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ABSTRACT. We present the FP420 R&D project, which has been studyiakély aspects of the
development and installation of a silicon tracker and fasing detectors in the LHC tunnel at
420 m from the interaction points of the ATLAS and CMS expents. These detectors would
measure precisely very forward protons in conjunction Wl corresponding central detectors
as a means to study Standard Model (SM) physics, and to skarahd characterise new physics
signals. This report includes a detailed description optinsics case for the detector and, in partic-
ular, for the measurement of Central Exclusive Productig,~ p-+ @+ p, in which the outgoing
protons remain intact and the central systpmmay be a single particle such as a SM or MSSM
Higgs boson. Other physics topics discussedygiendyp interactions, and diffractive processes.
The report includes a detailed study of the trigger strataggeptance, reconstruction efficiencies,
and expected yields for a particulpmp — pH p measurement with Higgs boson decay in ke
mode. The document also describes the detector acceptagideea by the LHC beam optics be-
tween the interaction points and the FP420 location, thehmadackgrounds, the new proposed
connection cryostat and the moving (“Hamburg”) beam-pipd2® m, and the radio-frequency
impact of the design on the LHC. The last part of the docunreedevoted to a description of the
3D silicon sensors and associated tracking performankesjdsign of two fast-timing detectors
capable of accurate vertex reconstruction for backgroefettion at high-luminosities, and the
detector alignment and calibration strategy.
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1 Introduction

1.1 Executive summary

Although forward proton detectors have been used to stualydard Model (SM) physics for a cou-
ple of decades, the benefits of using proton detectors talséar New Physics at the LHC have
only been fully appreciated within the last few yeatsq]. By detecting both outgoing protons
that have lost less than 2% of their longitudinal moment@inip conjunction with a measure-
ment of the associated centrally produced system usinguiinere ATLAS and/or CMS detectors,
a rich programme of studies in QCD, electroweak, Higgs angBe the Standard Model physics
becomes accessible, with the potential to make unique merasuts at the LHC. A prime process
of interest is Central Exclusive Production (CEBPR— p-+ @+ p, in which the outgoing protons
remain intact and the central systgnmay be a single particle such as a Higgs boson. In order to
detect both outgoing protons in the range of momentum logsogpiate for central systems in the
~ 100 GeV/é mass range during nominal high-luminosity running, praemyging detectors must
be installed close to the outgoing beams in the high-digperggion 420 m from the interaction
points on each side of the ATLAS and CMS experiments. The BIRED project is a collabora-
tion including members from ATLAS, CMS, TOTEM and the accater physics community, with
support from theorists, aimed at assessing the feasibilitystalling such detectors.

The proposed FP420 detector system is a magnetic specemormbe LHC magnets between
the interaction points and the 420 m regions bend protortshéng lost a small fraction of their
initial momentum out of the beam envelope. The FP420 detextosists of a silicon tracking
system that can be moved transversely and measures thal gosition of these protons relative
to the LHC beam line and their arrival times at several pames 12 m region around 420 m. The
proposed instrumentation of the 420 m region includes thlacement of the existing 14 m long
connection cryostat with a warm beam-pipe section and agenyic bypass. To this purpose, a
new connection cryostat has been designed, based on a rdaifieermination module, so as to
minimise the impact on the machine. The FP420 detector neustdveable because it should be
parked at a large distance from the beams during injectidriaminosity tuning, but must operate
at distances between 4 mm and 7 mm from the beam centre dwatagaking, depending on the
beam conditions. A measurement of the displacement an& afdhe outgoing protons relative
to the beam allows the momentum loss and transverse momaeaitthe scattered protons to be
reconstructed. This in turn allows the mass of the centgalbgduced systempto be reconstructed



by the missing mass methodl] [with a resolution ¢) between 2 GeVicand 3 GeV/é per event
irrespective of the decay products of the central system.

The detector position relative to the beam can be measutbdolgaemploying beam position
monitors and by using a high-rate physics process whichyzesiprotons of a known momentum
loss (from a central detector measurement of the centré&sysn the FP420 acceptance range.
The second method has the advantage that the magnetic figlddrethe central detectors and
FP420 does not have to be precisely knapriori.

The cross sections for CEP of the SM Higgs boson and other hggigs scenarios are ex-
pected to be small, on the femtobarn scale. FP420 must tinerbé designed to operate up to
the highest LHC instantaneous luminosities of*ttn2s-1, where there will be on average 35
overlap interactions per bunch crossing (assungigg= 110 mb). These overlap events can result
in a large fake background, consisting of a central systemm fone interaction and protons from
other interactions in the same bunch crossing. Fortundtedye are many kinematic and topolog-
ical constraints which offer a large factor of backgrounjgceton. In addition, a measurement of
the difference in the arrival times of the two protons at FP#2the 10 picosecond range allows
for matching of the detected protons with a central vertethiwi~2 mm, which will enable the
rejection of most of the residual overlap background, redyit to a manageable level.

Studies presented in this document show that it is posgibiestall detectors in the 420 m
region with no impact on the operation or luminosity of theC ksectior®). These detectors can be
calibrated to the accuracy required to measure the mass oétitrally produced system to between
2 and 3GeV/é. This would allow an observation of new particles in the-6080 GeV/é mass
range in certain physics scenarios during 3 years of LHCingnat instantaneous luminosities of
2x 103 cm 2 s 1, and in many more scenarios at instantaneous luminositiep to 134 cm—2
s1. Events can be triggered using the central detectors alobeval 1, using information from
the 420 m detectors at higher trigger levels to reduce theteate. Observation of new particle
production in the CEP channel would allow a direct measurgérokthe quantum numbers of the
particle and an accurate determination of the mass, irctigpef the decay channel of the particle.
In some scenarios, these detectors may be the primary médiscovering new particles at the
LHC, with unigue ability to measure their quantum numbeiserE is also an extensive, high-rate
vy andyp baseline physics program.

Similar detectors can also be installed at about 220 m, inracmgogenic region, and will
increase the acceptance to higher masses. In this papecugda the 420 m region.

We therefore conclude that the addition of such detectols foi a relatively small cost,
enhance the discovery and physics potential of the ATLASGM& experiments.

1.2 Outline

The outline of this document is as follows. In sectwe provide a brief overview of the physics
case for FP420. In sectidhwe describe in detail a physics and detector simulation afrdqular
scenario which may be observable if 420 m detectors arelledtaThe acceptance and mass
resolutions used in this analysis are presented in sedtiém section5 we describe the machine-
induced backgrounds at 420 m such as beam-halo and beamnaglagdunds. We then turn to
the hardware design of FP420. Sect®describes the new 420 m connection cryostat which will
allow moving near-beam detectors with no effects on LHC afp@ns. The design of the beam pipe



in the FP420 region and the movement mechanism are desamnibedtion7, and the studies of the
radio-frequency impact of the design on the LHC are desdribveectior8. Section9 describes the
design of the FP420 3D silicon sensors, detectors and detectisings and off-detector services
such as cabling and power supplies. Secfibrnlescribes two complementary fast timing detector
designs, both of which are likely to be used at FP420. Sedtibdescribes the alignment and
calibration strategy, using both physics and beam positi@mitor techniques. We present our
conclusions and future plans in sectib®

1.3 Integration of 420 m detectors into ATLAS and CMS forward physics programs

This report focuses primarily on the design of 420 m protajgiiag detectors. CMS will have
proton taggers installed at 220 m around its IP at startugiged by the TOTEM experiment and
for which common data taking with CMS is planneg].[ ATLAS also has an approved forward
physics experiment, ALFA, with proton taggers at 240m desifjto measure elastic scattering in
special optics rung9].

There are ideas to upgrade the currently approved TOTEMteteand a proposal to install
FP420-like detectors at 220 m around ATLAS]. Adding detectors at 220 m capable of operating
at high luminosity increases the acceptance of FP420 fatralemasses 0f120 GeV/é and
upwards, depending on the interaction pbiand the distance of approach of both the 220 m and
420 m detectors to the beam (see seddipm hroughout this document we present results for 420 m
detectors alone and where appropriate for a combined 220 20 tidsystem. It is envisaged that
FP420 collaboration members will become parts of the ajreadsting ATLAS and CMS forward
physics groups, and will join with them to propose forwarggibs upgrade programmes that will
be developed separately by ATLAS and CMS, incorporatindititings of this report.

2 The physics case for Forward Proton Tagging at the LHC

2.1 Introduction

A forward proton tagging capability can enhance the abdityhe ATLAS and CMS detectors to
carry out the primary physics program of the LHC. This inélsdneasurement of the mass and
guantum numbers of the Higgs boson, should it be discoveigettaditional searches, and aug-
menting the discovery reach if nature favours certain ftdeideyond the Standard Model scenar-
ios, such as its minimal supersymmetric extension (MSSMjhis context, the central exclusive
production (CEP) of new particles offers unique possib#it although the rich photon-photon and
photon-proton physics program also delivers promisingckeahannels for new physics. These
channels are described in sect8.

By central exclusive production we refer to the procpgs— p+ @+ p, where the ‘+’ signs
denote the absence of hadronic activity (that is, the poesefa rapidity gap) between the outgoing
protons and the decay products of the central sygteiirhe final state therefore consistslely of
the two outgoing protons, which we intend to detect in FP4R2d,the decay products of the central
system which will be detected in the ATLAS or CMS detectorg Mite that gaps will not typically
be part of the experimental signature due to the presenceniiiiom bias pile-up events, which

1For 220 m detectors, the acceptance is different aroundAPIAS) and IP5 (CMS).
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Figure 1. Central Exclusive Production (CER)p— p+H + p.

fill in the gap but do not affect our ability to detect the outgpprotons. Of particular interest
is the production of Higgs bosons, but there is also a rich mode exotic physics menu that
includes the production of many kinds of supersymmetritigias, other exotica, and indeed any
new object which has™0" (or 2" ") quantum numbers and couples strongly to glué41] or to
photons 12]. The CEP process is illustrated for Higgs boson produciiofigure 1. The Higgs
boson is produced as usual through gluon-gluon fusion,endmilother colour-cancelling gluon is
exchanged, and no other particles are produced.

There are three important reasons why CEP is especialpctte for studies of new heavy
objects. Firstly, if the outgoing protons remain intact aatter through small angles then, to
a very good approximation, the primary active di-gluon sgsiobeys al, = 0, C-even, P-even,
selection rule 13]. HereJ, is the projection of the total angular momentum along thégordbeam
axis. This selection rule readily permits a clean detertionaof the quantum numbers of any new
resonance, which is predominantly 0in CEP. Secondly, because the process is exclusive, the
energy loss of the outgoing protons is directly related itivariant mass of the central system,
allowing an excellent mass measurement irrespective ofifttay mode of the central system.
Even final states containing jets and/or one or more newtréme measured witby, ~ 2 GeV/c.
Thirdly, in many topical cases and in particular for Higgs®o production, a signal-to-background
ratio of order 1 or better is achievabl®4-18]. This ratio becomes significantly larger for Higgs
bosons in certain regions of MSSM parameter spaéell9, 20].

There is also a broad, high-rate QCD and electro-weak physimgram; by tagging both of
the outgoing protons, the LHC is effectively turned into aagi-gluon, photon-proton and photon-
photon collider , 21]. In the QCD sector, detailed studies of diffractive saatigg skewed, unin-
tegrated gluon densities and the rapidity gap survival gibdlty [2, 22-24] can be carried out. In
addition, CEP would provide a source of practically pureogliets, turning the LHC into a ‘gluon
factory’ [13] and providing a unique laboratory in which to study the detaproperties of gluon
jets, especially in comparison with quark jets. Forwardigmaagging also provides unique ca-
pabilities to study photon-photon and photon-proton extgons at centre-of-mass energies never
reached before. Anomalous top production, anomalous daogen couplings, exclusive dilepton
production, or quarkonia photoproduction, to name a few,leastudied in the clean environment
of photon-induced collisions.

In what follows we will give a brief overview of the theoredicpredictions including a survey
of the uncertainties in the expected cross sections. Weheill review the possibilities of observing
Higgs bosons in the Standard Model, MSSM and NMSSMYgrt andb-quark decay channels.



A major potential contribution of FP420 to the LHC progranthie possibility to exploit thdb
decay channel of the Higgs particle, which is not availablestandard Higgs analyses due to
overwhelming backgrounds. The combination of the supmessf the bb background, due to
the J, = 0 selection rule, and the superior mass resolution of thé2BRletectors opens up the
possibility of exploiting this high branching ratio chahn&lthough the penalty for demanding two
forward protons makes the discovery of a Standard Model ${iggson in thésb channel unlikely
despite a reasonable signal-to-background ratio, thes g@sion enhancements in other scenarios
indicate that this could be a discovery channel. For exaniplas recently been shown that the
heavy CP-even MSSM Higgs bosaHd, could be detected over a large region of Mg — tan3
plane; forMa ~ 140 GeV/é, discovery ofH should be possible for all values of t@n The %
discovery reach extends beyokti = 200 GeV/@ for tan > 30 [19, 25]. We discuss the MSSM
Higgs bosons measurements in tlh_xadecay channel in detail in secti@.

In addition, for certain MSSM scenarios, FP420 provides gpodunity for a detailed line-
shape analysislp, 26]. In the NMSSM, the complex decay chdin— aa — 4t becomes viable in
CEP, and even offers the possibility to measure the mase @itbudoscalar Higgs bos&v]. An-
other attractive feature of the FP420 programme is thetphiliprobe the CP-structure of the Higgs
sector either by measuring directly the azimuthal asynmyngtthe outgoing tagged proton2§]
or by studying the correlations between the decay prod@éls |

2.2 The theoretical predictions

In this section we provide a very brief overview of the theioad calculation involved in making
predictions for CEP. We shall, for the sake of definiteness,$ upon Higgs boson production. A
more detailed review can be found i5][ Referring to figurel, the dominant contribution comes
from the region/\éCD <@« Mﬁ and hence the amplitude may be calculated using pertuebativ
QCD techniques13, 29]. The result is

d
AN [ STV 50000, Q40 e 5. O19), 2.1)

where thegg — h vertex factor for the 0 Higgs boson production is (after azimuthal-averaging)
Vh ~ Q? and the normalization constaNtcan be written in terms of the — gg decay width P,
29]. Equation 2.1) holds for small transverse momenta of the outgoing protaltisough including
the full transverse momentum dependence is straightfairnfids; 30].

The fy's are known as ‘skewed unintegrated gluon densitias, 82]. They are evaluated at
the scalqy, taken to bev Mp/2. Since(X ~ Q/+/S) < (X~ Mn/\/S) < 1, itis possible to express
fg(x,X, Q% 1?), to single logarithmic accuracy, in terms of the gluon disttion functiong(x, Q?).
The fy's each contain a Sudakov suppression factor, which is thigaility that the gluons which
fuse to make the central system do not radiate in their eeoldtom Q up to the hard scale. The
apparent infrared divergence of Equatianlj is nullified by these Sudakov factors and, for the
production of), = 0 central systems with invariant mass above 50 G&\tfere is good control of
the unknown infrared region of QCD.

