to the momentum loss by An ~ —log¢.
In this way, the accessible mass regions can be extended to lower values.

— The telescopes T1 and T2 alone can be used for studies of forward charged particle
multiplicities.
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