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Abstract

TOTEM has measured the differential cross-section fortielgsoton-proton scattering at the LHC
energy of,/s = 7TeV analysing data from a short run with dedicated IgBgeoptics. A single
exponential fit with a slopd® = (20.1+ 0.25%'+ 0.3%) GeV—2 describes the range of the four-
momentum transfer squarétd from 0.02 to 0.33Ge¥. After the extrapolation tdt| = 0, a total
elastic scattering cross-section (@4.8 + 0.25%+ 1.2%Y) mp was obtained. Applying the optical
theorem and using the luminosity measurement from CMS, & pobton-proton cross-section of
(98.34 0.251+ 2.8%SY mb was deduced which is in good agreement with the expeotatin the
overall fit of previously measured data over a large rangenfar-of-mass energies. From the total
and elastic pp cross-section measurements, an inelastiopg-section of73.5+0.652 18 s¥s) mp
was inferred.

PACS 13.60.Hb: Total and inclusive cross sections

Accepted for publication in EPL
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1 Introduction

The observation of the rise of the total cross-section witrgy was one of the highlights at the ISR, the
first CERN collider [1] 2| B,4]. Some indirect indications this unforeseen phenomenon had already
come earlier from high-energy cosmic ray showers [5,/6, 7]lodg series of total proton-antiproton
cross-section measurements followed in the last decadbsabthe CERN Sp pS collider [8, 9] and at
the TEVATRON [10/ 11/ 12, 13].

In this letter, we report the first measurement of the totdl elastic proton-proton cross-sections at the
CERN Large Hadron Collider (LHC) using the optical theorargdther with the luminosity provided
by the CMS experiment [14, 15]. With a dedicated beam opticgiguration 3* =90 m) TOTEM has
measured the differential cross-section of elastic stattdor four-momentum transfer squared values
|t| to 2x 10-2GeV?, making the extrapolation to the optical point/t= 0 possible. This allows the
determination of the elastic scattering cross-sectionedkas the total cross-section.

2 The Roman Pot detectors

To detect leading protons scattered at very small angl&yrssensors are placed in movable beam-pipe
insertions — so-called “Roman Pots” (RP) — located symmadtyi on either side of the LHC interaction
point IP5 at distances of 215 — 220 m from the[IPI [16].

Each RP station is composed of two units separated by a déstefrabout 5 m. A unit consists of 3 RPs,
two approaching the outgoing beam vertically and one haotaly. Each RP is equipped with a stack of
10 silicon strip detectors designed with the specific objeatf reducing the insensitive area at the edge
facing the beam to only a few tens of micrometers. The 51@sstith 66um pitch of each detector are
oriented at an angle of45° (five “u’-planes) and-45° (five “v’-planes) with respect to the detector
edge facing the beam. During the measurement the detentthrs horizontal RPs overlap with the ones
in the vertical RPs, enabling a precise (i) relative alignment of all three RPs in a unit by correlgtin
their positions via common particle tracks. The precisind #he reproducibility of the alignment of all
RP detector planes with respect to each other and to thegrositthe beam centre is one of the most
delicate and difficult tasks of the experiment|[17].

In a station, the long lever arm between the near and the famR®has two important advantages. First,
the local track angles in the x- and y-projections perpandicto the beam direction are reconstructed
with a precision of 5 to 1firad. Second, the proton trigger selection by track angleusgnall RPs
independently: the stations on the opposite sides of ththéRear and far units of each station, and the
u andv planes in each unit. This redundancy can be used to obtdinttgger efficiency or purity.

3 The special LHC optics

After an elastic scattering interaction in IP5 with the Be@rse vertex positiofx*, y*) and with scattering
angle projectiong©y,©y5), the displacemen(x,y) of the proton trajectory from the beam centre at the
RP positionsgp is given by:

X=LxO +WX", y=L,0)+wy", @

where the optical functionkyxy andvyy at the RP positiorsrp are determined by the beta function:

Luy = /BxyB* SinApyy andvyy = \/% cosApiy with the phase advanabiyy = 7”5 ds rela-
tive to the IP. To maximise the sensitivity of the positionaserement to the scattering angle while
minimising its dependence on the vertex position, spegéks are designed to have minimum beam
divergencegy at the IP (imposing large values f via gg = \/&n/B*), large values of. andv =0,
and thusAu = 711/2 in at least one projection. In the ultimate TOTEM opticshwit' = 1540 m [18] this

so-called “parallel-to-point focussing” condition wilelulfilled in bothx andy. As a first step towards
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this goal, the intermediate optics wifit = 90 m was developed [19, 20,/21]. Since this intermediate op-
tics is reachable by gradually increasifigfrom 11 m (the value at injection) to 90 m (“un-squeezing”),
the commissioning is easier than for the ultimate opticse fh= 90m exhibits parallel-to-point fo-
cussing only in the vertical plané\fy ~ 11/2, Ly ~ 260m, vy ~ 0), whereas in the horizontal plane
Apy ~ mand hencéy ~ 0, which helps separating elastic and diffractive evenkg Geam divergence is
06 ~ 2.5urad. The vertical scattering ang can then be directly reconstructed from the track position
y, whereas due tay ~ 0 the horizontal compone®; is optimally reconstructed from the track angle

O = & at the RP:
1 v
=Y o (@X— Xx*> , @)

y ) X = dly Ae
Ly = ds

where the unmeasured vertex produces a smearingetm However this smearing is eliminated later
in the analysis since the vertex term cancels due to thelatiar between the collinear tracks of the two
outgoing protons.

4 Data collection and event selection

The data presented here were collected in the first LHC rumtivit3* = 90 m optics. Each beam had two
bunches with populations ofx110'° and 2x 10 protons. Given the normalised transverse emittances
of (1.8+2.6) umrad depending on the bunch, this filling scheme led to ammtaheous luminosity
of about 8x 10?°cm~2s~1. Thanks to the low beam intensity, the RP detectors coulelysapproach
the beam centre to a distance of 10 times the transverse bheamAdter verifying that the beam orbit
did not significantly differ from the one with nominal beantiop (3* = 1.5m), the RP positions were
defined relative to the reference beam centre determinednom¢h earlier in a beam-based alignment
exercise for* = 1.5m. Within the running time of 33 minutes, an integrated lwsity of 17 ub—!
was delivered, and 66950 events were recorded with a vesg ltsger requiring a track segment in any
of the vertical RPs in at least one of the two transverse ptiojgs {1, v). The data sample relevant for
this analysis consisted of 15973 events characterisedebgléstic double-arm signature in the vertical
RPs op left of IP - bottom right of |P or bottom left of IP - top right of IP). Fig.[d shows the intersection
points of the selected tracks with the RP detectors at the2RR2stations on both sides of the IP.

5 Analysis

Elastic tagging Due to the purity of the data obtained in the conditions of gpecial run, the final
refinement of the elastic event selection — requiring cedliity of the two outgoing protons reconstructed
with full detector efficiency within 3 standard deviatiomstheir scattering angle correlation (Fig. 2) —
reduces the sample to 14685 elastic events. No further ewgs,for excluding diffractive events, are
necessary. The reconstructed and selected elastic evemishfe two allowed diagonal topologies (7315
events ortop left of IP - bottom right of IP and 7370 events doottom left of IP - top right of 1P) showed
that their acceptance was the same and that the RP systemellesligned. The®j resolution was
1.7urad, originating directly from the beam divergence sinceecter effects are suppressed given the
large value oL. In the ©% resolution the beam divergence contribution is convolutét the detector
resolution and the vertex distribution, but the vertex affis factorised out once the pairs of elastic
protons are reconstructed together.

Optics, t-scale The LHC optics withB* = 90 m is very insensitive to machine parameter variations.
This led to systematic uncertainties &) and©j of just 1.3% and 0.4%, respectively. Non-linearities
were observed and corrected in the observ@jjeas a function of the reconstructgoposition. The

correction was benchmarked on the isotropy of ¢ghdistribution of the elastic candidate events, and it
was cross-checked by repeating the analysis usjrtg reconstruct the relevant physics variables. The
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Fig. 1: The intersection points of all reconstructed tracks in tlaita set with the RP silicon detectors (black lines

indicate the detector sensitive area) at the RP 220 m staltioorder to represent the pp scattering configuration
the tracks visualized in the bottom silicon detector refesne side and in the top detector to the other side of the
interaction point.
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Fig. 2: The correlation between the reconstructed proton scagfemgleso; (left plot) and®j (right plot) on
both sides of the IP (“45” = left of IP5, “56" = right of IP5).

overall propagated systematic uncertainty onttbeale for one arm is 0.8% at lojif and 2.6% at large
t].