Perturbative radiation associated with fee— h subprocess, which is vetoed by the Sudakov
factors, is not the only way to populate and to destroy thilitggmaps. There is also the possibility



of soft rescattering in which particles from the underlyprgton-proton event (i.e. from other par-
ton interactions) populate the gaps. The production ofssfondaries caused by the rescattering is
expected to be almost independent of the short-distange@tdss and therefore can be effectively
accounted for by a multiplicative fact&?, usually termed the soft gap survival factor or survival
probability [33]. The value ofS is not universal and depends on the centre-of-mass enetiyg of
collision and the transverse momengg, of the outgoing forward protons; the most sophisticated
of the models for gap survival use a twe] and three-channel2p] eikonal model incorporating
high mass diffraction. To simplify the discussion it is commto use a fixed value corresponding
to the average over ther acceptance of the forward detectors (for a 120 GéWiggs bosonS?

is about 0.03 at the LHC). Taking this factor into accoung ¢hlculation of the production cross
section for a 120 GeV/cStandard Model Higgs boson via the CEP process at the LH@sy&!
central value of 3fb.

The primary uncertainties in the predicted cross sectianecfsom two sources. Firstly, since
the gluon distribution functiong(x,Q?) enter to the fourth power, the predictions are sensitive to
the choice of parton distribution function (PDF) in the rotand in particular to the gluon den-
sities atx = 0(0.01). These are currently obtained from fits to data fronRIAERNd the Tevatron.
Figure2 shows the prediction for the cross section for the CEP of a $ggs$iboson as a function
of My, for three different choices of PDF at the LHZ(]. The cross section varies from 2.8fb to
11 fb for a 120 GeV/& SM Higgs boson, although the highest prediction comes frémading or-
der PDF choice and, since the calculation includes an NL@dfef (K=1.5), one might conclude
that this choice is the least favoured. Secondly, thererisesoncertainty in the calculation of the
soft survival factors?. Until recently, the consensus was ti®thas a value between 2.5% and
4% at LHC energies34], but a lower value has been discuss2d, B5] (although these have been
challenged in22]). Early LHC data on various diffractive processes — exelivector meson
photoproduction, diffractiv&V production and central exclusive 2- and 3-jets productionvi-
provide respectively strong constraints on the gap surfagor, the unintegrated gluon distribu-
tion and the Sudakov factor used in the theoretical calicnatof the CEP Higgs cross secti@e].

The reliability of the theoretical calculations can be dtegtto some extent at the Tevatron.
The CDF collaboration has observed @ éxcess of events in the exclusive dijet samplp,—
p-+jj+ p[37], which is well described by the theory. CDF has also obskpaveral candidates
for central exclusive di-photon productiopp — p+ yy-+ p [38] and measured scalar quarkonium
statespp — p+ Xco + P [39] at the predicted rates, although the invariant mass of #reral
systems ar@(3-10 GeV/@) and the infrared region may not be under good control. Bbthese
predictions include calculations for the soft survivalttaat Tevatron energies.

The CDF measurements give some confidence in the predioctsd sections at the LHC.
However, the theoretical uncertainties are approximatdhctor of three, giving a predicted cross
section range for a 120 Ge\#/6M Higgs boson of 1 to 9 fb.

2.3 Standard Model Higgs boson

The calculations of the previous section give a centralcsestion value of 3fb for a 120 GeV/c
SM Higgs boson, falling to 1 fb for a mass of 200 Ge}/(figure 2, where we take the more con-
servative case obtained with the MRST PDFs). Out of the twuoidant decay channels (- bb,
WW), theWW* channel is the simplest way to observe the SM Higgs boson i €ause the
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Figure 2. The cross section for the central exclusive production 8tandard Model Higgs boson as a
function of My, for three different proton parton distribution functions

events are easy to trigger for the semi-leptonic and fulptdeic decay modes. A study taking
into account basic experimental cuts was performed@hdssuming that forward proton detectors
were operational at 220 m and 420 m from the interaction pdith Level 1 trigger thresholds
of pr > 25 GeV/c for single electrons arg > 20 GeV/c for single muons, and reduced thresh-
olds for dileptons, it was found that there should-b@ events in 30 fb® for 140 GeV/é< My <
200 GeV/@. For a lighter Standard Model Higgs bosdn, = 120 GeV/&, there would be~0.5
events per 30 fbt, and it was concluded that the event rate is marginal at lowriasity for My, <
140 GeV/@. The event yields are similar for ATLAS and CMS. All backgnoLprocesses, primar-
ily from either photon-photon fusion &-strahlung from the CEP of light-quark dijets, were stud-
ied and the conclusion was that a signal-to-background o&tine (or better) should be achievable,
although below the ¥ threshold there is a potentially dangerous backgrounceicdise where the
off-shellW* from the Higgs boson decays hadronically. For the goldeglatoubly-leptonic decay
modes, there would be approximately one event per 3bWisth no appreciable backgrounds.

Since above analysis was published, it has become cleat Wiiinot be necessary to impose
such high leptonic trigger thresholds because forwardprdetector information can be employed
at higher trigger levels to reduce the rates significantlgwang for higher Level 1 input rates (as
discussed in sectioB.l). If the trigger thresholds are reduced to 15 GeV/c for bdgleteons and
muons (which could also be achieved by demanding a coinc&deiith one or two jets) then the
signal rates double. Detector effects have been investigasing the fast simulations of CMS
(ATLAS) for the CEP of a 165 (160) GeVWdiggs boson40]. These studies showed that the ex-
perimental efficiency of the fully leptonic channel is in gloamgreement with the analysis presented
in [16], but that the semi-leptonic event rates may be reduced lig agactor of four during data
taking at instantaneous luminosities in excess ef®*3cm 2 s~! due to kinematic cuts neces-
sary to reduce the luminosity dependent ‘overlap’ backgdsy which are discussed in secti@n
Taking into account the increase in integrated luminositis expected that- 10 events could
be observed in the gold-plated fully leptonic decay chafmeB00 fb~ of data. Note that these



events have the striking characteristic of a dilepton wewigh no additional tracks, allowing for
excellent background suppression and affording a measunteaf the Higgs mass to within2
GeV/Z (the mass measurement by FP420 is not affected by the twdeaatelé neutrinos). For a
120 GeV/@ Higgs boson, there will be a total of 5 events for 300%b

The conclusion is that the CEP of a SM Higgs boson should beredisle in theVW* decay
channel for all masses in 300fbwith a signal to background ratio of one or better. This will
provide confirmation that any observed resonance is indesglar with quantum numbers 0,
and allow for a mass measurenteah an event-by-event basis of better than 3 Gé¥ken in the
doubly-leptonic decay channels in which there are two fitetesneutrinos. This will be a vitally
important measurement at the LHC, where determining thg$iégiantum numbers is extremely
difficult without CEP. Furthermore, in certain regions of BI8 parameter space, in particular
for 140 GeV/é< Ma < 170 GeV/@ and intermediate tfl) the CEP rate foh — WW* may be
enhanced by up to a factor of fout9. We discuss the MSSM in more detail in the following
section for thebb decay channel.

For the Standard Model Higgs boson, tbljedecay channel is more challenging. It is the
conclusion of 8, 20] that this channel will be very difficult to observe fvt, = 120 GeV/é using
FP420 alone, but may be observable at theléel if 220 m detectors are used in conjunction
with FP420 and the cross sections are at the upper end of ébeetical expectations and/or the
experimental acceptance and trigger ardgging efficiencies are improved beyond the currently
assumed values. This should not be dismissed, because swtiservation would be extremely
valuable, since there may be no other way of measuring-tiigark couplings of the SM Higgs at
the LHC. We discuss the experimental approach to observiggdbosons in thbb decay channel
in detail in sectiorS.

2.4 h,Hinthe MSSM

In many MSSM scenarios, the additional capabilities brotgthe LHC detectors by FP420 would

be vitally important for the discovery of the Higgs bosdasid the measurement of their proper-
ties. The coupling of the lightest MSSM Higgs bosorbtquarks and leptons may be strongly
enhanced at large tghand smallMa, opening up both modes to FP420. The cross sections may
become so large in CEP that one could carry out a lineshapgsat distinguish between differ-
ent models 15, 26] and to make direct observations of CP violation in the Higgstor P6, 28].

If the widths are a few GeVg a direct width measurement may be possible, a unique diapabi

of FP420.

241 hH— deecay modes

In [19] (Heinemeyer et al.) a detailed study of the additional cage in theMa — tan3 plane
afforded by FP420 and 220 m detectors was carried out foraevenchmark MSSM scenarios.
In particular, the observation of the CP-even Higgs bosbyid ) in theb-quark decay channel was
investigated. Figur8 shows the ratio of the MSSM to SM cross sectionthe branching-ratio for
the h — bb channel within thavi{® scenario 41] as a function oMa and tafs. For example, at

°The mass resolution of FP420 is discussed in detail in sedtio
SHere we are dealing with the lightest MSSM Higgs bosaand the heavier statd. Note that production of the
pseudo-scalar Higg#,, is suppressed in CEP due to the= 0 selection rule.



(<2} :
d \
c ! K
ol | \
— 1 1 \
= ! \
= | AN
ol 1 \
) \ .
2/
\ \\‘~_§§
“‘x-,_\_\ M, = 131 GeV
\\
*_ M, = 130 GeV
10
e M, = 125 GeV
. = s
et T

Figure 3. The ratio,R, of cross sectiorx branching ratio in the CER— bb channel in théla - tanB plane
of the MSSM within theM{"®benchmark scenario (withh= +200 GeV) to the SM Higgs cross sectidr9].

The dark shaded (blue) region corresponds to the paranegfienrthat is excluded by the LEP Higgs boson
searches42, 43).

tar = 33 andMa = 120 GeV/¢&, the cross section fdr— bb in the MSSM is enhanced by a factor
of five with respect to the Standard Model. The results showrfa p= +200 GeV, where the
parametep determines the size and effect of higher order correctinagative (positivel leads
to enhanced (suppressed) bottom Yukawa couplings.

Figure 4 shows the & discovery contours (upper plot) and the 8ontours (lower plot) for
this scenario. The discovery contours were calculatedyusirexperimental efficiency based on the
simulated analysis in the CMS-TOTEM studi&}, with a full simulation of the acceptance of both
FP420 and 220 m forward proton detectors. The Level 1 trigggategy was based on information
only from the central detectors and 220 m detectors. Fullidetan be found in19]. Curves
are shown for several luminosity scenarigs, = 60 fb~! corresponds to 3 years of data taking
by ATLAS and CMS at 18* cm2 s7%, and [ £ = 600 fb* corresponds to 3 years of data taking
by both experiments at #cm=2 s, For example, if taf = 40 andMa = 120 GeV/&, h — bb
would be observed with more tham Zonfidence with 60 fb! of data (lower plot), but would
require twice the experimental efficiency or more integtdtaninosity to be observed withad
confidence (upper plot). FiguBeshows the & discovery contours (upper plot) and the Gntours
(lower plot) for the heavy scaldt, in the same scenario. With sufficient integrated lumiryo$éw
hundreds fb?), all values of taff are covered foMa ~ 140 GeV/€ and at high tafi observation
remains possible for Higgs bosons with masses in exces0dB8v/c.
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An important challenge of thieb channel measurement at the LHC is the combinatorial “over-
lap” background caused by multiple proton-proton intécerst in the same bunch crossing. The
analysis presented above uses the selection efficiencessdied in§] which are based on strin-
gent cuts that are expected to reduce such pile-up contiitsut This background is indeed neg-
ligible at low luminosities £10°3 cm~2 s71), but becomes more problematic at the highest lumi-
nosities. For the latter cases, additional software asagdilardware improvements in rejecting the
background have been assumed. Such improvements aretpregethe analysis of0] (Cox et
al.) which examines the MSSM point given by Bz 40 andMa = 120 GeV/@ in detail. Figure4
indicates that, for this choice of parametdrs;» bb should be observable with a significance close
to 4o for 60 b1 of data. Sectior8 summarises the results obtained 20][and demonstrates the
experimental procedure and hardware requirements neededuce the overlap backgrounds. We
compare the results of the two independent bb analyses in sectioB.5.

2.4.2 h,H — tt decay modes

In the standard (non-CEP) search channels at the LHC, theprimeans of detecting the heavy
CP-even Higgs bosoA (and the CP-odd\) in the MSSM is in théb-quark associated production
channel, with subsequent decay of the Higgs boson intliecay mode. This decay mode is also
open to CEP and was studied ib9]. The branching ratio of the Higgs bosonstibis approxi-
mately 10% forMy /o > 150 GeV/@ and 90% tabb, if the decays to light SUSY particles are not
allowed. Note that’s decay to 1-prong (85%) or 3-prong (15%); requiring no &ddal tracks on
the1t vertex is very effective at reducing non-exclusive backigh

Figure 6 shows the 6 discovery contours and theyZontours in theM — tarB plane for the
M@ benchmark scenario for different luminosity scenariose @iiscovery region is significantly
smaller than for theob case, although the decay channel can be observed ati®ss a large
area of parameter space. This would be an important complkanyemeasurement to the standard
search channels, affording a direct measurement of thetwmamumbers of thél. Furthermore,
in this region of parameter space, thas very close in mass to the and, since thé\ is heavily
suppressed in CEP, a clean high-precision measuremeng éf thass in thert channel will be
possible using forward proton tagging. Heinemeyer etl#l] &lso investigated the coverage for
the di-tau decay channel of the lightand found that a®observation could be made in the region
tar > 15, My, < 130 GeV/€ at high luminosity.

2.5 Observation of Higgs bosons in the NMSSM

The Next-to-Minimal Supersymmetric Standard Model (NMSSiitends the MSSM by the in-
clusion of a singlet superfiel&[44]. This provides a natural solution to thgoroblem through the
ASH Hg superpotential term when the scalar componer§aéquires a vacuum expectation value.
The Higgs sector of the NMSSM contains three CP-even and tR«@@@l neutral Higgs bosons,
and a charged Higgs boson. According 48][the part of parameter space that has no fine-tuning
problems results in the lightest scalar Higgs boson degaytiadominantly vidn — aa, wherea is

the lightest pseudo-scalar. The scalar Higgs boson hassiohiad 00 GeV/é. If the a has a mass

of 2my < my < 2my, which is in fact preferred, then the decay charinel aa— 4t would become
the dominant decay chain. This is not excluded by LEP dataud¢h a scenario the LHC could fail
to discover any of the Higgs bosor&s].
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Figure 6. 50 discovery contours (upper plot) and contours ofsgatistical significance (lower plot) for the

H — 171~ channel in CEP in th&la-tarP plane of the MSSM within th&"® benchmark scenario (with

p = +200GeV) for different luminosities. The values of the masthe heavier CP-even Higgs bosdy,

are indicated by contour lines. No pile-up background agslinhe dark shaded (blue) region corresponds
to the parameter region that is excluded by the LEP Higgsrbesarches.

Subsequently, however, it was shown 27 that the lightest Higgs boson could be discovered
in CEP using FP420. The parameter point chosen was simitoetoario 1 in46] and resulted in
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Figure 7. (a) The significance of observationtof~ aa— 4t using a muorpr trigger threshold of 10 GeV/c
(or 15 GeV/c) for three years of data taking at ATLAS and CM&afshown is the increase in the signif-
icance due to a factor of five improvement in background tejadrom a 2 ps proton time-of-flight mea-
surement, see sectioBsand10, or a comparable gain across all of the rejection varial@ds [b) A typical
amass measurement for 150 fbof data.

