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Abstra ct: In a few years,the LHC will push the energyfrontier in accelerator physics
signi cantly further, with the primary goal of obtaining a better insight in the funda-
mental constituents of matter and their interactions, e.g.the understanding of the origin
of the electroweak symmetry breaking. Due to its capability of colliding various beam
species,it will alsoo®erunigue possibilities for further studies of the strong interaction,
in asyet uncoveredkinematical regions. In order to exploit the machine capabilities best,
an extension of the coverageof the approved detectorsin the forward region (small scat-
tering angleswrt the beam) is highly desirable. This contribution discusseghe physics
motivation, the baseline machine and experiment layout and as well as possibilities for
extensionsof the detector coverage.

1. Intro duction

The LHC is primarily designedto be a discovery machine, providing proton-proton col-
lisions at the highest certer-of-mass energy with a very large luminosity. It will however
also be able to provide nucleus-rucleusand proton-nucleus collisions, again at the highest
certer-of-massenergies,o®eringa unique facility for the study of the strong interaction.
Amongst the primary goalsfor pp collisions is the understanding of the origin of the
electroveak symmetry breaking, which could manifest in the obsenation of one (or more)
Higgs boson(s). The LHC will alsovastly extend the potential for discovery of new physics
beyond the Standard Model, extending the massscaleup to seweral TeV for direct obser-
vations. In addition, the experiments are designedwith the goal of performing precision
measuremets within the Standard Model (and as well of new processeq if found).
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Figure 1: Particle production in pp collisions at
The LHC will o®erunique possibilities to study strong interaction properties at the
(future) energyfrontier in a variety of processesnd thus probe further Quantum Chromo-
Dynamics (QCD) asthe fundamental theory of the strong interaction. Thesedata are of
importance (esp.for ppcollisions)to properly understand badkground processegor searties
and precisionmeasuremets. Although atruely full acceptancedetector is preserily out of
reach (as proposedin [fl]), possibilities exist for a sizeableincreasein physics coverage by
adding additional componerts to one (or more) of the approved detectorsat LHC. These
additional componerts could provide a much better coverage of the forward region (the
region of small scattering angleswrt the beam direction).
This cortribution discussesthe physics motivation for sudch extensions, followed by
a brief description of the LHC macdhine and of the running scenariospreserily foreseen.
Next, an overview of the v e approved LHC experiments and a summary of their baseline
coverageis given. Finally, possibilities for extending the coveragein the forward region
and related instrumentation aspects are discussed.

2. Forward physics

As shown in Fig. fll, pp collisions shawv the highest multiplicities in the certral region (j"j <
51). Howevwer the largest energiesare found in the forward region (corresponding to very
small scattering angleswrt the beam direction, e.g.j j > 5 implies p < 10 mrad). In
order to obsene particles in this region, detection hasto occur at large distancesfrom the

!Pseudo-rapidity ~ =  logtan £, coinciding for masslessparticles with the rapidity y = %Iog E—"";—i
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interaction point. As well be shawn, it this regionthat is of most interest and at the same
time the most challenging for experimental instrumentation. It is worth to note that a
certer-of-massenergyof = s = 14 TeV for pp collisions corresponds to an incident proton
energy of about 10!/ eV in the laboratory frame.

The list of physics processeswhich will bene t signi cantly from an enlarged accep-
tance at small angleswrt the beam, includes:

2 total cross-sectionand elastic scattering,

2 soft and hard di®ractive scattering,

2 properties of rapidity gaps,

2 exclusiwe certral production,

2 ewent structure (energy °ow, multiplicities, leading particle spectra, ...),
2 low-x phenomena,

2 photon-nucleusinteractions

and many more. In the following, more details on the physicsmotivation and requiremerts
for obsenablesand measuremets will be given for selectedexamples.