Acceptance The acceptance limitations at lojtf have been corrected for the geometry and beam
divergence related factors (FIg. 3). The TOTEM experimex# thus measuret| down to the limit of

2 x 107?Ge\? (constraining the total acceptance correction at ldwo be < 3 in order to minimise
the systematics). The acceptance loss (due to aperturationis) at the high end of thé] spectrum
measurable with this optics has also been treated, thusiajoneasurements df| up to Q42 Ge\2.
Therefore a comparative analysis with the previously higlil TOTEM results [22] is possible.
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Fig. 3: The acceptance correction factor andtHienit of this analysis.

Efficiency The detector and reconstruction efficiency per pot has besnated directly from the data,
by repeating the analysis of the elastic events using thrteequt of four and permutating on the missing
pot. The inefficiency of the near pots was about 1.5%, wheénkfficiency of the far pots was about 3%:
such a difference is expected due to the probability of apprbaiving a hadronic interaction in a near pot,
inducing a shower onto its corresponding far pot. The oVérafficiency for both diagonals has been
computed to be 8.9% and 8.7%, counting also the uncorrefatgahbilities to have more than one pot
inefficient at the same time. The special trigger combimatidgth all detector components in OR, used
for this data taking, has allowed checking and excluding@ihbinations of correlated inefficiencies.

Background The data did not show any measurable backgroun@.1%) affecting the selection of
elastic events. Single Gaussian fits precisely describéngwi any non-Gaussian tails) the distributions
resulting from the selection cuts, guaranteeing efficiemegl purity of these cuts. In fact, the spe-
cial optics run and the two colliding low-intensity bunchessured the absence of pile-up from single
diffraction; moreover, the data have shown that double pomexchange events could not satisfy the
collinearity requirements in both dimensions at the same #ven at very lovt|, as verified by selecting
events with momentum logsp/p > 1%.

Resolution After deconvolution of the vertex, the effective resolatio ©; has contributions of ¥ urad
from the beam divergence and4irad from the RP detector resolution. The resolutio®jris 1.7 urad
from the beam divergence. Hence the bin migration corred®function ot was contained between
+1% and—3%. This resolution-unfolding correction has been comghutith high precision (systematic
uncertainty of 0.7%) taking into account the acceptancectsf given the different resolutions in the two
angular components.

Extrapolation to t = 0 The elastic differential cross-section has been measuveah do |t| = 2 x
10~2Ge\2. The data were then extrapolated te 0 assuming the functional form

do-e| o do-e| —B‘t|
T d t:Oe . (3)

The statistical and the propagated systematic uncedaiunfi the extrapolation are given separately in
Tab.[1.
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Luminosity, Trigger, Normalisation This data analysis was based on a large fraction of the data
taken during run 5657, excluding the period of initial beadjuatment, in fill 1902 on 29 June 2011.
The luminosity was recorded by CMS with an uncertainty of 404, [15]; the additional uncertainty
contribution due to pile-up, found by CMS in 2011 [23] doeg apply to the very low luminosity
discussed here. The trigger efficiency for elastic events gvaater than 99.9%. Thus the effective
integrated luminosity was equal to6bub—?.

6 Results

After including all the analysis corrections described\ahydhe final differential cross-section for the
elastic proton-proton scattering with its statisticabesris shown in Fid.14.
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Fig. 4: The measured pp elastic scattering differential crostesedo/dt. The superimposed fits and their pa-
rameter values are discussed in the text.

The new data can be described by a single exponentigtito(o.f. = 0.8) over the completét| range

of (0.02-0.33) GeV? with the slopeB = (20.1+ 0.2(stah + 0.3(sys}) GeV2. The TOTEM result for

B at low |t| confirms the trend of an increase wiffs [10, 24,25/ 26, 27, 28, 29]. As a comparison,
the exponential fit at the lower end of thté range of our previous measurement![22] which covered
(0.36+2.5)GeV? is also shown in Figl4. The agreement between the two measutsithat were done
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with different optics is excellent. It is worth noting thaetslope in thét| interval of (0.36+ 0.47) Ge\V?
is significantly larger(23.6 + 0.5(stay 4 0.4(sysb) GeV 2.