Mp = 92.9 GeV/@ andm, = 9.7 GeV/&, with BR(h — aa) = 92% and BRa — 11) = 81%. The
analysis uses mainly tracking information to define thdidal state and triggers on a single muon
with a transverse momentum greater than 10 GeV/c, althougtamalysis still works for an in-
creased muon threshold of 15 GeV/c. The final event rateoareapproximately 3-4 events after
all cuts at ATLAS or CMS over three years of data taking if thetantaneous luminosity is greater
than 183 cm—2 s~1. There is however no appreciable background. Figagshows the combined
significance of observation at ATLAS and CMS after three gyedidata taking at a specific instan-
taneous luminosity. The mass of thds obtained using FP420 to an accuracy of 2GeV/@
(per event). Furthermore, using FP420 and the trackingrnmdtion from the central detector, it
is possible to make measurements of@dhmass on an event-by-event basis. This is shown in fig-
ure 7(b) for an example pseudo-data set corresponding to 150dbintegrated luminosity. From
examining many such pseudo-data sets, the mass @ ith¢his scenario would be measured as
9.3+2.3GeV/@.

A complementary, independent trigger study has also bedarpeed for this decay channel
using the CMS fast simulation. Using only the standard CM§lsi muon trigger of 14 GeV/c, a
trigger efficiency of 13% for the — aa— 41 was observed. This is in reasonably good agreement
with the study presented above, which observed a 12% effigciem a 15 GeV/c trigger (assuming
ATLAS efficiencies). Furthermore, the study also obserted the analysis presented above would
benefit from additional triggers, which were not considere[27]. The total trigger efficiency in-
creases t6-28% if a combination of lepton triggers are used. It is likiédgt the majority of these
events will pass the analysis cuts presentedifjy find so would boost the event rate by up to a
factor of two. If the lepton trigger thresholds can be redijeghich could be possible at low lumi-
nosities, the trigger efficiency increases to 45% resultirfactor of 3.5 increase in the event rate.
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2.6 Invisible Higgs boson decay modes

In some extensions of the SM, the Higgs boson decays donyriatd particles which cannot be
directly detected, the so called invisible Higgs. The peasp of observing such Higgs boson via
the forward proton mode are quite promisiry] assuming that the overlap backgrounds can be
kept under control. Note that contrary to the conventioraatgn-parton inelastic production, the
mass of such invisible Higgs boson can be accurately measyrthe missing mass method.

2.7 Conclusion of the studies of the CEP df,H

It is a general feature of extended Higgs sectors that theyhdaygs bosons decouple from the
gauge bosons and therefore decay predominantly to heavye8Mdns. Adding the possibility to
detect thebt_)decay channel and enhancing the capacity to detecttbiegannel would therefore be
of enormous value. In th®1'® scenario of the MSSM, if forward proton detectors are itestil
at 420 m and 220 m and operated at all luminosities, thenyntlwhole of theM — tar3 plane
can be covered at thes3evel. Even with only 60 fb! of luminosity the large ta/ small Ma
region can be probed. For the heavy CP-even MSSM Higgs bogbravmass of approximately
140 GeV/é, observation should be guaranteed for all values @ tith sufficient integrated lumi-
nosity. At high tai8, Higgs bosons of masses up~0240 GeV/€ should be observed with 220 m
proton taggers. The coverage and significance are furtheneed for negative values of tie
parameter. For scenarios in which the light (heavy) Higgsobcand theA boson are nearly de-
generate in mass, FP420 (together with the 220 proton taggéallow for a clean separation of
the states since th&cannot be produced in central exclusive production. In tMSISM, forward
proton tagging could become the discovery channel in the ar@arameter space in which there
are no fine-tuning issues through the decay chainaa— 4t. Using the information from FP420,
the mass of both thie anda can be obtained on an event-by-event basis.

Observation of any Higgs state in CEP allows for direct olestéwn of its quantum numbers
and a high-precision mass measurement. As we shall seetiars8git will be possible in many
scenarios to measure the mass with a precision of betterlt@aV/¢ and a width measurement
may also be possible. Installation of FP420 would therefworide a significant enhancement in
the discovery potential of the current baseline LHC detscto

2.8 Photon-photon and photon-proton physics
2.8.1 Introduction

Photon-induced interactions have been extensively studielectron-proton and electron-positron
collisions at HERA and LEP, respectively.

A significant fraction ofpp collisions at the LHC will also involve quasi-real (I0@2) photon
interactions, occurring for the first time at centre-of-sy@mergies well beyond the electroweak
scale. The LHC will thus offer a unique possibility for novesearch — complementary to the
standard parton-parton interactions — via photon-photwh @hoton-proton processes in a com-
pletely unexplored regime. The much larger effective lumsity available in parton-parton scat-
terings will be compensated by the better known initial ébods and much simpler final states
in photon-induced interactions. The distinct experimesignatures of events involving photon
exchanges are the presence of very forward scattered pratuh of large rapidity gaps (LRGS)
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in forward directions. Dedicated very forward detectors tus required in order to efficiently
tag photon-induced events and keep the backgrounds undewotitr Very recently, exclusive
two-photon production of lepton paird§, 49] and diffractive photoproduction of quarkoniaq
have been successfully measuregmcollisions at Tevatron (and also in heavy-ion collisions at
RHIC [50]) using LRGs. In both measurements, clear signals werérautavith low backgrounds.
Apart from their intrinsic interest, these exclusive pissEs p + p— p+efe +p, p +uu +

p, throughyy — | "1~ provide a source of forward protons with momenta known taebehan

1 GeV/c (dominated by the incoming beam momentum spde#g ~ 10-4). They therefore give
an important calibration of the FP420 momentum scale aralusn, even though usually only
one proton is detected (see sectidn4).

The equivalent photon (or Weizsacker-Williams) apprcdion (EPA) b1] provides the ap-
propriate framework to describe processes involving pheaxchange with proton beams at the
LHC. In this approximation, one photon is emitted by one (@thlpincoming proton(s) which then
subsequently collides with the other proton (photon) poatly a systemX. Here, we will only
considef elastic photon-photon collisionsyy — X, where both proton “emitters” remain intact
(i.e. pp— ppX) andinelasticphotoproductionyp — X, where the “target” proton dissociates into
a stateY (i.e. pp— pXY). In both cases, we ignore additional parton interactiohgwdestroy
the rapidity gaps. The probability that the gaps survive (giarvival probability, see sectidh?2)
is much larger in the case of photon-photon interactions —elvbccur at relatively large impact
parameters — compared to exclusive pomeron- or gluon- glpcocesseX| 21]. In the EPA,
the photon spectrum is a function of the photon endfggnd its virtualityQ? [51]:

_ adE,dQ? Ey Fin E/

wherea is the fine-structure constari, is the incoming proton energy and the minimum photon
virtuality Q2 ~ [MZE/(E — E;) — M3]E,/E, whereM, is the proton mass aridy is the invariant
mass of the final staté, andFy andFg for the elastic production are given by the proton form
factors, in the dipole approximatiory = G§ andFe = (4M3GE + Q°G)/(4M3 + Q?), where
GZ = G§/7.78 = (1+Q?/0.71Ge\?)~*. The spectrum is strongly peaked at I&y therefore
photon-photon centre-of-mass energi#s~ Zm are usually much smaller than the total
centre-of-mass energy oE2= 14 TeV. In the elastic case, the photon virtuality is usuédhy,
(Q?) ~ 0.01 Ge\?, and therefore the proton scattering angle is very snfaR0 prad. The lu-
minosity spectrum of photon-photon collisiorts,,,/dWy, can be obtained by integration of the
product of the photon spectra, given by e2.2], over the photon virtualities and energies keep-
ing fixedW. The elasticyy luminosity spectrum (figur8) peaks strongly at low values @, but
extends to large values, even beydddreV. The integrated spectrum directly gives a fraction of
the pp LHC luminosity available iny collisions atW > Wg. The relative photon-photon effective
luminosity amounts to 1% fdi{, > 23 GeV and to 0.1% fa, > 225 GeV. Given the very large
LHC luminosity, this leads to significant event rates forth@nergy processes with relatively small

4A third class of events where the two colliding protons disat is not considered here.
5Note that thaV-pair invariant mass coverageypreactions is much larger than in the hard exclusive ceniifahd-
tive processes where the cross sections at large massemagyssuppressed by the QCD Sudakov form fac®r [
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Figure 8. Relative elastic luminosity spectrum of photon-photoltigions at the LHC in the rang®2,,, <

Q? < 2GeV” (solid blue line) compared to the corresponding luminoiityhe energy of each photon is
restricted to the forward detector (VFD) tagging range 20U GeE, < 900 GeV (dashed green curvéy].

photon-photon cross-sections. This is even more trugdanteractions, where both energy reach
and effective luminosities are much higher than fonghease. Finally, photon physics can be stud-
ied also inion collisions at the LHGP], where the lower ion luminosities are largely compensated
by the high photon fluxes due to t#é enhancement (for each nucleus), whgiis the ion charge.

In this section, we will consider the following exclusiveqtbn-induced processes accessible
to measurement at the LHC with very forward proton tags:

1. two-photon production of lepton pairs (an excellent LH@{inometer” process),

2. two-photon production ofV and Z pairs (as a means to investigate anomalous triple and
guartic gauge couplings),

3. two-photon production of supersymmetric pairs,
4. associatetV H photoproduction, and
5. anomalous single top photoproduction.

Realistic studies of all these processes — computed witltatsd packagesiaADGRAPH / MADE-
VENT [53], CALCHEP [54], LPAIR [55]) including typical ATLAS/CMS acceptance cuts and a
modified version of the Pythia generat&#6] for all processes involving final-state partons — are
discussed in detail in a recent review on photon-induceatactions at the LHCI2]. A summary

of this work is presented in the following subsections.

2.8.2 Two-photon processes

Elastic two photon interactions yield very clean event togs at the LHC: two very forward pro-
tons measured far away from the IP plus some centrally pextiagstem. In addition, the photon
momenta can be precisely measured using the forward pratets, allowing the reconstruction
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Table 1. Production cross sections fpp — ppX (via yy exchange) for various process€sfor fermion,S
for scalar) computed with various generatdrg][

Processes o (fb) | Generator
w— W (pf > 2 GeVig,|nH <3.1) | 72500 LPAIR [55]
WHW— 108.5 | MG/ME [53]
FTF~ (M =100 GeV/?) 4.06 )
FTF~ (M =200 GeV/?) 0.40 )
StS™ (M =100 GeV/@) 0.68 //
StS™ (M =200 GeV/@) 0.07 /!
H — bb (M = 120 GeV/@) 0.15 | MG/ME [53]
©10°E: A o
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Figure 9. Cross sections for varioyg processes at the LHC as a function of the minigyaientre-of-mass

energyW\p [12].

of the event kinematics. To illustrate the photon physicepial of the LHC, various pair pro-
duction cross sections in two-photon collisions have besnpuited using a modified versiohZ]
of MADGRAPH/MADEVENT [53]. The corresponding production cross sections are sursathiin
table 1. Since the cross sections for pair production depend onlghange, spin and mass of the
produced patrticles, the results are shown for charged alodréess fermions and scalars of two
different masses. These cross sections are shown as aofunétihe minimalyy centre-of-mass
energyW\ in figure9.

Clearly, interestingy exclusive cross sections at the LHC are accessible to nezasut. In
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Table 2. Cross sections fgop(yy — U pp after application of typical ATLAS/CMS muon acceptancesgut
and coincident requirement of a forward protda]f

cross section [fb] Oacc | Oacc (With forward proton tag)
pt >3 GeV/c,|n* < 2.5 | 21600 1340
pk > 10 GeV/c,|nH <25 | 7260 1270

particular, the high expected statistics for excludiVepair production should allow for precise
measurements of thgWW quartic couplings. The production of new massive chargeticies
such as supersymmetric pai&s7], is also an intriguing possibility. Similarly, the exclus pro-
duction of the Higgs boson — which has a low SM cross sec&&h- could become interesting
in the case of an enhancétlyy coupling. Last but not least, the two-photon exclusive poidn
of muon pairs will provide an excellent calibration of luragity monitors 6, 59].

Lepton pairs. Two-photon exclusive production of muon pairs has a welWkm@ED cross sec-
tion, including very small hadronic correction80]. Small theoretical uncertainties and a large
cross section at LHC energies £ 72,5 pb, tablel) makes this process a perfect candidate for
the measurement of the LHC absolute luminoslly Thanks to its distinct signature the selection
procedure is very simple: two muons within the central deteacceptancerf| < 2.5), with trans-
verse momenta above two possible threshqlﬁs;( 3 or 10 GeV/c), and no other charged particles
on the dimuon vertex. As the forward protons have very [Bw the muons have equal and op-
posite (in@) momenta. The effective cross sections after the appiicaif these acceptance cuts
(0aco), with or without the requirement of at least one FP420 tag,presented in tabl2 About
800 muon pairs should be detected in 12 hour run at the averageosity of 133 cm—2s72,

An important application of these exclusive events is theohlie calibration of the very for-
ward proton detectors. As the energy of the produced muowsglismeasured in the central de-
tector, the forward proton energy can be precisely prediaging the kinematics constraints. This
allows for precise calibration of the proton taggers, botimmantum scale and resolution, in case of
e.g. misalignment of the LHC beam-line elements, and leadsypod control of the reconstructed
energy of the exchanged photo®l]. The large cross sections could even allow for run-by-run
calibration, as the requirement of at least one forwardgoréag results in more than 300 events
per run. As the momenta of both forward protons are known ftloencentral leptons, it is only
necessary to measure one of them. This is fortunate asvisltav mass 10 GeV/@) forward
pairs to be used, with rates much higher than in the FP420lel@uitn acceptance. Finally, it is
worth noting that the two-photon exclusive productioned&™ pairs can also be studied at the
LHC, though triggering of such events is more difficult. Efea pair reconstruction, e.g. in the
CMS CASTOR forward calorimeter, has been discusse8]in [

W and Z boson pairs. A large cross section of about 100 fb is expected for the skautwo-
photon production oV boson pairs at the LHC. The very clean event signatures thfégpossibil-

ity to study the properties of th& gauge bosons and to make stringent tests of the Standard Mode
at average centre-of-mass energiei\myﬂwm ~ 500 GeV. The cross section for events where
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Table 3. Cross sectiomacc for yy — WW~ — putpvyvy, after application of typical ATLAS/CMS muon
acceptance cuts, and coincident requirement of a forwantdp(12].

cross section [fb] Oacc | Oacc (With forward proton tag)
p >3 GeVic,In* < 2.5 | 0.80 0.76
pt > 10 GeV/c,n¥ <25 | 0.70 0.66

bothW bosons decay into a muon and a neutrino — resulting in eveithsonly two muons with
large transverse momentum within the typiggl < 2.5 ATLAS/CMS muon acceptance range —
are large and only slightly reduced after adding the requéa of at least one forward proton tag
(table3).

The unique signature /W pairs in the fully leptonic final state, no additional tracksthe
[ 1~ vertex, large lepton acoplanarity and large missing trarse/momentum strongly reduces the
backgrounds. The two-photon production of tau-leptongp&iaving in addition a low cross-section
at large invariant masses, can then be completely neglekteckover, the double diffractive pro-
duction of thew boson pairs is also negligible, and the inclusive partonicipction (about 1 pb,
assuming fully leptonic decays, and both leptons passiagatiteptance cuts) can be very effi-
ciently suppressed too by applying either the double taggirthe forward proton detectors, or
the double LRG signature. Similar conclusions can be rehébrethe exclusive two-photon pro-
duction ofZ boson pairs, assuming fully leptonic, or semi-leptonicagesc In the SMyy — ZZis
negligible; this would be a test of anomaloZ couplings. The dominant SM source of exclusive
ZZisH — ZZif the Higgs boson exists, so the background in this charsnetiiy small.