2.1 Di®ractiv e pro cesses

The total cross-sectionfor pp interactions can be divided into seweral classesof ewvens, as
shown also schematically in Fig. | (below also a rough estimate of the fractional cortribu-
tion to the total cross-section¥o:(pp) is given):

2 elastic scattering (pp! p+ p), about 30 % of ¥4, (pp),

2 single di®ractive disscciation (pp! p+ X), about 10 % of ¥4 (pp),

N

double di®ractive disscciation (pp! X + Y), about 4 % of ¥ (pp),

N

certral di®ractive disscciation (pp! p+ X + p), about 1 % of ¥ (pp),
2 non-di®ractive inelastic scattering (pp! X), about 55 % of ¥ (pp).

A characteristic feature of di®raction is the occurenceof so called large rapidity gaps,
which are regionsin phasespacewithout particle production (indicated in the above list
of processesy the % 9sign). Except for double di®ractive disscciation, di®ractive everts
also cortain one (or two) leading protons (protons which have lost only a small fraction of
their momertum).

The momertum loss» of a proton in single di®raction (pp! p+ X) is related to the
massMyx of the disscciative system X by the relation

M2 = »¢s; (2.1)
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Figure 2: Di®ractive processesn proton-proton collisions.

where s denotesthe square of the certer-of-massenergy The distancein pseudo-rapidity
¢~ betweenthe leading proton and the closestparticle belongingto the systemX is given
by

¢ Yaj log»: (2.2)

In non-di®ractive processesthe occurenceof large rapidity gapsis exponertially suppressed
with increasingvaluesof ¢ “, due to the colour °ow in the interaction.

Most of the cross-sectionfor di®raction is given by soft processeswhere no hard
scattering occurs. A preciseunderstanding of the properties of soft di®ractive everts and
of the fractional contribution of the various di®ractive event classego the total cross-section
is important for a precisemeasuremen of the total cross-sectionitself. The knowledgeis
also of relevancefor an improved understanding of cosmicray physics, asdiscussedurther
below.

The description of soft di®ractive processeselies mostly on phenomenologicalmodels
(e.g. by Reggetheory), whereasthe occurenceof a hard processin a di®ractive evert
(e.g. the production of a high pt jet) allows to investigate the partonic structure of these
processesand thus possibly obtain a description from rst principles (from the Lagrangian
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Figure 3: Hard scattering in single di®ractive disscciation.

of QCD). Extensive data are available from electron-proton scatterning at HERA [f]. The
comparison of these data to hard di®ractive ewvernts, as measuredin pp interactions at
Tevatron [f], hasled to interesting obsenations. A breakdown of factorisation 2 is found,
which might be related to the survival probability of rapidity gaps. As shown in Fig. B, a
hard processin single di®ractive pp scattering can be visualized as the interaction of two
partons, one of which belongsto a proton and the other forms part of a colour-lessertity
coupling to the other, quasi-elastically scattered proton. This ertity is called Pomeron,
in referenceto the Pomeranduk trajectory describing the properties of hadron-hadron
interactions at high energywithin Reggetheory. Within the parton model and QCD, the
Pomeron could be modelled as a two gluon system, in a colour singlet con guration. The
LHC with its increasecenter-of-massenergyand its high luminosity should provide a wealth
of data to obtain better insight in this classof processesithin the strong interaction.

2.2 Exclusiv e pro duction to search for new physics

Central di®ractive processes,as
shown in Fig. f, lead to the produc-
tion of a certral system (e.g. conain-
fl (Gap)» " (Gap)|  ing two jets as shavn) and two lead-
O p ing protons, ead of them separated

by a gap in rapidity from the certral

system. Due to its large certer-of-

Figure 4: Exclusive certral production of two jets. ~ Massenergy the LHC can be thought

of providing Pomeron-Pomeron colli-

sionswith a broad read in the Pomeron-Pomeron certer-of-massenergy extending up to
O(TeV).