Assuming a constant slofzfor the nuclear scattering, the differential cross-sectibthe optical point
t = 0 was determined to b§|t:0 = (5037 + 1.5(stah 4 26.7(syst) mb/GeV2. Integrating the differ-
ential cross-section yields a total elastic scatteringssection 0f24.8+ 0.2(stab + 1.2(sys)) mb, out
of which 16.5 mb were directly observed.

The total proton-proton cross-section is related to thstielaross-section via the optical theorem

, _ 16m(hc)? dog
Ot = 1 52 10?2

(4)

t=0

Taking the COMPETE prediction [30] of. 04'5:3% for the parametep = ﬁ[[:‘:%]] where fe(0) is the
forward nuclear elastic amplitude;y; was thus determined to be
Otot = (98.3i0.2(stat) t;? (sysl)> mb. (5)

The errors are dominated by the extrapolatioh 400 and the luminosity uncertainty.

Subtracting the elastic scattering cross-section wemltaalue for the inelastic cross-section which can
then be compared with the measurements of the CMS [31], ATI32F and ALICE [33] experiments.
The results (Talll1) are consistent within the quoted eo@MS, ATLAS, and ALICE, which took into
account the uncertainties of the model predictions for timbgerved very-forward diffractive processes.

In Fig.[3, the values of the TOTEM total and elastic crosgisas are compared with results at lower
energies and from cosmic rays together with an overall fihef COMPETE collaboration [30]. The

TOTEM total cross-section is in excellent agreement with éttrapolation from lower energies. To
guide the eye, a parabolic fit was used for the energy depeadsrthe elastic cross-section. The ratio
of the elastic to total cross-sectiod/ oot = 0.25+ 0.0151@syst

Tablel1 lists the values of the measured observables andhtiedsults for the physics quantities along
with their statistical and systematic uncertainties.

Table 1: Results of the TOTEM measurements at the LHC energy®f 7 TeV.

Statistical uncertainties Systematic uncertainties Result
t +[3.4+119% +[0.6+ 1.8]%°Plicst < 194Rlignment
single measuremelit
do 5% / bin +49guminosity - 1 gganalysis 4 (g, 7nfolding
B +1% 4194 —Scaleq- . 794Hnfolding (20.140.251844 0.3 GeV—2
doy o +0.3% +0.39°Plics - goguminosity - jgganalysis | (5037 + 1.5584 26,75 mb/GeV?
f %I at +0. 8%extrapolation + 4%Iuminosityj: l%analysis
Tot +£0.2% (+08%) ) 15 795 (98.3+0.25%+£ 2.8%) mp
Oa=[%dt | £0.8% +5% (24.8+ 0.2+ 1,29 mb
Oinel +0.8% (T239) (735£0.65 T8 syshmp
Oinel (CMS) (68.0+ 2,055t 2.4Umi 4 4eXt1ap)
Oinel (ATLAS) (69.4+ 2.4%P+ 6,93 mb
Oinel (ALICE) (7274 1.1model 4 5 qlumiy mp

*)corrected after unfolding analysigincludes tagging, acceptance, efficiency, background)
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Fig. 5: Compilation of total 6iot), inelastic Gine) and elastic @) cross-section measurements [30,31] 32, 33, 34,
39].

7 Outlook

TOTEM foresees taking data in dedicated runs wBth= 90m still in 2011. It is expected that the
RP detectors can approach the beam centre as close as Shentearnsverse beam width. The lowest
accessiblét|-values will then be around.Q05Ge\#, improving the measurement of the sldpand the
extrapolation of the differential cross-section|tp= 0. Furthermore, with a running time of at least
5 hours the statistics can be considerably improved. liaiusf the TOTEM inelastic telescopes, T1
and T2, will allow a luminosity-independent measuremertheftotal cross-section as well as a detailed
study of low-mass diffraction. If larger values Bf (around 1 km) can be reached during the year 2012,
the acceptance for low-t elastic scattering can be exteimiethe Coulomb-Nuclear-Interference region
below 103 Ge\2. A measurement of the parameter might then come into reach.

X % X%
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