Two-photon production ofV pairs provides a unique opportunity to investigate anoosalo
gauge boson couplings, in particular the quartic gaugelc@m$(QGcs), WVW [62]. The sensi-
tivity to the anomalous quartic vector boson couplings reentinvestigatedlP] in the processes
wW—WHtW~ — I*I-vv andyy — ZZ — |71~ jj using the signature of two leptonsdr p) within
the acceptance cufg| < 2.5 andpr > 10 GeV/c. The upper limita“P on the number of events at
the 95% confidence level have been calculated assumindhthatimber of observed events equals
that of the SM prediction (corresponding to all anomalousgpliogs equal to zero). The calculated
cross section upper limits can then be converted to oneven limits (when the other anoma-
lous coupling is set to zero) on the anomalous quartic cogpli The obtained limits (tab® are
about 4000 times better than the best limits establishe®RRLG3] clearly showing the large and
unique potential of such studies at the LHC. A correspondingy of the anomalous triple gauge
couplings can also be performe@4]. However, in this case the expected sensitivities are sot a
favourable as for the anomalogscs.

Supersymmetric pairs. The interest in the two-photon exclusive production of gaif new
charged particles is three-fold: (i) it provides a new andyv@mple production mechanism for
physics beyond the SM, complementary to the standard pagdon processes; (ii) it can signifi-
cantly constrain the masses of the new particles, usinglddatward-proton tagging information;
(i) in the case of SUSY pairs, simple final states are ugualbduced without cascade decays,
characterised by a fully leptonic final state composed ofdharged leptons with large missing en-

—20-—



Table 4. Expected one-parameter limits for anomalous quarticordmison couplings at 95% CI17).

Coupling limits | [ £dt=1fb~! | [ Ldt= 10fb!
(1076 Gev2?]
a5 /\?| 0.49 0.16
|a&/N\?| 1.84 0.58
|ad! /\?| 0.54 0.27
| /\?| 2.02 0.99
v Dy ¥ et
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Figure 10. Relevant Feynman diagrams for SUSY pair production wighdas in the final state: chargino
disintegration in a charged/neutral scalar and a neulralged fermion (left); slepton disintegration

(right) [12].

ergy (and large lepton acoplanarity) with low backgrouraag] large high-level-trigger efficiencies.

The two-photon production of supersymmetric leptons oeptieavy non-Standard Model
leptons has been investigated i67[ 65-67]. The total cross-section at the LHC for the process
yy— 11~ can be as large as 20 fb (O(1 fb) for the elastic case alone), while still being consistent
with the model-dependent direct search limits from LE8, p9]. While sleptons are also produced
in other processes (Drell-Yan or squark/gluino decaggproduction has the advantage of being a
direct QED process with minimal theoretical uncertainties

In [12], three benchmark points in MSUGRA/CMSSM parameter spaocstained by the
postwMAP research 0] have been chosen:

e LM1: very light LSP, lightZ, light % and tarp=10;
e LM2: medium LSP, heavy, heavy} and ta3=35;
e LM6: heaviest LSP, light right, heavy left/, heavy¥ and tar=10.

The masses of the corresponding supersymmetric particdsted in tableb.

The study concentrates on the fully leptonic SUSY case onhe corresponding Feynman
diagrams are shown in figutE). Signal and background samples coming from SUSY and SM
pairs were produced using a modified versiorcef. cHEP [54]. The following acceptance cuts
have been applied: two leptons with > 3 GeV/c or 10 GeV/c anfh| < 2.5. The only irreducible
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Table 5. Masses oBuUsY particles, in GeV/g, for different benchmarks (here= e, ).

m[GeV/Z] | LM1 LM2 LM6
X9 97 141 162
I& 118 229 175
o 184 301 283
i 109 156 168
i 189 313 286
yel 180 265 303
X3 369 474 541
H* 386 431 589

background for this type of processes is the exclugivpair production since direct lepton pairs
pp(yy — £7¢")pp can be suppressed by applying large acoplanarity cuts.d&trhigh-level-
trigger (HLT) efficiencies are high for all these types of mge In typical mSUGRA/CMSSM
scenarios, a light right-handed slepton will have a bramgtifaction ofB(INi — x?li) = 100%.
This results in a final state with two same-flavor oppositgrdeptons, missing energy, and two
off-energy forward protons. Assuming a trigger threshdld’ d&GeV/c for two isolated muons,
the efficiency would be 71 74% for smuons in the range of typical light mSUGRA/CMSSM
benchmark points (LM1 or SPS1a). With an integrated lunitpaxf 100 fb~1, this would result

in a sample of 15- 30 triggered elastic-elastic smuon pairs, plus a slighthalter number of
selectron pairs. Including the less clean singly-elastines would increase these yields by roughly
a factor of 5. The irreduciblgy — WW background can be suppressed by a factor of two by
selecting only same lepton-flavoweq py) final states. The measured energy of the two scattered
protons in forward proton taggers could allow for the distion between various contributions to
the signal by looking at the distribution of the photon-ghotnvariant mass\4,. HECTOR E1]
simulations of forward protons from slepton events coesiswith LM1 benchmark point indicate
that the TOTEM 220 m detectors will have both protons taggedily 30% of events. Addition

of detectors at 420 m increases that to 90% of events.

The expected cumulatix,, distributions for LM1 events with two centrally measurepittins
and two forward detected protons are illustrated in figlite With this technique and sufficient
statistics, masses of supersymmetric particles could lasuned with precision of a few Ge\f/by
looking at the minimal centre-of-mass energy required talpce a pair of SUSY particles. In the
same way, missing energy can be computed by subtractingetieetdd lepton energies from the
measured two-photon centre-of-mass energy. For backdsoomissing energy distributions start
at zero missing energy, while in SUSY cases they start ortly@times the mass of the LSP.

2.8.3 Photon-proton processes

The high luminosity and the high centre-of-mass energieghoto-production processes at the
LHC offer very interesting possibilities for the study oketroweak interaction and for searches
Beyond the Standard Model (BSM) up to the TeV scdlég].[ Differential cross sections for
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Figure 11. Photon-photon invariant mass for benchmark point LM1 withdt = 100fb~!. Cumulative
distributions for signal with two detected leptoms (> 3 GeV/c,|n| < 2.5), two detected protons, with same
(left) or different flavour (right). Th&/W background has been down-scaled by the quoted fat#hr [

pp(ya/g — X)pY reactions, as a function of the photon-proton centre-osrenergy, are pre-
sented in figurd 2 together with the acceptance region of forward proton tesygl large variety

of processes have sizeable cross section up to the eleelkkagale and could therefore be studied
during the very low and low luminosity phases of the LHC. tasingly, potential Standard Model
background processes with hard leptons, missing energyetsidoming from the production of
gauge bosons, have cross sections only one or two ordersgoiitude higher than those involving
top quarks. The large top quark photo-production crossasestO(pb), are particularly interesting
for measuring top quark related SM parameters, such asphguiark mass and its electric charge.
In addition, and in contrast to parton-parton top produstiphoto-production of top quark pairs
and of single top in association withVel boson have similar cross sections. This will certainly
be advantageous in analyses aiming at measuring the Caliliimyashi-Maskawaokm) matrix
elementVip| in associatedVt production.

In order to illustrate the discovery potential of phototpn interactions at the LHC, we
discuss in the next two subsections the possibility to ofes€i) the SM Higgs boson produced in
association with & (own ~ 20 fb for My = 115 GeV/é, representing more than 2% of the total
inclusive W H production at the LHC), (ii) the anomalous production ofgéntop, which could
reveal BSM phenomena via Flavour Changing Neutral Curf@@iNC).

AssociatedW H production. The search fowW H associate production at the LHC will be chal-
lenging due to the largé/+jets,tt andW Z cross sections. Indeed, although Standard Model cross
sections for the partonic procepp — (qg) — W H Xrange from 1.5 pb to 425 fb for Higgs boson
masses of 115 GeMand 170 GeV/E respectively, this reaction is generally not considered as
a Higgs discovery channel. This production mechanism hewés sensitive t&VW H coupling
which might be enhanced when considering fermiophobic so@ad might also give valuable
information on theHbb coupling, which is particularly difficult to determine aethHC. The pos-
sibility of using yp collisions to search fo¥WH associate production was already considered at
electron-proton colliders7[l]. At the LHC the cross section fqvp — (yq) — WH( pY reaction
reaches 23 (17.5) fb for a Higgs boson mass of 115 Ge{/t0 GeV/&). The dominant Feynman
diagrams are shown in figuE3. Although cross sections are smaller than the ones irttibte
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Figure 12. Differential cross-sections fgrp(yg/g — X)pY processes as a function of the c.m.s. energy in
photon-proton collisiondp. The acceptance of roman pots (220 m at 2 mm from the beamracki$20 m

at 4 mm from the beam axis) is also sketch&d] [

Figure 13. The Feynman diagrams fggq — HW™q associated production ab [12].

quarks, the signal-to-background ratio is improved by ntba@ one order of magnitudéZ].

Anomalous top production. In the Standard Model, exclusive single top photo-proaunciit
LHC energies is only possible for higher order electroweatlkeractions, since neutral currents
preserve quarks flavour at tree level. The observation afge laumber of single top events would
hence be a sign of FCNC induced by processes beyond the 8iaddalel. FCNC appear in
many extensions of the Standard Model, such as two Higgbtdbmodels or R-parity violating
supersymmetry. The dominant Feynman diagram contributnghoto-production of top quarks
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Figure 14. Photo-production of top quarks at LHC through FCNQ][

Table 6. Expected limits for anomalous couplings at 95% QP][
Coupling limits | [ £dt=1fb"' | [ £dt=10fb!
Keuy 0.043 0.024
kecy 0.074 0.042

via FCNC, can be seen in figuld. The effective Lagrangian for this anomalous coupling can b
written as [2]:

—Ow

. —opQ’ . Y
L= mqt%qkwyuA“leeqt g kieycA* + h.c.,

A
whereoy, is defined agy'y’ —y’'W)/2, q’ being the photon 4-vector aml an arbitrary scale,
conventionally taken as the top mass. The couplkgsandk, are real and positive such that the
cross section takes the form:

Oppt = Ol Ky + 0lc Koy
The computedx parameters usingALCHEP ared, = 368 pho¢ = 122 pb The best limit orky
is around 0.14, depending on the top ma&3 hile the anomalous coupling, has not been
probed yet.

The single top final state is composed df-get and aW boson. The main irreducible back-
grounds for the considered topologﬁ?‘isso, come fromyp interactions producing & boson and
a jet, especiallyc-jets which can be miss-tagged ag-fets. Limits on the anomalous couplings
kuy andkicy have been extracted after application of acceptance ciljnThese results appear
on table6 for two integrated luminosities.

2.8.4 Photon-photon and photon-proton physics summary

A summary of various unique photon-photon and photon-pramteractions accessible to mea-
surement at the LHC, and discussed in detailli],[has been presented in this section. Interesting
studies and searches can be performed for initial integjdat@inosities of about 1 fb', such as
exclusive dimuon production in two-photon collisions taggvith forward large rapidity gaps. At
higher luminosities, the efficient selection of photontinedd processes is greatly enhanced with
dedicated forward proton taggers such as FP420. Photordddweactions can provide much
higher sensitivity than partonic reactions for various BSignals such as e.g. anomalous quar-
tic yWW gauge couplings. The associated photoproduction of a tagkqur aW boson is also
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very large, offering a unique opportunity to measure thelumental Standard Model parameters,
such as the top quark charge or g element of the quark mixing matrix. Anomaloygt cou-
plings might also be uniquely revealed in single top phaidpction. Larger integrated luminosity,
of about hundred inverse femtobarns, will open complenmgniays to search for production of
supersymmetric particles in photon-photon interactioBsen larger luminosities might help to
access important information on the Higgs boson coupling doarks andV bosons. FP420 de-
tectors are mandatory for the determination of the massteeafentrally produced particles, and
to increase the sensitivity to new anomalous couplingsributions in two-photon interactions.

Last but not least, studying the photon-induced processeke early LHC runs can pro-
vide valuable checks of the various components of the gefagraalism used to predict the cross
sections of central exclusive reactior®6]. Thus, the photon-exchange dominaWeboson pro-
duction with rapidity gaps on either side provides inforimaton the gap survival factd®. As
discussed in36], such studies can be performed even without tagging ofdheerd proton. An-
other example is exclusivé photoproduction induced by the procegs— Yp [74]. The study of
such processes will not only reduce the theoretical unicg¢iga associated with the generalised,
unintegrated gluon distributiong;, e.g., by testing models based on diffusion in transverse mo
mentum as incarnated in the Balitsky-Fadin-Kuraev-Lipd®FKL) equation [f5], but will be of
help to calibrate and align the forward proton detectors.

2.9 Diffractive physics

Proton tagging with FP420 will allow a continuation of theidt of hard diffraction, expanding
and extending the investigations carried out at CERN by UA®, [and more recently at HERA
by H1 and ZEUS and at Fermilab by CDF and DO (see, €8y.77-79 and references therein).
The coverage of FP420,@2 < & < 0.02, is centred on the diffractive peak region where the
contribution from mesonic exchanges (Reggeons) is nétgigand is thus complementary to that
of TOTEM (or of any near-beam detectors at 220 m from the &ugwn point), which is M2 <
& < 0.2 with high luminosity LHC optics (see figuf).

The following reactions can be studied:

1. atinstantaneous luminosities where pile-up is nedigigingle diffractive (SD) dissociation
of the proton,pp — X p, where one proton is measured in FP420 and the other digs®cia
into a stateX which contains highey jets, vector bosons or heavy flavours: the limitation to
low luminosities is due to the fact that the timing constragnnot be applied when only one
proton is measured;

2. at all luminosities, double pomeron exchange (DRE);— pX p where both protons are
tagged by FP420, and agaiincludes highEr jets, vector bosons or heavy flavours;

3. also at all luminosities, central exclusive productidwligiets, pp— pjjp.

Processes 1 and 2 are sensitive to the ostructure of the proton and the diffractive parton
distribution functions (dPDFs), which can be interpreted@nditional probabilities to find a parton
in the proton when the final state of the process containstgpfaton of given four-momentum.
Process 3 is sensitive to the generalised (skewed) parstribdiion functions (GPD), which are
crucial for the estimate of the cross section for centralusiee Higgs production.
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Figure 15. x,. = 1— & coverage of FP420 and TOTEM (or any near-beam detectorsCatr2ffom the
interaction point). The data points are for the reactgn— eX p [80] and are only meant to illustrate the
position of the diffractive peak ad ~ 1.

Inclusive jet and heavy quark production are mainly seresito the gluon component of the
dPDFs, while vector boson production is sensitive to quarke kinematic region covered expands
that explored at HERA and Tevatron, with valuesfofthe fractional momentum of the struck
parton in the diffractive exchange) as low as4@nd ofQ? up to tens of thousands of GéV

The extraction of the dPDFs and the GPDs is complicated bipbekdown of QCD diffrac-
tive factorisation in hadron-hadron collisions: to deterenthe dPDFs and GPDs, it is necessary
to establish by how much diffractive interactions are sapped because of soft interactions of the
spectator partons from the interacting hadrds® B1]. This is quantified by the so-called rapid-
ity gap survival probability, a critical ingredient for tloalculation of the cross section for central
exclusive Higgs production. The rapidity gap survival bttty is interesting in its own right
because of its relationship with multiple scattering éeand hence the structure of the underlying
event in hard collisions. All three processes listed ab@rele used to determine the rapidity gap
survival probability. For example, as a consequence ofabtfisation breakdown, the diffractive
structure function extracted from SD jet production wilffeli from that obtained from DPE jet
production. The ratio of these two structure functions issg@se to the rapidity gap survival prob-
ability. A rather unique additional possibility which agis with FP420 is to observe events with
three (or more) large rapidity gaps; two gaps fixed by the &wdyprotons and the third gap selected
in the central detector. This may help shed further lightl@dynamics behind the rapidity gap
survival probability.