3

h

2implying that di®ractive parton densities, as determined from HERA data, do no predict correctly the
observed cross-sectionfor hard di®ractive scattering at Tevatron.
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If the momertum lossx»;.» of both protons is measuredprecisely then the massM x of
the certral systemcan be determined (via the so called missing massmethod [f]) as

M% = » C» Cs: (2.3)

At LHC, as an example, a certral systemwith a massof 140 GeV requires»; ¢» = 10 4,
This can be realized by having both protons lost 1 % of their momertum (symmetric
con guration) or e.g.by having one proton with a momertum lossof » = 2¢10 2 and the
other one having » = 0:05. For the symmetric case,the certral systemis producedat rest
in the laboratory frame, otherwiseit is boosted along the beam direction.

The processof certral di®raction could provide a complemertary way to seart for and
determine properties of a light Higgs boson. As discussedin detail in [, [, the exclusive
production of a Higgsbosonwould provide a very cleansignature and would allow to usethe
decay mode H ! bb (having the largest branching ratio for massesaround 120 GeV). Due
to selectionrules, it is expected that the signal-to-badkground ratio will very favourable.
Howewer the expected cross-sectionis not too large, about 3 fb, although the uncertainties
on this value are not negligible. The detection and precise measuremen of both protons
could allow for a massresolution of O(1GeV). It is also possiblethat other new particles
might be detected and measuredin exclusive production, e.g. pairs of super-symmetric
particles.

Exclusive production can not only occur via strong interaction processesbut alsoin
two photon processes.As discussedin [[], this processcould also be used for exclusive
production of the Higgs boson,aswell asof W* Wi pairs or tt pairs.

2.3 Low x physics

The study of parton dynamicsat small valuesof x 3 might reveal additional insight into the
dynamics of the strong interaction and its description by QCD. This can be done possibly
by measuremeits of the proton structure function (or the various parton densities) or by
studying specic nal states, such as forward jet production. Fig. f indicates the reac
of existing data from xed target experiments and of the HERA experimerts in the plane
of Bjorkenx and squared momertum transfer Q2 (of the hard scattering). The baseline
reach of LHC extendsfor a given value of x to much larger valuesof Q2, thus insuring the
validity of the perturbativ e approach. On the other hand, for xed values of Q?, smaller
values of x can be readed than e.g. at HERA. As discussedlater, the acceptanceof e.g.
ATLAS and CMS for high pt objects is restricted to the region of j"j < 2:5 (for leptons,
photons and b-tagged jets) and up to j"j < 5 (for jets). As can be seenfrom the diagram,
in order to readh valuesof x ¥ 101 ® or smaller, one would have to measurein the region
5< jj < 8 (for valuesof Q% > 10 GeV?). It is thus clear that the smallestvaluesof x will
only be accessiblaf coveragefor large values of the pseudo-rapidity | j is available.

For physics at small x values, it is alsoimportant to point out the studies which can
be donein pA and AA collisions, which can help to understand better the structure and
the dynamics of nuclear matter. Due to the large number of partons in nuclei for small x
values, saturation and shadaving e®ectsmight be more easyto obsene in thesecollisions.

3x being the Bjork en-, indicating the momentum fraction of a parton out of the proton.
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Figure 5: Kinematic reac in the (x; Q?) plane, indicating the LHC coveragefor various accep-
tancesin rapidity y.

2.4 Event structure and cosmic ray physics

In Fig. B, the °ux of cosmicrays is shown asdetermined from extendedair shawers created
in the earth atmosphere. The obsened spectrum extendsin a power-law form over many
orders in magnitude, more than 10 in energy and more than 30 in °ux, without showing
any clear structures. Of very special interest [B] are everts seenat the upper end of the
spectrum, with energiesof more than 10'° eV. The LHC will probe the energy region of
about 10'7 eV in pp collisions and about 108 eV in PbPb collisions, extending the reac
by up to three orders of magnitude beyond the one of Tevatron.

It is important to note that the available statistics at LHC will be enormous,in com-
parison to the obsened rate of cosmicrays in this energyregime. For the region of the so
called ankle (about 10'® eV), only one cosmicray evert is expected per km? and per year,
whereasat LHC a rate of 1 Hz of acceptedeverts will provide a sampleof 10" everts per
year.
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Figure 6: Cosmicray °ux.

