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pACS 13.60.Hb ... Total and inclusive cross sections (including deep-inelastic proesses)

Abstract ...TOTEM has measured the di erential cross-section for elastic proton-proton scattering
at the LHC energy of s =7 TeV analysing data from a short run with dedicated large- optics.
A single exponential “t with a slope B = (20.1+ 0.25@ + 0.3%')GeV>2 describes the range of the
four-momentum transfer squared |t| from 0.02 to 0.33 GeV?. After the extrapolation to |t| = 0,
a total elastic scattering cross-section of (24.8 + 0.2 + 1.2%%)mb was obtained. Applying
the optical theorem and using the luminosity measurement from CMS, a tota | proton-proton
cross-section of (983 + 0.2° + 2.8¥*')mb was deduced which is in good agreement with the
expectation from the overall “t of previously measured data over a large range of center-of-mass
energies. From the total and elastic pp cross-section measuremats, an inelastic pp cross-section
of (73.5+ 0.6 -5 ¥')ymb was inferred.
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Introduction. ... The observation of the rise of the to- perpendicular to the beam direction are reconstructed
tal cross-section with energy was one of the highlights at with a precision of 5 to 10urad. Second, the proton trig-
the ISR, the “rst CERN collider [1...4]. Some indirect ger selection by track angle can use all RPs independently:
indications for this unforeseen phenomenon had already the stations on the opposite sides of the IP, the near and
come earlier from high-energy cosmic-ray showers [5...7far units of each station, and the u and v planes in each
A long series of total proton-antiproton cross-section mea- unit. This redundancy can be used to obtain high trigger

surements followed in the last decades both at the CERN
SppS collider [8,9] and at the TEVATRON [10...13].

In this letter, we report the “rst measurement of the to-
tal and elastic proton-proton cross-sections at the CERN
Large Hadron Collider (LHC) using the optical theorem
together with the luminosity provided by the CMS experi-
ment [14,15]. With a dedicated beam optics con“guration
( =90m) TOTEM has measured the di erential cross-
section of elastic scattering for four-momentum transfer
squared values|t| to 2 x 102 GeV?, making the extrapo-
lation to the optical point at |t| = O possible. This allows
the determination of the elastic scattering cross-sectioras
well as the total cross-section.

The Roman Pot detectors. ...  To detect leading pro-

e ciency or purity.

The special LHC optics. ... After an elastic scatter-
ing interaction in IP5 with the transverse vertex position
(x ,y ) and with scattering angle projections ( ,, ),
the displacement §,y) of the proton trajectory from the
beam centre at the RP positionsgp is given by

)

where the optical functions Lyy and vy, at the RP po-
sition srp are determined by the beta function: L,y =

X=Lx y+ WX, y=1Ly ytwy,

sin Hyy and vyy = 2 cos yy Wwith the

xy
phase advance pyy = .,SDRP (S) ds relative to the IP.

To maximise the sensitivity of the position measurement

tons scattered at very small angles, silicon sensors areto the scattering angle while minimising its dependence

placed in movable beam-pipe insertions ,so-called *Ro-
man PotsZ (RP), located symmetrically on either side of

the LHC interaction point IP5 at distances of 215...220m y3|yes of

from the IP [16].

Each RP station is composed of two units separated by the ultimate TOTEM optics with

a distance of about 5m. A unit consists of 3 RPs, two
approaching the outgoing beam vertically and one hori-
zontally. Each RP is equipped with a stack of 10 silicon
strip detectors designed with the speci“c objective of re-

ducing the insensitive area at the edge facing the beam to jncreasing

only a few tens of micrometers. The 512 strips with 6Gm
pitch of each detector are oriented at an angle of +45
(“ve » uZ-planes) andS45 (“ve « vZ-planes) with respect

to the detector edge facing the beam. During the mea- Ly

surement the detectors in the horizontal RPs overlap with
the ones in the vertical RPs, enabling a precise (1Qm)
relative alignment of all three RPs in a unit by correlating
their positions via common patticle tracks. The precision
and the reproducibility of the alignment of all RP detector
planes with respect to each other and to the position of
the beam centre is one of the most delicate and di cult
tasks of the experiment [17].