Also of interest is the fact that good data on single diffkectlissociation at high energies
could prove very important for a better understanding ofrtaeire of ultra high energy cosmic ray
interactions, see e.g. Chapter 10 of réf. |

Finally, it is natural to expect that the secondaries preduzy an ‘incoming’ pomerorK) will
be enriched with glueball€y). With tagged protons, one could look for the quasi-eladiffcactive
Pp — GX process. Similarly, tagging both protons allows one to olesP — P interactions at
much larger energies/Spp ~ 100— 200 GeV, than have been explored so far.
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Table 7. Cross sections for a few hard diffractive processes, asrdd with the POMWIG generatoBZ].

Process Cross section
pp— Xp, with X including aw boson 70 pb
pp— Xp, with X including a di-jet Er > 50 GeV) 30 nb
pp— pXp with X including a di-jet Er > 50 GeV) 1.5nb

Cross sections for hard diffractive processes can be laggghown in tabl@&. In the following,
we summarise some of the studies that have been performed.

2.9.1 Single diffractive production ofW, Z bosons or di-jets

Selection efficiencies were studied @ B3] for pp — pX, with X containing aV or aZ boson
that decays to jets or to muons, as well as idthontaining a di-jet system. Samples of 100,000
signal events each were generated with the POMWIG MonteoGgherator 2] (version 1.3).
For these studies, the CMS detector response was simulsitaglthe OSCAR§4] package. The
digitisation (simulation of the electronic response), émeulation of the Level-1 and High-Level
Triggers (HLT), and the offline reconstruction of physicgeals were performed with the CMS
full-reconstruction ORCA packag8%]. For four example processes, figdi@shows the efficiency
as a function of the L1 threshold value, normalised to thelmemof events (in the muon rate case
to the number of events with a muon in the final state) wi@dQ@ < & < 0.2. Three different trigger
conditions are considered: (i) only central detector imfation, (ii) central detector information in
conjunction with a single arm track at 220 m and (iii) centtatector information in conjunction
with a single arm track at 420 m. Also shown is the number ohevexpected to pass the L1
selection per pb! of LHC running. In B, 83], a gap survival probability of unity was assumed.
However, at the LHC this factor is expected to®®.1) [86].

2.9.2 Single diffractive and double pomeron exchange prodiion of B mesons

Inclusive SD and DPE production & mesons, wittB — J/WX andJ/y — p"p~, was studied
in [8] using the generator DPEMC 2.87] in conjunction with the fast CMS simulation code
FAMOS, version 1.3.148]. As discussed earlier, this process is sensitive to theFdP® the
proton. Events were selected which had at least one pairpafsijely charged muons. If two pairs
were found, the one with invariant mass closer to that ofJthe meson was taken to be the one
originating from thel/y decay. Events were selected i72< My, < 3.5 GeV/&, with My, the
invariant mass of the muon pa'p)# > 3 GeV/c (at L1) anob-‘} > 7 GeV/c (HLT). In addition, the
detection of a proton on either side of the interaction paias required for the SD events and on
both sides for the DPE events. The estimated event yiek, thi¢ cuts, for an integrated luminosity
of 1fb~1 is of hundreds of SD events and a few DPE events.

2.9.3 Double pomeron exchange production &V bosons

Also studied in §] is inclusive DPE production oV bosons,pp — pXW p which probes the
dPDFs of the proton. The reaction was simulated with the DEEMnerator v2.4d7]. The
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Figure 16. Selection efficiency as function of the threshold value ggr— pW X (upper left and upper
right), pp — pZX (lower left), pp — pjjX (lower right). At least one L1 jet witler above threshold is
required (upper and lower left), at least two L1 jets whith above threshold are required (lower right), at
least one L1 muon witlpr above threshold is required (upper right). The normaliratf the efficiency
curves (left y-axis) is explained in the text. The number wdras expected to pass the L1 selection per
pb~1 of LHC data (right y-axis) does not take into account the gapisal probability which at the LHC is
expected to b&(0.1). All plots are for the non-pile-up case. Frot].[

generated events were passed through the fast simulatithe €MS detector, FAMOS version
1.2.0 B8]. Events in the electron chann®y — ev, were selected by requiring an electron with
Er > 30GeV and missingr larger than 20 GeV. These cuts are tighter than the CMS Lerig
thresholds. Several thousand events are expected aftegldwion cuts, which include the demand
of a tagged proton, for 1 fi}. Events in the muon chann&l — pv, were selected by requiring a
muon withEy > 20 GeV and missingr > 20 GeV. Also these cuts are tighter than the CMS L1
trigger thresholds. The expected distributions of\tieind muon variables for 13 are shown

in figure 17 for different choices of the diffractive PDFs. Here agaevesal thousand events are
expected after the selection cuts.

2.10 Physics potential ofor measurements in FP420

A study of the correlations between the proton transversememtap;r in the CEP processes will
provide us with extra leverage in the the forward physicggmmme. First of all, such mea-
surements are important for testing the underlying physfdadiffraction [2]. The absorptive re-
scattering effects present in inelastic diffraction digaiolate Regge factorization and lead to non-
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Figure 17. Distributions, for[ £dt = 1fo~?, of (a) transverse mass of tNé* boson, (b) transverse mo-
mentum of theV*, (c) transverse momentum of the muon, (d) pseudorapidith@imuon folW — pv.
Full points: approximately flat diffractive gluon densityX fit 2 [89)]); histograms: more peaked diffractive
gluon density (H1 fit 3 89]). From [8].

trivial correlations between proton transverse momemtaand por in the procespp— p+M+p.
Measuring the transverse momenta and the azimuthal @ndjstribution for different valuegy,
allows a detailed probe of the opacity of the incoming protomd more generally, testing the dy-
namics of soft survival. One of the best examples to studh gfiects is exclusive higkr dijet
production R, 37], where the cross section for the hard subprocess is ladjevat known.

Another important feature of the correlation study is thaffers a unique possibility for direct
observation of a CP-violating signal in the Higgs sector ®asuring the azimuthal asymmetry of
the outgoing tagged proton28§, 90]. In some MSSM scenarios the azimuthal asymmetry

(2.3)

is expected 28] to be quite sizable. For instancA,~ 0.07, in a benchmark scenario of maximal
CP-violation (P1]) or in the tri-mixing scenario of ref.Z6].
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2.11 Other physics topics
2.11.1 Pomeron/graviton duality in AAS/CFT

Another motivation for further study of central exclusive@uction is as a testing ground of pos-
sible connections with string theory, through the so-cbAati-de-Sitter/Conformal-Field-Theory
(AdS/CFT) or “gauge/string” corresponden@?]. The application of AAS/CFT correspondence
between strongly coupled QCD and weakly coupled gravity feagntly successfully applied
to the computation of various observables in high energyyr&m physics (see e.g98] and
refs. therein). Diffractive scattering and the pomerorrespnt another area where a connection
with the string-theory-based techniques may well be ripi&e bheavy-ion physics, the physics of
diffraction and the pomeron lies largely outside the regimieere perturbative field theory com-
putations can be performed with confidence. Indeed they rmwevik not to fully describe HERA
data. Thus as in heavy-ion physics, there is much interegppnoaching these phenomena with a
tool which replaces non-perturbative field theory with pdsative string theory. The connection
with the stringy aspects of the five-dimensional deschnipi®indeed very direct in the case of
Regge phenomenology.

A number of papers by string theorists and recently even @G&¢ar theorists have stud-
ied aspects of the pomeron, which in the string theory deteoni is related to the graviton and
its higher spin partners on the leading (five-dimension&Qde trajectory (see e.@®4] and refs.
therein). The physics of the pomeron has been describedcaitsiderable technical success, al-
lowing insights into various aspects of Regge phenomenatothe corresponding four-dimensional
gauge theories. Few attempts have been made so far to cahesettechnical results with QCD
data, and the question of whether this connection will beuggestive as in the nucleus-nucleus
case remains open at present. Also, important problemdesiamce to the current proposal, such
as central hadron production, rapidity gap suppressioth,Higgs boson production are just now
receiving some (as yet unpublished) technical considerdtom theorists. But there is a real op-
portunity for growth of an interdisciplinary research aoea of diffractive physics in general and
central diffractive production in particular.

2.11.2 Exotic new physics scenarios in CEP

A.R. White has develope®5, 96] a theory of the pomeron which requires the existence of new
particles in the LHC domain, and would give rise to dramaffeats in diffraction. If correct,
exclusive processes suchps-p — p+W™ W~ +pandp+ p— p+ZZ+ p could be orders of
magnitude higher than in the Standard Model. In the Stanifrdel, exclusiveN+tW ™ produc-
tion occurs mainly throughy — WW~ andh — W*W~, if the Higgs boson exists witMp ~
135 GeV/@. ExclusiveZ Z production only proceeds, to a good approximation, thrdudacay. In
White’s theory the pomeron is approximately a reggeisedrgtagether with a sea of ‘wee’ gluons,
with the unitary Critical pomeron produced via reggeon ftalbry interactions. A special version
of QCD, QCDs, is required in which the asymptotic freedom constrainaisisated, a requirement
naturally satisfied byQCDs, which contains the known six colour triplet quarks plus alulet,
[U,D], of heavy (hundreds of GeV) colour sextet quarks. The Higgstanism is provided, not
by a fundamental scalar Higgs boson, but by sextet pion ceitgs i.e.[UU_— D5]. This results

in a relatively strong coupling between the pomeron andorembsons, with large cross sections
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for PP — WW~ andPP — ZZ. The enhancement in diffractis¥ "W~ andZZ production (but
notW Z production) should be large enough to see without forwaotprtagging, with or without
requiring large rapidity gaps. However, determining tliet pomeron - vector boson coupling is
responsible and studying it in detail will require forwandin measurementQCDs provides a
natural dark matter candidate, the sextet neutigns= [U DD], which should be stable and have a
mass in the TeV rangeQCDs also embeds uniquely in an underlying SU(5) theory, ca&tD,
which potentially describes the full Standard Model.

3 Simulated measurement oh — bb in the MSSM

As a more detailed example of our proposed methodology, serithe in this section how we
intend to study the production of the MSSIM— bb channel. Full details can be found iaq].
Similar cuts to reduce the backgrounds are found in the aisdigr the CMS-TOTEM documen8]
and also in ref.19]. There are two properties of FP420 that are critical to tbection of Higgs
bosons in any decay channel. The first is the acceptanceilmibsén detail in sectiorl, which
for a fixed LHC optics depends primarily on the distance ofrapph of the active edge of the
silicon detectors to the beam. We will focus on those evanmtghich both protons are tagged
at 420 m, although we comment on the inclusion of forward aets at 220 m in sectio3.4.
For 120 GeV/é central systems, the acceptance is independent of theckstd approach out to
approximately 7 mm (1®is 2.5 mm at 420 m). Here we assume that the active edge of thm42
detectors is 5 mm from the beam, which gives an acceptan@26f@ both protons to be detected.

The second important property of FP420 is its ability to nueashe difference in arrival time
of the forward protons on opposite sides of the central deteThis allows a measurement, from
timing information alone, of the vertex position of the Higcandidate event in the central detector,
under the assumption that the detected protons are fromathe proton-proton collision as the
Higgs candidate. This vertex-matching requirement — beiwthe vertex determined with the
central detectors and that obtained with the fast-timing/éod detectors — is vitally important at
the high LHC luminosities, where the large number of prgtooton collisions per bunch crossing
(often referred to as pile-up) leads to a high probabiligt florward protons from single diffractive
or double pomeron (DPE) collisions not associated with tiggslcandidate event will enter the
forward detectors from the same bunch crossing. The desighigito achieve a timing resolution
of 10 ps in the detectors with negligible jitter in the reface timing system. This corresponds to a
vertex measurement accurate to 2.1 mm from the tagged roitre FP420 fast timing system is
described in detail in sectiotD.

The central exclusive signal events were generated ustigXHuME Monte Carlo v1.3.4)7],
which contains a direct implementation of the calculatiesatibed in sectio.2 Using CTEQ6M
PDFs and soft survival fact@ = 0.03, the cross sectior branching ratio tdob for the CEP of
a Higgs boson of magdd, = 1195 GeV/& in the M scenario of the MSSM is predicted to be
20fb. There are three primary sources of background,;

1. Central exclusive dijet backgrounds. Central exclubﬁqoroduction is suppressed hy the
J; = 0 selection rule, but will still be present at a reduced raté forms an irreducible
continuum beneath the Higgs boson mass peak. Central axclgisie-glue production is
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not suppressed, and contributes to the background wherube gts are mis-identified as
b-jets. The mis-tag rate at ATLAS for gluon jets is 1.3%, lewdio a mis-tag rate for di-
gluons of 169x 10-4. These are the dominant central exclusive backgroundsithies CEP
background contributions, such gslgand bEg discussed in14, 98], are either small from
the beginning or could be suppressed due to the experimaritabutlined in sectioB.2

2. Double pomeron backgrounds. Double pomeron exchange)(BRlefined as the process
pp— p+ X+ p whereX is a central system produced by pomeron-pomeron fusion. In
this picture the pomeron has a partonic structure and thersys therefore always con-
tains pomeron remnants in addition to the hard scatter. Dfektg are simulated using the
POMWIG v2.0 Monte Carlo§2] with the H1 2006 fit B diffractive PDFs99] andS? = 0.03.
With this choice of PDF, the DPE background is expected tonb&lld100. The effect of
different choices of diffractive PDFs is studied i80] and found to make little difference to
the overall conclusions.

3. Overlap backgrounds. Overlap events (as discusse?] 20]) are defined as a coincidence
between an event that produces a Higgs boson candidate aetiteal detector and one or
more single diffractive or DPE events which produce protorthe acceptance range of the
forward detectors. Note that non-diffractive protons lmeedmportant only for detectors at
220 m Q] and that protons from photon-induced processes are ligglign comparison to
single diffraction. At a luminosity of 13 cm=2 s~ (low luminosity) there will be on aver-
age 3.5 interactions per bunch crossing including elastttaring, and 35 interactions per
bunch crossing at £6cm~2 s~ (high luminosity). There are three possible types of oyerla
background, for which we use the following notation: [p][]/for events in which there is a
coincidence of three overlapping events, the detectedpsatoming overwhelmingly from
soft single diffractive events; [pp][X] where the detecf@dtons come from a single double
pomeron exchange event; [pX][p] for events in which a sirdjfractive event produces a
hard central system which fakes a Higgs candidate, and adexs@nt produces a proton on
the opposite side.