The interpretation of the extendedair showers obsened on the earth's surfaceaims at
a precisedetermination of the energy and of the speciesof the incident particle initiating
the shower. This unfolding from the obsened particles and their properties needshowever
precisemodelsof the hadronic interaction, which in turn rely on extrapolation from existing
accelerator measuremets. It is expectedthat the uncertainties will be reducedoncethe
range of extrapolation is getting smaller.

As an example, Fig. [] shows the fractional energy xjap = E=E,4, of leading hadrons
produced in pp collisions at a proton energy E a, = 107 eV. Clearly visible are the dif-
ferencesin the prediction of the four models shovn. The existing data do not constrain
enoughthe hadronic interactions models and further measuremets at higher energy are
most welcome.

Someof the most important measuremets to be performed at the LHC include the
total pp cross-sectionthe fraction of di®ractive disscciation in the total cross-sectionthe
energy °ow, and multiplicities aswell momertum spectra of leading particles.

Of special importance for these measuremets is the forward region, asthe behaviour

{8{



Twenty-sixth Johns Hopkins Workshop Stefan Tapprogge

= [
= E pp collisions at 1 10" eV == . DL A
=~ -
% L most energetic baryon e QGSFETOL
2
10 -
3
10
-I 1 1 1 l 1 | 1. l 1 | L l L [ § 1 l 1 1 L I

Xjab

Figure 7: Predictions of various models for properties of pp interactions at energiesof E =
10'7 GeV, shawing the distribution of the fractional energyxa, for the leading hadron.

of the inelastic interactions and the spectrum of leading patrticles in this region determines
the energy transport through the atmosphereand thus strongly in°uencesthe air showver
dewelopmert. It isimportant to point out that present modelsindicate that measuremets
of only the certral region (for properties suc as energy °ow and multiplicities of inelastic
events) are not suzcient, asthe models do not predict a consistert behaviour between
changesin the certral region and the forward region. For a more detailed discussionof
relevant measuremets and their importance, see[f, L]

3. LHC machine and running scenarios

The LHC will beinstalled in the former LEP tunnel, which is located at up to 100m below
surface and has a circumferenceof about 27 km. It will consist of two rings, where the
beamscanbe brought into collision at four interaction points. In order to reac a certer-of-
massenergy of P s = 14TeV for pp, more than 1200super-conducting dipole magnetswith
a nominal eld strength of 8.3 T are neededto bend the protons. The designluminosity
will beL = 10* cmi 2 si 1, to be readhed by Tling the madhine with 2835 bunches, eat
cortaining about 10! protons. The separation betweentwo bunch crossingswill be 25 ns.
It is feasibleto run the machine at lower values of P s, down to about 2 TeV, and thus
giving the possibility of obtaining overlap with proton-antiproton collisions at Tevatron.

Furthermore, the LHC is designedto provide nucleus-rucleuscollisions. In the caseof
PDbPb collisions, a certer-of-massenergy of 1148 TeV 4 can be readed at a luminosity of
L = 10?” cmi 2 s 1, Collisions of lighter ions are possibleas well, e.g. of Sn, Kr, Ar and
O. In addition, the LHC can operated in pA mode, colliding protons on nuclei. In this
casethe cernter-of-masssystem of the collision will not be at rest in the laboratory frame,
but shifted by up to oneunit in rapidity. Luminosities foreseenfor pA collisions should
range from L = 7:4¢10°° cmi 2 si ! for pPbup to L = 1:0¢10%* cmi 2 si ! for pO.

4corresponding to an energy of 2.75 TeV per nucleon.
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Figure 8: Layout of the LHC, showing the underground caverns of the four interactions regions.

Most of the time, the LHC is expectedto be operatedin pp mode. Approximately one
month per year should be dewoted to the studies of nucleus-nucleus and proton-nucleus
collisions. Furthermore shorter dedicated runs with special conditions should take place,
e.g.for TOTEM to perform a precisemeasuremen of the total cross-section.