In a station, the long lever arm between the near
and the far RP units has two important advantages.
First, the local track angles in the x- and y-projections
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on the vertex position, special optics are designed to have
minimum beam divergence  at the IP (imposing large
via n! ), large values ofL and
v=0,and thus W= / 2in at least one projection. In
= 1540 m [18] this so-
called eparallel-to-point focussingZ condition will be ful-
“lled in both x andy. As a “rst step towards this goal, the
intermediate optics with = 90 m was developed [19...21].
Since this intermediate optics is reachable by gradually
from 11 m (the value at injection) to 90 m
(sun-squeezingZ), the commissioning is easier than for
the ultimate optics. The = 90 m exhibits parallel-to-
point focussing only in the vertical plane ( py /2,
260 m, vy 0), whereas in the horizontal plane
Hy and hencelL, 0 which helps separating elas-
tic and diractive events. The beam divergence is
2.5urad. The vertical scattering angle , can then be
directly reconstructed from the track position y, whereas

due to Ly O the horizontal component , is optimally
reconstructed from the track angle = dx at the RP:
y 1 ~ dvy
= =, = S—x 2
Y Ly g d(;-sX " ds ( )

where the unmeasured vertex produces a smearing term
X . However, this smearing is eliminated later in the anal-
ysis since the vertex term cancels due to the correlation
between the collinear tracks of the two outgoing protons.

Data collection and event selection. ... The data
presented here were collected in the “rst LHC run with
the = 90 m optics. Each beam had two bunches with
populations of 1x 10 and 2x 10 protons. Given the
normalised transverse emittances of (8...5) umrad de-
pending on the bunch, this “lling scheme led to an instan-
taneous luminosity of about 8x 107 cm®>2s>1. Thanks

21002-p2
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Fig. 1: (Colour on-line) The intersection points of all recon- 5
structed tracks in this data set with the RP silicon detec- _o1sX0°
tors (black lines indicate the detector sensitive area) at the k L
RP 220 m station. In order to represent the pp scattering con- 9 L
“guration, the tracks visualized in the bottom silicon detec tor oos 01
refer to one side and in the top detector to the other side of B
the interaction point. 0.05[
10
to the low beam intensity, the RP detectors could safely or
approach the beam centre to a distance of 10 times the i
transverse beam size. After verifying that the beam orbit -0.05-
did not signi“cantly di er from the one with nominal beam C
optics (= 1.5m), the RP positions were de“ned rela- i
tive to the reference beam centre determined one month 0.1 %
earlier in a beam-based alignment exercise for =1.5m. - 1

s . . . . J.HH.\HHH.....,\H-TX%
Within the running 1t|me of 33 minutes, an integrated Iu- 008 T e T T T e 0 e
minosity of 1.7 ub>* was delivered, and 66950 events were 45 [rad]
recorded with a very loose trigger requiring a track seg- Y
ment in any of the vertical RPs in at least one of the two Fig. 2: (Colour on-line) The correlation between the recon-
transverse projections (@, v). The data sample relevant for structed proton scattering angles , (top) and , (bottom)
this analysis consisted of 15973 events characterised by theon both sides of the IP («45Z = left of IP5, *56Z = right of
elastic double-arm signature in the vertical RPs (op left IP5).
of IP-bottom right of IP or bottom left of IP-top right of
IP). Figure 1 shows the intersection points of the selected
tracks with the RP detectors at the RP 220 m stations on their acceptance was the same and that the RP system was
both sides of the IP. well aligned. The  resolution was 17 prad, originating
directly from the beam divergence since detector e ects
s ) ) ) are suppressed given the large value ofy. In the
~ Elastic tagging.  Due to the purity of the data obtained  rego|ution the beam divergence contribution is convoluted
in the conditions of this special run, the “nal re“nement \yith the detector resolution and the vertex distribution,
of the elastic event selection ,requiring collinearity of t he 1t the vertex e ect is factorised out once the pairs of
two outgoing protons reconstructed with full detector ef-  g|5stic protons are reconstructed together.

“ciency within 3 standard deviations in their scattering

angle correlation (“g. 2), reduces the sample to 14685 Optics, t-scale. The LHC optics with =90m is
elastic events. No further cuts,e.g. for excluding dirac- very insensitive to machine parameter variations. This
tive events, are necessary. The reconstructed and selecteded to systematic uncertainties on , and , of just 1.3%
elastic events from the two allowed diagonal topologies and 0.4%, respectively. Non-linearities were observed and
(7315 events ontop left of IP-bottom right of IP and 7370 corrected in the observable , as a function of the recon-
events on bottom left of IP-top right of IP) showed that structed y position. The correction was benchmarked on

Analysis. ...

21002-p3
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events. Single Gaussian “ts precisely describe (without
5 5 any non-Gaussian tails) the distributions resulting from
|=2x10" GeV the selection cuts, guaranteeing e ciency and purity of
5 these cuts. In fact, the special optics run and the two col-
liding low-intensity bunches ensured the absence of pile-
up from single di raction; moreover, the data have shown
that double pomeron exchange events could not satisfy the
collinearity requirements in both dimensions at the same
time even at very low |t|, as veri“ed by selecting events
with momentum loss p/p > 1%.