These backgrounds are approximately titnes larger than the signal. The majority of
the rejection is achieved through kinematic and topoldgieaiables as demonstrated in
the following sections. However, the proton time-of-fligitOF) information from FP420
provides an additional reduction. As described above, asli@golution in the proton time-
of-flight gives a vertex measurement accurate to 2.1 mm. Wk®roverlap backgrounds,
however, the protons tagged by FP420 do not come from the Baeraction as the dijets
and therefore the event vertex implied from proton TOF walt,in general, match the dijet
vertex measured by the inner tracking detectors. A TOF mieasnt accurate to 10 ps
gives a rejection factor of 18 at low luminosity and 14 at highinosity® for [p][X][p]
events, if we require that the two vertex measurementsrdiffeno more than 4.2 mm &
and the spread in interaction pointsi4.5 cm. This rejection factor is used as a default in the
following sections. Results are also presented in the sitethat the overlap background can

6The luminosity dependence arises due more than one protomrng in an arm of FP420. In this case, the event is
retained if any of the predicted vertices fré&ffOF matched the dijet vertex.
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be effectively removed, for example by improved efficientihe kinematic and topological
rejection variables (discussed in sect®B) and/or an improvement in the fast-timing system
-i.e.a TOF measurement accurate to 2 ps results in a faateréase in the overlap rejection
factor (see sectioh0).’

Background events are constructed using ExXHUME for theuska events, POMWIG for the
hard single diffractive and DPE events, and HERWIG + JIMM®1, 102 for the hard dijet system
[X] in [p][X][p] and [pp][X] events. The soft single diffrative protons are generated according to
a parameterisation of the single diffractive cross sedionHC energies given i8], which has
been normalised to CDF data, and added into the event redblforward proton momenta are
smeared by the expected resolution of FP420 and the ceattidlps are smeared to simulate the
response of the ATLAS detectors. Full details are givendf].[

3.1 Trigger strategy forh — bb

FP420 is too far away from the central detector to be includéie current level 1 (L1) trigger sys-
tems of ATLAS and CMS, which have a latency of band 3.51s respectively. However, for all
CEP analyses, information from FP420 can be used at leve2pahd/or high-level-trigger (HLT)
to substantially reduce the rate. The requirement thag thetwo in-time protons detected at 420 m
would reduce the rate at L2 by a factor-o020000 (140) at a luminosity of #8(10**) cm 2s L. In
addition, cuts on basic topological variables, such asetlooglined in sectior8.2, which compare
the kinematics of the central system measured by ATLAS/CdABdt measured by FP420, would
reduce the rate further.

The challenge therefore is to design a trigger strategyedas central detector information,
that is capable of retaining CEP events at L1. The situatioraflight Higgs boson decaying to
b-jets is especially difficult because the un-prescaledstiolel for dijets at ATLAS is foreseen to
be 180 GeV at low luminosity and 290 GeV at high luminosity thughe large rate for QCD 2+ 2
scatters at hadron colliders. In this analysis, we congltlee possible L1 triggers. The first is a
low pr muon trigger of 6 GeV/c in addition to a 40 GeV jet, which isdéddl MUG in the analysis
that follows. The jet requirement is required to reduce #te for lowpr muons at high luminosity.
We also consider a higher muon threshold of 10 GeV/c (MU10he MU6 (MU10) trigger at
ATLAS has an efficiency of 10% (6%) for lat_>system. A similar trigger was considered in the
CMS-TOTEM studies§], that is, a 40 GeV jet with a 3 GeV/c muon, which was found teehan
efficiency of 9%. More recent work by ATLAS suggests that némategies, which make use of
additional topological information that will be availatdéter the L1 calorimeter upgrade, result in
similar efficiencies to that assumed R0], but for much less bandwidth. However, for the purposes
of this report, we stick to the strategies/efficiencies uised in the currently published literature.

The second trigger is to require a rapidity gap in additioth®s 40 GeV jet. Such a trigger
requires a central jets witcr > 40 GeV and a lack of hadronic activity in the forward regiomeT
gap would be defined in the forward calorimeters of ATLAS/CM@&ich approximately cover
3 < |n| < 5. At ATLAS, an additional gap could be defined in the LUCIDetebrs, which cover
5.4 < |n| < 6.1, and the Zero Degree Calorimeter (ZD@PH, which covers 8 < |n| < 9.2. At

“While this is beyond present-day performance, it may beexehie on a few-years timescale and there is an active
R&D programme. Note that the detectors have very small afean?.
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CMS IP, the gap could be extended to covet 3 |n| < 4.7 by the TOTEM T1 detector,.b <
In| < 6.5, by the CASTOR 104 and TOTEM T2 detectors,.8 < |n| < 6.6, and|n| > 8.1 for
neutral particles in the ZDCLP5. It was found in B] that the L1 rate for the QCD production
of jets was reduced by several orders of magnitude by reqguthiat the T1 and T2 detectors be
devoid of activity. The CEP process, however, would have @ffiéiency in the absence of pile-up
events in the same bunch crossing. This means that thetyagap trigger is self pre-scaling with
luminosity; at 182 cm2 s~ the probability for no pile-up events is 17%, which drops % at
2x 10 cm?s 1

The final trigger is to allow a high, fixed L1 rate for 40 GeV jetghich is then substantially
reduced at L2 by utilizing information from FP420 as outtirebove. In this analysis, we consider
a 25 kHz (FRT25) and a 10 kHz (FRT10) fixed L1 rate. The FRT2fg#&t would not be pre-scaled
at a luminosity of 18° cm™2 s~ and would be pre-scaled by a factor of 10 at1ém=2 s1. At
L2, requiring two in-time proton hits would reduce the FRTi2%e to less than 200 Hz at high
luminosity and could be reduced further to a few Hz by usirglihsic topological requirements
outlined in sectior8.2

A complementary L1 trigger has been consideredjrfgr the CMS-TOTEM system, which
was not considered in the analysis presented here. Thetriggtegy utilises the scalar suHy;,
of all jets. The requirement that essentially all of the sig@rse energy be concentrated in two
central jets, i.e thafE: + E2) /Hr > 0.9, reduces the QCD rate by a factor of two but barely affects
the signal. Thus the FRT25 trigger, which is considered ta bred rate of 25 kHz, could in fact
have a final L1 output rate of 12.5 kHz. Another way to tag evevith protons in FP420 proposed
in [8] makes use of a diffractive type of trigger sensitive to asatric events where one proton
is detected in one FP420 detector and the other proton inZBe?Roman Pot on the other side.
This is briefly discussed in sectidéh4

3.2 Experimental cuts on the final state

The Monte Carlo samples are initially standardised by maugiithat there are two jets, one with
Er > 45 GeV and one witler > 30 GeV; the jets are reconstructed using the cone algorititm w
cone radius of 0.7. Furthermore, the outgoing protons ayeined to lie within the acceptance of
FP420 as defined in sectidn This corresponds approximately to the kinematic ranfe®< &; <
0.018, Q004 < &, < 0.014 and unrestricted i) whereg is the fractional longitudinal momentum
loss of the outgoing proton artds the squared 4-momentum transfer at the proton vertex. Ful
details are given ing0]. The following variables are then useful to characterigg@vents:

e The difference in rapidityAy, of the central system measured by FP420 to that measured
from the average pseudo-rapidity of the dijets, i.e.

Ay:‘y— (T]l-;ﬂz)‘ (3.1)
wherey is the rapidity of the central system measured by FP420 agigiés by
1 El>
==In{ >=]. 3.2
=n(E ©2)
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¢ The dijet mass fractioryj, which is the fraction of the mass of the centrally produgesiesn
carried by the dijetsR; is an improved definition1[0€] of the dijet mass fraction variable
R;jj, which has been used to identify exclusive events at COF. R; is defined as

1

2E.
Rj = —rcost(ni —y), (3.3)

whereE} andn; are the transverse energy and pseudo-rapidity of the lggetiim the event
andM is the mass of the central system measured by FP420, given by

VERSRIRSE (3.4

where,/sis the centre-of-mass energy of the proton-proton intemactor a true CEP event
with no out-of-cone and detector smearing effeRjs—= 1.

e The multiplicities of charged track$yc andNg, with pr > 0.5 GeV/c and|n| < 1.75 that
are associated with (i.e. withift2.6 mm of) the dijet vertexN¢ is the number of charged
particles in the event that are not associated with the haatles, i.e. not contained within
the jet cones. It is of course dependent on the jet algoriteed uo reconstruct the jets.
Ng, defined as the number of charged tracks that are perpeadiowdzimuth to the leading
jet, provides a measure of the particle multiplicity asata with the underlying event.
Both Nc andNg should vanish for CEP processes with negligible final-statiation and
underlying event. We use the definition adoptedlidq, which assigns charged patrticles to
the underlying event if they satisfy

E<’ _ ’<2_T[
3 =K==

whereqx is the azimuthal angle of a given charged particle @ni the azimuthal angle of
the highest transverse energy jet. We also choose not tchaskilt inner detector track-
ing coverage|)| < 2.5) to count charged tracks so that a narrower vertex cut carsée;
particles at large pseudo-rapidity have the poorest vedeanstruction and would require
a larger vertex window, which would increase the probabiit tracks from pile-up events
contaminating the signal (and background).

and %n <|—@| < %ﬂ (3.5)

These variables are extremely efficient at separating tedagy and DPE backgrounds from the
CEP events. For overlap events, the central system kinesnptedicted by FP420 do not, in
general, match the observed dijet kinematics. Fidi@) shows theRr; distribution for signal,
DPE and overlap events and figur&(b) shows the\y distribution. To a good approximation, the
overlap background is flat over a very large regiorRpfandAy, whereas the signal forms a well
defined and narrow peak. Figurég(a) and19(b) show theNc andNg distributions respectively.
As expected, the central exclusive events have few chargdttlps outside of the jet cones. In
contrast, the overlap events have many charged particlesadthe break up of the protons and
the underlying event activity associated with standard @Eé&nts at the LHC. The final exclusive
candidate sample is defined by the following cuts:

e The dijet mass fraction, ?5 < R; < 1.1.
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Figure 18. TheR; andAy distributions are shown in (a) and (b) respectively for tigaal, [p][bb][p] and
DPE [pbb p] backgrounds . The distributions were reconstructedguaioone radius of 0.7 after smearing
the particles with detector resolution.
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Figure 19. (a) The charged track multiplicity outside of the dijett®ys,Nc. (b) The number of charged par-
ticles that are transverse to the leading jet as defined batiem@.5). In both cases the particles must satisfy
pr > 0.5GeV/c andn| < 1.75. Only 80% of the particles are used, which replicates ABlrAconstruction
efficiency for lowpr tracks.

e The difference in rapidity of the central system measuredB%¢20 to that measured from
the dijets® Ay < 0.06.
e The jets are back-to-back , ire- |Ag| < 0.15.

e The charged track multiplicity associated with the dijette®, Nc < 3 andNg < 1.

3.3 Results and significances

The cross sections for the signal and the dominant backgswexcluding the trigger efficiency,
are shown in tabl8. The final cross sections are defined in a mass window aroenditfys boson

8The jet ancE resolutions are smeared according16Q| and [11] respectively.
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Table 8. Cross section (fb) for the CEP Higgs boson signal and aatsmtbackgrounds after sequentially
applying each one of the cuts in the text. The first cut reguirat both protons are tagged at 420 m, the mass
measured by the forward detectors is between 80 and 160 &eXdtthe transverse energy of the leading
jet is greater than 40 GeV. The second cut is the requirerhanttie di-jet vertex is withint4.2 mm of the
vertex predicted by proton TOF. The overlap backgroundsiefiaed at high luminosity (f6 cm=2 s™1).

Cross section (fb)

Cut _ CEP DPE | [PIIXIP] | [PIPX] [PPIX]
h—bb| bb a9 bb bb bb bb
Er,&1,&,M | 1.011 | 1.390| 2.145]| 0.666 | 5.42x10° | 8.98x10° | 1.16x10°
TOF (20,10 ps)| 0.960 | 1.320| 2.038| 0.633| 3.91x10° | 7.33x10? | 6.29x 10"

R 0.919 | 1.182| 1.905| 0.218| 4.73x 10" 85.2 | 7.59x10°
Ny 0.774 | 1.036| 1.397| 0.063| 2.16x10° 1.38 | 3.50x1(?
AD 0.724 | 0.996| 1.229| 0.058 | 6.66x 107 0.77 | 1.07x10?
Nc, N& 0.652 | 0.923| 0.932| 0.044| 6.49 0.45 1.35
AM 0.539 | 0.152| 0.191| 0.009| 1.28 0.06 0.28

mass ofAM = +5.2 GeV/&. This is significantly larger than the projected resolutigrthe for-
ward detectors because the width of the Higgs boson wittctiogce of MSSM parameterdip =
120 GeV, tap = 40, = 200 GeV) is 3.3 GeV& The overlap backgrounds are defined at a lumi-
nosity of 13* cm 2 s~1, which is the worst-case scenario because even when the 4 bigrating

at peak design luminosity the average luminosity over a fllllve lower than 18* cm2 s 1. Ta-

ble 8 shows that the dominant background at high luminosity igplj][p] overlap background.

In order to determine the significance of the signal, a pselada sample was constructed us-
ing the generators described above and a full analysis wésrped including various L1 trigger
strategies and applying the aforementioned selection dtiggure 20(a) shows a simulated mass
fit after 3 years of data taking at-210°3 cm=2 s™1, corresponding to an integrated luminosity of
60fb~1. The L1 trigger strategy is FRT25 + MUG6 + rapidity gap triggsee definitions in sec-
tion 3.1). The peak is fitted with a Gaussian function, which represtre known mass resolution
of FP420, convoluted with a Lorentzian function. The shapthe background is assumed to be
well known, as it can be measured with high statistics udieg@rward detectors; in our case, we
use all the MC events (in the correct ratio) to determine tiape? The significance of this fit is
3.50.

Figure20(b) shows a mass fit for the same experimental conditions j@ads of data taking
at 16 cm?s~1 (300 fb1). Because of the increase in overlap backgrounds, thefisignie falls
slightly to 30 and improvements in the overlap rejection are requiredke tall advantage of the
high luminosity. This could be achieved through an upgradbé fast-timing system, as discussed
in section10, or an improvement in the background rejection variableshath. Figure21(a)
shows the same mass fit under the assumption that the ovejtaion is improved by a factor of
five (and effectively eliminated); the significance is now. F-igure 21(b) shows the significance

9We have also checked the possibility of using a quadratikdgracnd and reach the same results.
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Figure 20. Typical mass fits for the 120 Ge\W/dMSSM h — bb, with the L1 trigger and analysis cuts
discussed in the text, for 3 years of data taking at 20°2 cm 2 s~ ! (60fb~1 3.50, left plot) and at
10°**cm 251 (300fb 1, 30, right plot).

as a function of luminosity for two different L1 trigger stegies, FRT25 + MU6 and a more
conservative FRT10 + MU10. The curves labelled OLAP are lier haseline rejection factors
shown in table8. Curves are also shown for improved overlap rejection.

The largest loss of events at high luminosity comes from thdrigger efficiency, which is
at best around 20% at 3bcm 2 s~ for the L1 strategies considered here, although it is close t
100% at 183 cm 2 s 1. If, in a future upgrade to the central detectors, the LIgigatency were
increased beyond s, a trigger efficiency of close to 100% could be achieved Quirang two for-
ward protons tagged by FP420. Coupled with improved fashtiira 5 observation with a mass
measurement better than 1 Ge¥/éould be achieved for 10018 of data taken at T8 cm—2 s71.