4. LHC experiments

Two big underground caverns (at the interactions points 1 and 5) have been excavated
for the two general purp oseexperiments, ATLAS and CMS, which are optimized for high
pr physics. At interaction point 2, the ALICE experiment will be situated, dedicated to
the study of heavy-ion collisions. Point 8 will be taken by LHCb, aiming at the study of
b-hadron physics. Furthermore, the TOTEM experiment (to be installed in point 5) will
measurethe total cross-sectionin pp collisions.

For most experimerts, the design phase has been nished and the mass production
of their componerts (esp. in the caseof ATLAS and CMS) is well under way, sometimes
even closeto completion. In the following, a brief overview of the main features of eath
experimert is given.

4.1 ALICE

The ALICE [fL7] detector, asshown in Fig. B, will re-usethe magnet of the L3 experiment.
The certral elemen of ALICE will be a huge time projection chamber (TPC), allowing
precise tracking in the high multiplicit y ervironment of certral heavy ion collisions. Its
coveragewill bej"j < 1. Inside the magnet further componerts are foreseenfor photon
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Figure 9: The ALICE detector.

detection, for electron-positron pair detection and for multiplicit y measuremets (the latter
using Si detectorscovering the regionof j 5:4 < ~ < 3), aswell asfor particle identi cation
(via time-of-°ight and transition radiation).

Outside of the magnet, a dedicated muon spectrometer (2:4 < ~ < 4) with a separate
dipole magnetis situated on oneside of the experiment. ALICE will have alsodetectorsin
the madine tunnel: a zero degreecalorimeter to measuree.g. the cenralit y of the heavy
ion collision.

4.2 ATLAS

ATLAS [[L7] is a general purpose experimert, shavn in Fig. L, optimized for high pt
physics. Surrounding the interaction point, se\eral tracking detectorswill measurecharged
particles and reconstruct (primary and secondary) vertices. Closestto the beam, three
layers of Si pixel sensorswill be placed, followed by four layers of Si strip detectors.
Further out, there will be a straw tub etracker (TRT), which candetect transition radiation
to identify electrons. All these componerts are situated inside a solenoid magnet with a
“eld of 2 T. The tracking detectors(Inner Detector) cover the regionupto j j < 2.5and are
surrounded by calorimetry, extending up to j"j < 4:9. In the barrel region, a ne grained
liquid argon (LAr) accordioncalorimeter is foreseenas electromagneticpart, followed by a
tile scirtillator calorimeter as hadronic compartment. In the endcap and forward region,
LAr technology is usedagain. Outside of the calorimeters, an open air-core toroid magnet
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Figure 10: The ATLAS detector.

systemis situated, interleaved with muon detectors, to provide detection of muons and a
stand-alone measuremen of their momertum in the regionj’j < 2:7.

The overall size of ATLAS is about 40m £ 22 m and its weight will be about 7000t.
More details on the expected performanceof ATLAS can be found in Ref. [L3.

4.3 CMS

CMS [[L4 is the other general purposedetector and is shown in Fig. [1 As ATLAS, it

has beenoptimized for the detection of high pt leptons, photons, jets (with and without

b-tagging) and measuremen of missing transverseenergy The tracking is basedon an all

silicon system,wherethe interaction point is surroundedwith layers of pixel detectors. The
remainder of the tracking volume is made of layers of Si strip detectors. The tracking cov-

erageextendsup to " j < 2:5. Surrounding the tracker, a PbWO, crystal electromagnetic
calorimeter is situated, which is followed by a scirtillator sandwidh hadronic calorimeter.
All of thesecomponerts are located inside a large solenoidmagnet, providing a eld of 4 T.

The calorimetric coverageis extendedup to j"j = 5 by a forward calorimeter, instrumented
with quartz b ers. The return yoke is instrumented for muon detection, covering the region
jj < 25.

CMS will have a sizeof 22 m £ 15m and a weight of about 13000t.

4.4 LHCb
The LHCb layout (as shawn in Fig. [[J) resenbles a forward spectrometer, although

{ 12
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Figure 11: The CMS detector.