[e2]

Ll

T T T
1

T T T
Ll

T T T
Ll

acceptance correction factor
D

T T T
Ll

i

2: Ry 1 1 Resolution.  After deconvolution of the vertex, the ef-
- H”‘HJ ] fective resolution in , has contributions of 1.7 prad from
1 the beam divergence and Durad from the RP detector

resolution. The resolutionin  is 1.7 urad from the beam
divergence. Hence the bin migration correction as a func-
4 045 0.5 tion of t was contained between +1% andS3%. This

It Gev*® resolution-unfolding correction has been computed with
high precision (systematic uncertainty of 0.7%) taking into
account the acceptance e ects, given the di erent resolu-
tions in the two angular components.

Extrapolation to t = 0.  The elastic di erential cross-
the isotropy of the  distribution of the elastic candidate section has been measured down tft| = 2 x 10°2 GeV?.
events, and it was cross-checked by repeating the analysisThe data were then extrapolated tot = 0 assuming the
using L to reconstruct the relevant physics variables. The functional form
overall propagated systematic uncertainty on thet scale

for one arm is 0.8% at low|t| and 2.6% at large|t|. dd el - % eSB It )
t U =0

T
L1

.05 0.1 0.15 0.2 0.25 0.3 0.35 0

<7

Fig. 3: (Colour on-line) The acceptance correction factor and
the t-limit of this analysis.

Acceptance. The acceptance limitations at low|t| have
been corrected for the geometry and beam divergence re-The statistical and the propagated systematic uncertain-
lated factors (“g. 3). ties of the extrapolation are given separately in table 1.

The TOTEM experiment has thus measured|t| downto | yminosity, trigger, normalisation.  This data analy-

the limit of 2 x 10°2GeV? (constraining the total accep- gjs was based on a large fraction of the data taken during
tance correction at low [t| to be 3 in order to minimise 4 5657, excluding the period of initial beam adjustment,
the systematics). The acceptance loss (due to aperturei, 4 1902 on 29 June 2011. The luminosity was recorded
limitations) at the high end of the |t| spectrum measur- by CMS with an uncertainty of 4% [14,15]; the additional
able with this optics has also been treated, thus allowing uncertainty contribution due to pile-up, found by CMS in
meas_urements _0f|t|. up to 0.42.GeV2. Thgrefore, a com- 5011 23] does not apply to the very low luminosity dis-
parative analysis with the previously published TOTEM  ¢;sseqd here. The trigger e ciency for elastic events was
results [22] is possible. greater than 99.9%. Thus, the e ective integrated lumi-
Eciency.  The detector and reconstruction e ciency nosity was equal to 165ub>?.

ber F.)Ot has been e_:valuated d|re'ctly from th? data, by re- Results. ... After including all the analysis corrections
peating the analysis of the elastic events using three pots described above, the “nal di erential cross-section for the

.OUt ‘.Jf four and permutating on the missing pot. The elastic proton-proton scattering with its statistical err ors
ine ciency of the near pots was about 1.5%, while the in- is shown in “g. 4

gciency of the far pots was abggt 3%: such a di erence The new data can be described by a single exponen-
Pachonc meraction in a hear pot, niding a shower ontp U * (_ 2101 = 0.8) over the complete ] range of
its corresponding far pot Thepovérall ine giency for both (0.02...33) GeV* with the slope B = (20.1+ 0.2 +
diagonals has been com. uted to be 8.9% and 8.7% count-O'SSYSt)GeVSZ' The TOTEM result for_ B at low |t] con-
9 b 7P 7 “rms the trend of an increase with s [10,24...29]. As a

ing also the uncorrelated probabilities to have more than comparison, the exponential “t at the lower end of the

one SOt t'.ne C".atr: ailt éhf s?me time. Thte .SngR'al trlgdg::r |t| range of our previous measurement [22] which covered
combination with afl detector components in , used for (0.36...%) GeV? is also shown in “g. 4. The agreement be-

this data taking, has allowed checking and excluding all fween the two measurements that were done with di er-

combinations of correlated ine ciencies. ent optics is excellent. It is worth noting that the slope in
Background. The data did not show any measurable the |t| interval of (0.36...(2!,7)VGeV2 is signi“cantly larger:
background (< 0.1%) aecting the selection of elastic (23.6+ 0.5 + 0.4%5!) GeV>2,

21002-p4
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Fig. 4: (Colour on-line) The measured pp elastic scattering di erential cross-section d / dt. The superimposed “ts and their
parameter values are discussed in the text.
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Fig. 5: (Colour on-line) Compilation of measurements of tot al ( ), inelastic ( e ) and elastic ( e) cross-section measure-
ments [30...35].
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Table 1: Results of the TOTEM measurements at the LHC energy of s=7TeV.