For the benchmark scenario discussed above, the fits to indased data were relatively
insensitive to the width of the Higgs state, which was 3.3 @&V For Higgs bosons of decay
width ~ 5GeV/@ and greater, a measurement of the width should be possilietid standard
FP420 experimental configuration for those regions of MS@kameter space in which the cross
sections are 10 times larger than the Standard Model crotisrse

3.4 Inclusion of forward detectors at 220 m

Adding forward detectors at 220 m, in addition to FP420, hasraber of benefits for this analysis.
Firstly, for a 120 GeV/€ central system, there can be a large acceptance for asyitatigtrtagged
protons, i.e. one tagged at 420 m and one at 220 m. The exagtaoce depends on the distance
of the detectors from the beam (see sectdmnd is approximately 16% if the 220 m detectors
are 2 mm from the beam and the FP420 detectors are 5 mm frome#tie’ If the analysis is
repeated for both symmetric and asymmetric tagged evémsignificance increases to ¢.fbr
the FRT25-MUG trigger for 60 fo! collected at 2« 10°3 cm~2 s~1. With improved overlap rejec-
tion, the significance for 300 fi} of data collected at £8 cm 2 s ! increases to 56 (3.60) for

the FRT25-MU6 (FRT10+MU10) trigger strategy. The combined significances inaedarther

if the detectors are moved closer to the beam.

10The beam spot is smaller at 220 m and the detectors can belptagzh closer to the beam.
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after removing the overlap background contribution corghjewith improved timing detectors. The sig-
nificance is & for these data. (b) Significance of the measurement of th&&2Ic> MSSM Higgs boson
versus luminosity, for two different combinations of muonMd6, MU10 — and jet-rate — FRT25, FRT10
— triggers, see sectidd 1, and with an improved (baseline) FP420 timing design (OLAb&ISs).

It is also possible to devise a L1 trigger strategy for therasgtric events incorporating in-
formation from the 220 m detectors. The trigger would regaiproton hit, with a momentum loss
measurement that is compatible with an opposite side piutat 420 m, and that the jet energies
contained the majority of the energy deposited in the caletérs. Such a trigger would have a rate
below 1kHz up to an instantaneous luminosity of1*2 cm2 s [8]. Thus at low luminosities,
all of the asymmetric tagged events could be retained fite iandwidth and at high luminosities
this approach would act as another method to reduce thegheefer events with lovEr jets. It
is demonstrated ir2[0] that the significance of the asymmetric events using tidgér strategy is
3.20 for 60 fb~! of data collected at 2 10°3 cm~2 s 1, if the forward detectors at 220 m (420 m)
are placed at 2 mm (5 mm) from the beam. The significance iseseto & if the detectors are
moved to 1.5 mm (3 mm) from the beam.

3.5 Comparison of theh,H — bb analyses

In this section, we compare the results of Heinemeyer el8].(fection2.4) to the results of Cox
et al. 0] (presented in sectioB.3) for a 120 GeV/é Higgs boson. The overall signal efficiency,
excluding the trigger, assumed by Heinemeyer et al. is 2 @¥prfotons tagged at 420 m. This
efficiency is found using the fast simulation of CMS and isyv&milar to the analysis published
in [8] for SM h — bb. The corresponding efficiency observed by Cox et al. is 2 M@te that Cox
et al. use a larger mass window, which results in the a faclo8 more events. After normalizing to
the larger mass window, the Heinemeyer et al. efficiencyem®es to 2.5%. There are two ongoing
analysis using the ATLAS fast detector simulation that skowilar experimental efficiencies.

The expected number of overlap events, for the combined2220detector acceptance, is
found to be 1.8 by Cox et al. for 301B of data taken at I cm 2 s~1. This includes a mass
window around the Higgs boson peak as outlined in se@®i8n Very large rejection factors are
obtained using the exclusivity variabldg;, Ay, Nc and Né, as shown in tabl8. These rejection
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factors are also being studied using the ATLAS fast detesitoulation. Preliminary results are
consistent with Cox et al20]. The effects of using different event generators for theusive
QCD event background has also been studied. Using Pyt@g, jwith the ATLAS/DWT tunes to
Tevatron data]07] predicts less underlying event activity at the LHC than NAB+JIMMY. The
corresponding rejection factor of tiNg andNz cuts is at least a factor of two smaller when using
Pythia R0]. The nature of the underlying event at the LHC will be detieied with very early data.
Despite this uncertainty due to the different underlyingrésmodels, it has been demonstrated that
the overlap background rejection from the charged tracKiptigity cut is largely unaffected by
changes in luminosity.

Different trigger strategies are employed in the analysesgnted in sectioris4and3. Heine-
meyer et al. do not consider a pre-scaled jet rate trigger e-rthjority of the events in the anal-
ysis are triggered at L1 by a proton tag at 220 m. The signifieasf the measurement, given a
120 GeV/é Higgs boson at tgh= 40, is slightly larger than & given 60 fb ! of data (figure4,
60fb1). As discussed in sectidh4, Cox et al. find that the asymmetric tagging alone achieves a
significance in the region of 302to 50 for 60 fo! of data collected at210°3 cm~2 s1; the exact
value is dependent on the distance of the active detectertedge beam. Furthermore, the jet-rate
trigger could retain up to 50% of the symmetric events atltimsinosity, with a significance of up
to 3.50 as shown in figur@1(b). Thus it is likely that, at low luminosity, the efficiencyrves in
figures4 and5 (labelled 60 fb'l) are a conservative estimate. Heinemeyer et al. do not@ensi
the contribution of the overlap backgrounds, however, Witiecome the dominant background at
high luminosity. Thus, the high luminosity curves in figudeand5 (600 fb1) are only valid if the
overlap background can be effectively eliminated. Thisl¢dne achieved through improved effi-
ciency of the rejection variables, outlined in sect®8 or if the time-of-flight system is upgraded,
as discussed in sectidid).

3.6 Recentimprovements in background estimation

Recently, there have been a number of improvements in tloellatibns of the backgrounds in
the h — bb channel. Firstly, NLO calculationd.09 indicate that the central exclusive production
of gg— bb is a factor of two (or more) smaller than the LO values assumdtle estimates in
section3.3. Secondly, the overlap backgrounds presented in the pg@ections were calculated
assuming fixed instantaneous luminosity for a given integrduminosity. This is a very con-
servative estimate as the luminosity decreases duringrea atwl the largest overlap background
cross section scales with?. For 300fb ! of data, it is perhaps more realistic to assume that
half of the data was collected at a luminosity of46m~2 s~ and half of the data was collected
at 7.5<10%3 cm2 s~L. This crude estimate better approximates the anticipaté@ luminosity
profile and results in a 25% reduction in the dominant ([p]pX] overlap background.

Further improvements related to the experimental effigiemith respect to reducible back-
grounds have been investigated. Firstly, recent studiggest that an improvement in b-tagging
efficiency could be obtained with respect to gluons, imprgvihe rejection of the CEBg — gg
background. Secondly, it is expected that the [pp][X] baokgd contribution is overestimated.
The calculation of this background depends crucially orfrhetion of events at the LHC that pro-
duce two forward protonsf, ;. The cross section presented in sectBoBuses the value ofjp
predicted by the PHOJET event generattit(], but other theoretical predictions result in a value
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Figure 22. Mass fit for 300l of data for the improved background estimates describedeirieixt (re-
duced CEP backgrounds, negligible [pp][X] and a luminopityfile consisting of half the data collected at
7.5x10% cm 2 s and half at 18* cm=2 s~1). The plots are made assuming (a) baseline timing of 10ps
and (b) improved timing of 5 ps or central timing.

of fipg which is more than an order of magnitude smalle8, [22]. In addition, the DPE central
system must be about 100 GeV as the protons have to lose eroegly to produce a ‘missing
mass’ that is approximately the same size as the signalelartblysis presented above the charged
tracks from the [p] and [pp] vertices were not simulated. ldegr, after fast-timing constraints, the
[pp] vertex will be within 4.2 mm of the di-jet vertex and itlikely that additional charged tracks
will cause the whole event to fail the charged multiplicitts outlined in sectio3.2

To estimate the effects of these improvements we have egélae analysis detailed above,
with the following modifications: (i) The CEBBbackground is reduced by a factor of two, (ii) the
gluon mis-tag probability is reduced from 1.3% to 0.5%) iiie [pp][X] background is assumed
to be negligible, (iv) the luminosity profile is not fixed: Fexample for 300 fb?, half the data
is assumed to be collected at 2802 cm2 s1 and half at 18* cm~2 s~1. Figure22 (a) shows
the effect of these improvements given the baseline 10 pdifaimg resolution and figur@2 (b)
shows the effects given a factor of two improvement in thétiasing system (central timing or
5 ps forward timing resolution). The significance is incexh$o 3.6 and 4.% respectively from
the 3 significance of figur0(b).

4 LHC Optics, acceptance, and resolution

4.1 Introduction

The configuration of the LHC beamline around the interacpoints is shown schematically in
figure 23. The proposed forward detector stations are to be instafidtie regions located at
approximately 220 m and 420 m from the IP1 and IP5 interaqtimints in both beamlines down-
stream of the central detector. Here protons that have hesgg in the primary interaction are able
to emerge from the beamline. The acceptance and the ultyimethkievable experimental resolu-
tion of the forward detectors depend on the LHC beam optidsoanthe position of the detectors
relative to the beam.
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Figure 23. Schematic plan view and side view of the beamline at IP5 (M@ IP1 configuration (ATLAS)
is similar except that the kicker magnets are vertical ($&®figure123 [61]. The horizontal curvature of
the beamline has been straighted out for purposes of singildin here.

The FP420 Collaboration has written two independent prdracking programs, FP-
Track [111] and HECTOR 61], and implemented a model of the LHC beamline into the pagkag
BDSIM [112] in order to simulate machine-induced backgrounds. The IRD8odel is described
in detail in sectiorb.L The three simulations, FPTrack, HECTOR and BDSIM are indgagree-
ment with each other and with MAD-X, the standard LHC beamgpart program used at CERN.
Figure 24 shows thep functions for beams 1 and 2 as computed by HECTOR and compared
MAD-X. (Comparison with MAD-X strictly verifies the tracka programs only for 7 TeV pro-
tons.) HECTOR has also been verified for protons above 80%teafidminal beam energy (i.e. all
protons within the acceptance of 220 m and 420 m detectors)rbgt comparison to numerical
calculations §1]. All the programs perform aperture checks through eachefltHC optical el-
ements. Figur@5illustratively shows the losses occurring for a set of pastaith mean energy
loss of 110 GeV in the MB.B9R5.B1 dipole at 338 m from IP5 usindC beam 1 optics. It is
aperture restrictions of this kind that chiefly limit the highass acceptance of FP420.

Unless otherwise stated, we use the EXHUME Monte C&Tptp generate outgoing protons
from the central exclusive production of a SM Higgs bosothalgh the results apply for any
centrally-produced system of the same mass. Version 6.50@ € HC optics files have been used
with: B* = 0.55 m; angular divergenceg = 30.2 prad at the IP; crossing angle = 142ufad in
the vertical (horizontal) plane at IP1 (IP5); beam energeapoe = 0.77 GeV. Full details can
be found in B1]. The energy spread of the 7000 GeV beam is an irreducibligitignfactor on the
mass resolution that can be obtained by proton tagging eseat the LHC. We show acceptances
below for both 420 m alone and for 420 m and 220 m stations tipgrebgether.
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Figure 25. Example of aperture check for a typical Main Bending dipai&838m from IP5, for a set of
protons with a mean energy loss of 110 GeV. The protons whitttitee aperture are shown in black, and
those which hit the walls are shown in red.

4.2 Detector acceptance

The position and direction of a proton in the 220 m and 420 redets (for a given LHC op-
tics) depend on the energy and scattering angle of the ayjgwioton and the-vertex position
of the collision. The energy and scattering angle are djreetated to the kinematic variabl€s
the fractional longitudinal momentum loss of the outgoimgtpn, and—t, the square of the four-
momentum transfer. Figurgé shows the acceptance in thd plane for the 220 m and 420 m
regions for beam 1 and beam 2 respectively, around IP1 (ATLAScalculated by FPTrack. The
mapping of the energy loss and outgoing angle of a protoredftito a position and angular mea-
surement in the detector at 220 m or 420 m can be visualised ghiromaticity grids. Figur@7
shows iso-energy and iso-angle curves for protons withggrless ranging from 0 to 1000 GeV in
steps of 200 GeV at 220 m (left), and from O to 100 GeV in ste@dBeV at 420 m (right). The
angle of the outgoing proton at the IP ranges from 0 to|#@@ in steps of 10¢Qrad. The angle of
the proton track measured at the dete€pis shown on the vertical axis, and the horizontal posi-
tion from the beamy, is shown on the horizontal axis. The non-linear nature efgiids is due to
the energy dependence of the transfer matrices, withouthathie grid would be a parallelogram.
The chromaticity grids show that the measurement of theggnefrthe outgoing proton requires
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Figure 26. Acceptances in thg, t plane for protons to reach planes at 220 m (left) and 420 nhtrigr
beam-1 (top) and beam-2 (bottom) around IP1 (ATLAS) comgputith FPTrack. The variables plotted are
t, the modulus of the squared momentum transfer to the protive &P, and, its fractional energy loss. No
detector effects are included here.

good position and angle measurements in the detectorrgatomeasurement of the angle of the
outgoing protons from the IP, and hengg, at 420 m requires a far better spatial resolution than
the energy §) measurement. This can be seen, for example, by notinghtbateparation im; of

the (10 GeV, Qurad) and (10 GeV, 50frad) fixed-energy points is much smaller than that of the
(10,0) and (100,0) fixed-angle points. We return to thisedselow when discussing the required
measurement precision. We expect to achievigrrad precision orby.

The low< (and therefore low mass) acceptance depends criticalljj@distance of approach
of the active area of the silicon sensors from the beam. Ehgkawn in figure8for proton tags at
420 + 420 m and 420 + 220 m. It is clear from the left hand plotgarie 28 that operating as far
away as 7.5 mm does not compromise the acceptance for cevatsakes of 120 GeVand above,
for 420 + 420 m tagged events. Acceptance at higher massasagthe 420 m detectors to be
used in conjunction with 220 m detectors. For this configorathowever, the acceptance becomes
more sensitive to the distance of approach for masses in2BeseV/E@ range (figure28 right).
This is because the 220 m detectors have acceptance onhatatelg high & (figure 26), forcing
the proton detected at 420 m to have I§wand therefore to be closer to the beam. As we shall
see in the following sections, the possible distance of @ggr depends on the beam conditions,
machine-induced backgrounds and collimator positiond,tha RF impact of the detector on the
LHC beams. Such studies have been performed by us only fomdg@tions — for further details
on the current and proposed 220 m designs see BfEJ] It is envisaged that the 220 m detectors
will be able to operate as close as 1.5 mm from the LHC bedfs [At 420 m the nominal
operating position is assumed to be between 5 mm and 7.5 npendmg on beam conditions.
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Figure 27. Chromaticity grids: iso-energy and iso-angle lines fo® 22 (left) and 420 m (right) detectors
at IP5, beam 1 computed with HECTOR. The vertical &xisis the angle of the scattered proton relative to
the beam at 220 or 420 m, and the horizontal axis the horizontal displacement of the scattered proton
relative to the beam. The solid red lines are iso-energysjin@nging from proton energy loss 0 GeV to
1000 GeV in steps of 200 GeV at 220 m, and from 0 GeV to 100 GeVepssof 20 GeV at 420 m. The
dotted blue lines are lines of constant proton emissioneaagthe interaction point, and range fronu@d

to 500prad in steps of 10Qrad.
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Figure 28. Acceptance as a function of centrally produced mass fét) 420 + 420 m proton tags for the
silicon detector active edge positioned at different disés from the beam; (right) for 220 + 420 m proton
tags with the 420 m silicon at 5 mm from the beam and the 220 riffateht distances from the beam. The
small upward deviation at high mass for the 2 mm silicon pos#, show the additional acceptance from
220 + 220 m coincidences.