LHCb will take data from colliding proton bunches. The interaction point will be sur-
rounded be a precise vertex detector, followed by a tracking system, including a dipole
magnet. LHCb will have various possibilities for particle identi cation, including two ring-
imaging Cerenkov (RICH) detectors, electromagneticand hadronic calorimetry and a muon
system. The acceptanceregion extendsover 1:9< = < 4:9,

45 TOTEM

The primary goal of TOTEM is to measurethe total cross-sectionvia the luminosity
independent method, which requires the simultaneous determination of elastic scattering
(under small angles)and of the rate for inelastic interactions.

TOTEM will thus have two typesof detectors (as shavn in Figs. 13 and 14). Firstly,
detectors to measurecharged particles from inelastic everts in the region3< j'j < 7 and
secondly detectorsto measureleading protons (e.g. from elastic scattering) at distancesof
100; 200m from the interaction point in the machine tunnel (using socalled Roman Pots).
TOTEM will beinstalled in interaction point 5, the inelastic detectorswill belocatedinside
the CMS experimernt.

4.6 Baseline coverage for forw ard physics

The baselinedesignof the experiments, asdescribed above, will allow (although not always
in the same experiment) to measurethe production of identi ed particles in the region
i 25<” < 4.9, whereATLAS and CMS should be able to reacth pt valuesof O(1 GeV) for

{ 13{
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Figure 13: The TOTEM layout of the two telescopesfor measuremen of particles from inelastic
interactions within the CMS detector.

the regionof j" j < 2:5. Both ALICE and LHCb will extend this reach down to O(0:1 GeV),

although mostly only in the regionsj j < 1 (ALICE) and 1:9< ~ < 4:9 (LHCDb).
Furthermore, the chargedmultiplicit y will be measuredby ALICE in the regionj 5:4 <

" < 3andby TOTEM intheregion3< | j < 7. The energy°ow will be coveredby ATLAS
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Figure 14: The TOTEM layout for the leading proton measuremets, showing four possible
locations (RP1 - RP4) for Roman Pots.

and CMSfor " j < 5. ALICE will beabledetectleadingneutronsand TOTEM will measure
(at least during dedicated runs) leading protons as well.

5. Possibilities for extensions of coverage

Although two types of possibleextensionsin the detector coverage can be distinguished,
i.e. the measuremen of leading particles and the detection and measuremeh of particles
produced under small anglesin inelastic interactions, sewral aspects of instrumentation

will be similar, asin both casesthe detection hasto be done closeto the beam (pipe).

The measuremen of leading particles hasto occur at large distancesfrom the interaction

point, asthese particles are either scattered under very small anglesor have lost only a
small fraction of their momertum and thus leave the beam ervelope only far away from

their production point. An increaseof the acceptancefor particles from inelastic events has
to happen mostly within the experimental caverns (beforethe rst magnetic elemerts of

the accelerator) and thus needsto be done very closeto the beam,in order to have access
to small scattering angles.

5.1 Extensions within the experimen tal cavern

As discussedabove, amongstthe motivations for extending the coverage,inside the exper-
imental cavern, for the detection of particles from inelastic interactions are the measure-
ments of

2 energy °ow,

2 charged particle multiplicit y,

2 jet production,

2 electron and photon production,
2 tagging of rapidity gapsand

2 muon multiplicit y in * regions.

For the measuremen of charged multiplicit y (where the combination of all experiments
should cover up to | j < 7), an extended coveragefor the measuremen of the energy °ow
(up to j"j < 8) could be achieved by installing additional calorimetersinside the experimen-
tal cavern. This would have to be done closeto the beampipe at a distance of about 18 m

{ 15



Twenty-sixth Johns Hopkins Workshop Stefan Tapprogge

Figure 15: DispersionDX and SIGX = 10¢% (where ¥ is the beam size) in the horizontal
plane for the high luminosity machine optics set-up.

from the interaction point (or possibly by instrumenting the TAS absorber °. A detailed
proposal for a very forward calorimeter (surrounding the beam pipe) has beenworked out
in the context of CASTOR [17], which hasbeendesignedprimarily to seard for certauros
and strange objects in heavy ion collisions at LHC. The availability of both a calorimeter
and tracking detectorsin front of it would allow for limited particle identi cation capabil-
ities, such as measuremets of electronsand possibly also photons.