Statistical uncertainties | Systematic uncertainties Result
t +[3.4...18]% +[0.6...B]%PPICs + < 19lignment
single measurement( )
?Tt 5% / bin i4%uminosity + 10/0analysis + 0_7%unfolding
B +1% + 194 7scale 4 0,79 nfolding (20.1+ 0.25t + 0.3%¥st) GeV S2
4li=o +0.3% +0.39°Plcs + 4oguminosity 4 1 ganalysis (503.7 + 1.5%0 + 26,79 )mb/GeV 2
?Ttdt io's%extrapolalion i4%uminosily + lo/oanalysis
o, ()
ot +0.2% o5 1 2.7% (98.3+ 0.2%t + 2.8%s ) mb
o= Grdt | £0.8% +5% (24.8 % 0.2%8t + 1.2 ) mb
inel +0.8% gzlgg‘; (73.5+ 0.6t ’éig st ) mb
inet (CMS) (68.0% 2.0%st + 2.4umi + 49Xt ymp
inel (ATLAS) (69.4+ 2.4%% + 6,993 Y mp
inel (ALICE) (72.7+ 1.1m0de! + 5 qlumiymp

() Corrected after unfolding.

anaysis  (includes tagging, acceptance, e ciency, background).

Assuming a constant slopeB for the nuclear scat- used for the energy dependence of the elastic cross-section
tering, the di erential cross-section at the optical point The ratio of the elastic to total cross-section ¢/ o =
t = 0 was determined to be ‘c’,—th:o = (503.7% 1.5 + (0.25+ Q.01 syst,
26.7)mb/ GeV?. Integrating the dierential cross- Table 1 lists the values of the measured observables and
section yields a total elastic scattering cross-section of the “nal results for the physics quantities along with their
(24.8+ 0.25% + 1.2%')mb, out of which 16.5mb were statistical and systematic uncertainties.
directly observed. ) ) )

The total proton-proton cross-section is related to the Outlook. ... TOTEM foresees taking data in dedicated

RP detectors can approach the beam centre as close as
, _ 16 (0%dg 5 times the transverse beam width. The lowest accessi-

(4) ble |t|-values will then be around Q005 Ge\?, improving
the measurement of the slopeB and the extrapolation
Taking the COMPETE prediction [30] of 0.145% 5% for the of the di erential cross-section to |t| = 0. Furthermore,

parameter = f*[[ff:ll ((8))]] , wheref ¢(0) is the forward nuclear With a running time of at least 5 hours the statistics can

tot T T4 2
0 1+ 2 dt

elastic amplitude, o was thus determined to be be considerably improved. Inclusion of the TOTEM in-
elastic telescopes, T1 and T2, will allow a luminosity-
+2.8 Vst independent measurement of the total cross-section as well

ot = 983% 0.2%% g0 7 mb. (5) as a detailed study of low-mass di raction. If larger val-

ues of  (around 1km) can be reached during the year

The errors are dominated by the extrapolation to t = 0 2012, the acceptance for low-elastic scattering can be ex-
and the luminosity uncertainty. tended into the Coulomb-Nuclear-Interference regior_l be-

Subtracting the elastic scattering cross-section, we ob- 1OW 10°° Ge_VZ. A measurement of the -parameter might
tain a value for the inelastic cross-section which can then then come into reach.
be compared with the measurements of the CMS [31], AT-
LAS [32], and ALICE [33] experiments.

The results (table 1) are consistent within the quoted
errors of CMS, ATLAS, and ALICE, which took into ac- We are indebted to the beam optics development team
count the uncertainties of the model predictions for the (A. Verdier in the initial phase, H. Burkhardt,

unobserved very-forward di ractive processes. G. M uller, S. Redaelli, J. Wenninger, S. White )
In “g. 5, the values of the TOTEM total and elastic for the design, the thorough preparations and the success-
cross-sections are compared with results at lower energiesul commissioning of the = 90 m optics. We congrat-

and from cosmic rays together with an overall “t of the ulate the CERN accelerator groups for the very smooth
COMPETE Collaboration [30]. The TOTEM total cross- operation during the optics test run in June 2011. We
section is in excellent agreement with the extrapolation thank M. Ferro-Luzzi and the LHC machine coordina-
from lower energies. To guide the eye, a parabolic “t was tors for scheduling the dedicated “Ils.
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