Instrumentation inside the experimertal caverns closeto the beam pipe hasto take
into accourt the high radiation environment, the limited accesspossibilities and the need
to provide services(e.g. power and signal cables,cooling circuits) to the componerts. All
of this hasto respect the already mostly nalized designof the approved experimerts.

5.2 Extensions within the machine tunnel

The measuremehn of elastic scattering down to very small valuesof the momertum transfer
i t (which is necessaryfor a precisedetermination of the total cross-section,as discussed
in [16]) requires a special optics set-up of the macine, where the beamsare no longer
strongly focusedat the interaction point (to obtain the highest luminosity). The layout of
the interaction regions1 and 5 allows for instrumentation to be installed at distances of
about 150 m and 210 m from the interaction point (seeFig. 14). For this special optics
set-up, elastic scattering should be measurabledown to valuesof at least t ¥4 10i 2 GeV?.

5.2.1 Acceptance for leading protons

Protons, which have lost a small fraction of their momertum, are subject to a stronger
bending force in the magnetic elemeris of the machine and thus deviate from the nominal
orbit. At large distancesfrom the interaction point, they leave the beamernvelope and can
thus be detected in sensorsoperating closeto the circulating beam. The displacemen x
at a given location s along the machine ring dependson the value » of the momertum loss

Ssituated at the transition betweenthe experimental caverns of ATLAS or CMS and the machine tunnel
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Figure 16: Acceptancefor leading protons in the high luminosity machine optics set-up.

and the size of the dispersionD X, given by the macdine optics, according to
x = DX(s) ¢»: (5.1)

In Fig. 15, the ewlution of the dispersion (and of the beam size)in the horizontal plane is
shown for the nominal LHC optics set-up (strong focusing at the interaction point for high
luminosity { ° = 0:5m). In orderto detect protons with small momertum lossesjocations
very faw away from the interaction point are required. A proton with a momertum loss
of 0.5 % will be displaced by about 5 mm only at a distance of about 400 m from the
interaction point. Here the beam has a size of about ¥ = 0:3 mm in the horizontal plane
and thus an approad to a distance of 10 times the beam sizewould allow to obsene sud
a proton.

In addition, the instrumentation in this region would give coverage for di®ractively
scattered protons with a momerntum loss of about 2 % or more.

A detailed study on the acceptanceas a function of the momerntum loss » of leading
protons for two locations (at 215 m and 425 m from the interaction point) is shown in
Fig. 16. Here an approad to the certer of the circulation beam of value of 10 times the
sizeof the beamhasbeenassumed,including an additional distance of 0.1 mm for inactive
areasin the detector. The location preserily available for instrumentation at 215m allows
for values» > 0:03 only (at 50 % acceptance), corresponding to a lower limit of about
420 GeV in massMy for exclusive certral production.

In order to reach smaller valuesin the momertum loss (and thus in the massof the
certrally produced system), one would have to go to distances of about 425 m, where
howewer preserly no warm spacefor instrumentation is foreseen. At this location the
lower limit in » is about 2 ¢10' 3, corresponding to My > 28 GeV. The upper limit in
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Figure 17: Sketch of a Roman Pot station.

momertum lossis { for a given location { determined by the apertures of the beam pipe
and the madine elemen betweenthe interaction point and the location of the Roman Pot.

5.2.2 Leading neutrons

The detection of leading neutrons can be performedin a socalled 'zero degree'calorimeter,
which would be installed after the beamsare separated(to match to the two beam pipe
structure in the arcsof LHC). ALICE foreseedo have suc a device, as mertioned above.
For ATLAS and CMS, studiesare ongoingwhich investigatethe possibility of instrumenting
an absorber (TAN) at a distance of about 140 m from the interaction point.

5.3 Instrumen tation aspects

Leading protons have beenand are usually measuredusing silicon or scirtillating bre de-
tectors, located in a movable casing(called Roman Pot), which provides alsothe separation
from the beamvacuum. Fig. 17 shavs a stchematic drawing of a Roman Pot station, where
the beamcan be approaded from two sidesusing detectorssituated in movable pots. After
stable beam conditions are readhed, the pots are moved as close as possibletowards the
circulating beamto provide the best acceptancefor small angle elastic scattering as well
as for small momertum loss protons.

As the available spacefor additional instrumentation will often be very limited (e.g.
inside the experimental caverns), a new detector concept has been deweloped, the micro-
station [18]. Its conceptual designis shawvn in Fig. 18. The basic idea is to perform the
measuremeh inside the beampipe, to obtain the closestpossibleapproad of the sensorto
the circulating beam. The designaims at a lightweight and very compact componert (inte-
grated with the beampipe). It hasto respect seeral requiremerts from the macdhine point
of view, such asthe compatibility with the machine vacuum and no signi cant additional
impedanceto be introduced by the componerts. The sensorplaneswill be very precisely
movable in areproducible way, implemented by using inchworm motors built out of ceramic
elemerts. This movemen hasto be also extremely reliable, as the microstation might be
deployed in regions where accessis ditcult. The sensoris foreseento be silicon based.
Depending on the location and the type of measuremeh it could be either of Si strip type
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Figure 18: Conceptual designof a microstation.

or of Si pixel type, the latter in caseof larger particle densities (i.e. for measuremets of
inelastic event properties). For these sensors,special emphasishas to be given to a min-

imisation of inactive areascloseto the medanical edgeof the sensor,which would increase
the e®ectie distance to the beam certer, from where onwards measuremets would be
possible. A fully functional prototype for validation of the above requiremerts is presenly

under construction.

Finally an important issue, which should not be forgotten, is the online selection of
ewverts with leading protons. For ATLAS and CMS, the trigger system hasto reducethe
bunch crossing frequency of 40 MHz (or the interaction rate of about 1 GHz at design
luminosity) to a rate of O(100 Hz) to massstorage. The rst stage of the selection will
be a hardware basedtrigger, which hasto operate within a maximum latency of 2.51s
(ATLAS) resp.31ts(CMS). Events which are not acceptedat this rst level trigger arelost.
Calculating the time-of-°ight for protons from the interaction point to the detector position
and the signal propagation time badk to the electronics cavern of the experimert (where
the nal trigger decisionis made) shaws that only leading proton detectors at distancesof
up to 200; 230 m will be able to deliver in time an input signal to the rst level trigger.
For locations at large distances, one would possibly have to make a selection based on
topological criteria of certrally producedhigh pr objects and then include the information
from leading proton detectorsat the higher level trigger stages,where the latency is much
lessof a constraint.

6. Conclusions

The LHC will be in a few years the energy frontier in accelerator particle physics and
will o®er unique opportunities for studies of the strong interaction in as yet uncovered
kinematical regions. In order to maximally exploit the physics potertial, extensionsof the
approved detectorsin the forward region (to detect and measureparticles scattered under
small angleswrt the beamdirection) are highly desirable. Such extensionscan be classi ed
either as componerts dedicatedto the measuremeh of leading particles (which then have

{ 19



Twenty-sixth Johns Hopkins Workshop Stefan Tapprogge

to be installed at large distancesof O(100 m) from the interaction point) or as detectors
for the identi cation and measuremeh of particles from inelastic everts, produce under
small scattering angles(to be installed inside the experimertal caverns).

These extensionswould provide a signi cant increasein the physics potential of LHC
and its experiments. They are however extremely challenging to dewelop, as a lot of con-
straints have to be respected (e.g. compatibility with the operation of the machine and the
experimens, restrictions on the available space). Seweral experiments are presenly investi-
gating the technical feasibility of such extensions,where also a coheren e®ortbetweenthe
madine and the experimerts is needed. The experimental groupsare open for suggestions
and ideas, as well asto cortributions from interested groups not yet participating in the
LHC.
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