This is discussed further in sectioBsand8. For central masses above 150 Gé\Vidc so, the
inclusion of 220 m detectors becomes increasingly impartan

Figure29 shows several interesting features of the acceptanceyding differences between
the IP1 (ATLAS) and IP5 (CMS) regions. The upper plots shoat ththe 220 m detectors are
sufficiently far from the beam (3 mm in this case) then thereligible difference in 420 +420 m
acceptance between IP1 and IP5, and beam 1 and beam 2. Thieafaitte crossing angle is in
the vertical plane at IP1 and the horizontal plane at IP5,avew results in a higher acceptance
at IP1 than IP5 for 420 + 220 m eveftas shown in figur@9. The bottom plots show that for

H1Right now the different choice of crossing plane at the IRsl$eto a reduced acceptance for IP5, but it would be
possible to use the same crossing plane at both I1Ps with sonoe modifications to the LHC around IP5.
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Figure 29. Acceptances as a function of Higgs boson mass with detactive edge at various distances
from the beam centre at 420 m for IP1 (dotted line) and IP5heddine). Also shown is the acceptance
for events with one proton detected at 220 m and one protoBGt¥(or also 220 m, upper branch) . The
smaller distance in the legend is always the 220 m distance.

closer insertions at 220 m (2 mm in this case), there is a dser the 420 +420 m acceptance
for the IP1 region, due to the dead region (from the thin vatwindow) of the 220 m detectors

intercepting protons that would otherwise be detected @tm2 This dead region is taken as 0.7
mm in the acceptances shown in the figure, and has neglidgiielet for clearances of more than 2
mm from the beam line at 220 m. The accuracy of the proton maimemeasurement (see next
section) is higher at 420 m than at 220 m, so the operatingitomsl at 220 m must be chosen so
as to achieve an optimum balance between the mass resauiibacceptance.

4.3 Mass resolution

Typical x — y distributions of hits in a detector at 420 m are shown in fig80e The distribution
extends over the full horizontal width of the detector bunh&rowly confined vertically. Note
that the detector sensitive area need onlyd2&emm (V) x 20 mm (H). In practice we will use a
larger vertical area to allow for beam position variatioREom measurements in a minimum of two
stations in each region, the mean position and directiohegtattered protons can be determined.
The position and angle in they plane of a proton at any point along the beam-line can be used
to measure its energy loss apg at the interaction point. A simple reconstruction methadtifie
energy of the detected proton has been studied which takesiaconly of the dispersion; here
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Figure 30. Number of proton hits due to the process-pppX for 20 fb~! integrated luminosity. Protons
were generated with PYTHIA 6.2.10 (single diffraction pees 93) and tracked through the beam lattice
with HECTOR.
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Figure 31. Energy resolution for the simple reconstruction methosicdbed in the text for protons at
420 m. The resolution is shown as a function of energy log§ @ed Q?(= —t) (right). Also shown is the
effect of varying the error on the positional measuremertherdetectors from pm to 30um.

a polynomial fit is performed for the proton energy as a fumcof the horizontal position at the
detector (figure31). As seen in figur@7, however, an angular measurement in the horizontal plane
B is required to give good momentum reconstruction accurdiiy;must be particularly precise
at 420 m because the iso-angle lines are highly compressegtedsion of at least-1 prad is
necessary and appears attainable (see se2fipnthe tracks are measured over an 8 m lever arm
with <80 um precision at front and back.

For optimal results, polynomial-based parametrizatiomidae have been developed in order
to evaluate the proton momenta from the measured paraniettrs silicon detectors. The for-
mulae are based on fits to the calculated positions and anglesy the generated values of the
momentum and emission angle at the IP, and averaging ovevittie of the beam-beam interac-
tion region. From the momenta of the pair of oppositely erimgrgrotons in an event, the mass of
the centrally produced system can then be calculated by singisnass formulal]. Using these
parametrizations we have evaluated the resolution adblewa the missing mass of a diffractively
produced object. Minimizing this resolution is critical ttee physics capabilities of the proposed
new detectors. We present results for a vertex-at0, but there is no significant dependence on
the z vertex within the interaction region. To allow for any degdence orx we note that this will
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Figure 32. Mass resolutions obtainable in ATLAS (a) for 420 + 420 m noeasients, (b) for 420+220 m
measurements, (c) combined. The curves have differentatmotismearing applied as explained in the text.

be well measured by the central detector for every eventjsaedpected to be quite stable within
a run. Thus offline corrections for these variations arelyagiplied. The residual event-by-event
variation of thex position is taken into account below in the mass resolutadoutation.

The following factors affect the measured resolution of @ava object produced in the exclu-
sive double diffraction process:

e The Gaussian width of the momentum distribution of the dating proton beam. This is
specified as 0.77 GeV/c.

e The lateral uncertainty of the position of the interactiaing. This is taken to be 11.,8m
from the intrinsic beam width, but could be improved if thentrel silicon detector system
provides a better measurement on an event-by-event basis.

e The position measurement uncertainty in the RP system
e The angular measurement uncertainty in the RP system.

Figure 32 shows the effect of each one of the above factors on the msshkutien. Full sets
of curves are presented for 420 + 420 m measurements up to d8@%3left) and 420 + 220 m
measurements above 140 Ge¥/[cght). The two top curves which are given in both figures
indicate a combination of the two measurements. Resolitiwere determined by applying a
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chosen combination of Gaussian smearings and fitting thetires histograms of reconstructed
minus true mass with a Gaussian function, whose width isgaldiere. The sets of curves represent
the resolutions obtained: (1) with no physical smearingliagpindicating the precision of the
reconstruction algorithm, (2) applying smearing due toQh& GeV/c Gaussian distribution of
the primary proton beam momentum (3), also including @arbQateral smearing of the interaction
vertex within incident beam spot, (4) also including g@®smearing of the measured positioim
the silicon system, (5,6) also including 1jped smearing, respectively, of td&/dzmeasurement
in the silicon system. The curves in (c) give the overall masslution under the conditions of
(5) and (6) for all events in both regions combined. The ¢ffexf a small smearing of the
measurement in the silicon system are seen to be small inar@sop with the other effects. The
overall resolution is as low as 2 Ge¥/m the central mass range of interest, using the expected
lprad angular uncertainty in trx/dzmeasurement. It should be noted that thea curve could
be considered an upper limit to the resolution, as a comfgarabolution can be obtained by simply
constraining the angle of the emitted proton to be along darbdirection at the interaction point.
Itis possible to measure the transverse momentum of therpeatit emerges from the interac-
tion point, again by means of polynomial-based parameiozdormulae using the measurements
in the detector stations. Bothandy measurements are required to determine the full transverse
momentum of the proton. The measurement is degraded by tkarga The angular beam spread
at the interaction points is equivalent tata0.21 GeV/c transverse momentum spread, both hor-
izontally and vertically, and the poorer measurement uaggy in they direction increases the
overall uncertainty orpr significantly. Studies are continuing to determine the irequents for
particular physics studies and whether they can be achieved

4.4 Optics summary

The beam optics at LHC allows protons that have lost momentuandiffractive interaction to
emerge from the beam envelope at regions 220 m and 420 m femtdraction point. By placing
silicon detector arrays in these locations we can deteqtribt®ons and obtain good acceptance for
diffractively produced objects with a wide range of masdesva 60 GeV/¢, the precise accep-
tances depending on how close it is possible to place thetdesaelative to the beam. Even under
cautious assumptions, the mass range above 100 &s\wiell covered, but to obtain good accep-
tance for masses above 150 Gétlee 220 m system is essential. The expected position and ang|
resolutions for the protons obtained in the silicon statiare expected to yield a mass resolution
reaching values of 2 to 3 GeV/per event.

5 Machine induced backgrounds

5.1 Introduction

A precise evaluation of the particle flux environment at 42@aused by machine operation pro-
vides critical input to the FP420 project in several areass hecessary for the determination of
expected FP420 operating parameters such as the the mingafientdistance of approach to the
beams, and also for assessment of the level of radiationsexp®f the detectors and associated
electronics. Moreover, machine-induced background emgténe detectors may result in fake pro-
ton tracks, which will contribute to the pile-up backgroutkelscribed in sectio and also result
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in increased occupancy in the silicon sensors, which musbhsidered in the tracking algorithm
performance. The assessment of machine-induced baclktgaaties on detailed simulations of
the machine geometry, the LHC collimation scheme and abegefficiency, the beam optics, the
bunch structure and the residual gas density. In this sedtie status of the estimates of all contri-
butions to the background are presented, and preliminarglgsions discussed. Unless otherwise
stated, all results are calculated for the case of full imstaeous luminosity of 8 cm?s.

The background in the FP420 region is comprised of the faigweomponents:

e interaction point (IP) particlesgeneric proton-proton collisions at the interaction pairo-
duce a great number of particles dominantly in the forwarelation, some of which reach the
420 m region. The control of this so-called overlap backgtbis discussed in sectidr0.1

e beam-gas particleselastic and inelastic proton-nucleus collisions betwiberbeam protons
and residual gas molecules produce shower particles, whjmesent a direct background
when the collisions occur close to the FP420 detector sistidhis is referred to as thmear
beam-gas background

e beam halo particlesdistantbeam-gas interactions (occurring around the whole ringrand
only in vicinity of the detectors), various beam instai@kt and a limited dynamic aperture
lead to beam protons leaving their design orbit and impadhercollimation system. This
builds up beam halo particles circulating in the machine.

e secondary interactionsbeam-halo particles or particles resulting from protootgn or
beam-gas collisions can interact with the machine elenwatgingsecondary showeirthat
can irradiate the detector region with a potentially large @f charged and neutral particles.
Showers can also originate in the detector structure itself

The following sections consider each of these backgroundces.

5.2 Near beam-gas background

The beam-gas contribution arises from the interaction aftb@articles with residual gas in the
beam pipe region immediately before 420 m. These elastiéreahalstic proton-nucleon collisions
perturb the angular (large-angle scattering) and momeptuase space distribution of the primary
protons, and cause secondary production in the vicinithefdetector. Study of this background
requires a detailed model of the beam line, coupled with gaesspre profiles and computation of
proton/gas interactions. The Protvino group have staregtbpning simulations usinglfL3 for
the forward detectors at 220 m and 240 m from the IP1 (ATLAS) @b (CMS and TOTEM)
interaction points, based on estimated pressure profilg®ilR1 and IR5 straight sections. These
calculations will be extended to 420 m, and normalised tarbkfatime. Furthermore, the beam-
gas pressure profiles can be used within the BDSIV] (see sectiorb.5) simulations of the
beamline, to complement and cross-check the Protvino legilcns and also to assess the integrated
beam-transport/beam-gas background spectrum at FP420.

Until these studies are completed, a rough estimate of thbatiof beam-gas interactions per
bunch in the 420 m detector region can be extrapolated fremmetbults obtained for the straight
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section regionsl14]. Such simulations include protons that are lost aftertedag with the gas nu-
clei and secondary patrticles produced due to proton logssiseam the considered scoring plane.
In a scoring plane set at 240 m from IP1, the total number ofggthhadrons assessed by the
simulations is npyo m= 2.4s 1. This result is obtained considering an average residusabga-
sity along IR1 114, 115 p2sg m= 3.4- 10" moleculesm—2 (converted in hydrogen-equivalent
species). The dynamic residual pressure at 420 m is exptxtae higher than the straight sec-
tions, due to synchrotron radiation. As a very conservatweer limit, we can consider a residual
hydrogen density of abogzoo m= 1- 10 moleculesm~3, which is compatible with a beam-gas
lifetime of 100 hours. If the level were any higher than tlis energy deposition per meter in the
LHC arcs would exceed the cooling power needed to avoid magrenches116]. With such a
gas density, the total number of expected hadrons per bdoeltp near beam-gas events, is around

NP240m P420m

—-18-10* 5.1
Nos  P240m ®-1)

NPs2om =

where Nis = 4- 10 is the number of bunches per second that will circulate i th€ with nominal
conditions.

This estimate predicts a very low background rate coniobuespecially taking into account
that it refers to the full mechanical beam pipe aperture arig @ small fraction of those hadrons
will hit the FP420 detectors. In addition, after the LHC &iprphase, the residual gas density in
the arcs is expected to correspond to a beam-gas lifetigerlgnan 100 hours. However, such an
approximation has to be validated with dedicated simutatiand eventually with real data.

5.3 Beam halo

During standard LHC operation a so-callpdmary halowill be filled continuously due to beam
dynamics processes. These particles are lost by the liarisabf the mechanical aperture at vari-
ous places around the LHC ring, resulting in a finite beantiife. Given the high intensity of the
LHC beam, it will be unacceptable to lose even a small amotititeoparticles populating the halo
in the super-conducting magnets. The collimation systesrbban designed to clean the beam halo
without inducing magnet quenches due to beam loskE4.[The system is based on a set of mov-
able primary, secondary and tertiary collimators that caadjusted during the different phases of
a physics run. They are divided into two categoriestatron cleaning collimatorfocated at IR7)
that clean particles performing large betatron oscilf&j@andnomentum cleaning collimato(k-
cated at IR3) that clean particles with large momentum bff3de two systems will be always
adjusted such that they comprise the limiting transversd@mgitudinal machine apertures.

The collimation system is designed mainly to protect the hive; but it reduces also the
experimental backgrounds related to the primary halo. Hewedhe unavoidable cleaning inef-
ficiency of the multi-stage collimation process genera®sondaryand tertiary halos populated
by protons scattered at the collimators. Such particlescoanlate for many turns before being
removed by the cleaning/absorbing elements or in othetitatadepending on the phase advance
of their betatron oscillation. Tertiary collimators aredbed in all experimental straight sections
to protect super-conducting magnets from the tertiary.hattwitional devicesdbsorber} are de-
signed to protect from showers generated by the cleanirggtioss and physics debris from the
interaction points.
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Table 9. LHC collimator settings for nominal optics at 7 TeV. Degadlbout the collimator exact number,
materials, location and orientation (horizontal, veftmaskew) can be found infl8 119.

System Name Location Half Gap
[op]
Primary betatron cleaning TCP IR7 6
Secondary betatron cleaning TCSG IR7 7
Primary momentum cleaning TCP IR3 15
Secondary momentum cleaning | TCSG IR3 18
Tertiary collimators TCT | IR1,IR2,IR5,IR8 8.3
Absorbers TCLA IR3 20
(for showers in cleaning insertions) IR7 10
Absorbers (for physics debris) TCLP IR1,IR5 10

The fact that primary collimators are not distributed ambtire LHC ring, but are concentrated
in IR7 and IR3 results in a beam secondary halo distributiat will be different for the four
potential FP420 locations around ATLAS and CMS.

Although FP420 is in the shadow of the collimators, this wdk be sufficient to completely
avoid hits from beam halo particles. In particular condiiglinked to the betatron phase advance
between the collimators and FP420, the dispersion furgtiand the particles momenta), elements
with apertures larger than the collimators may be hit by Ipaidicles.

In the following sections, we review the LHC collimatorstsegs and the expected beam
parameters at FP420. We also address in more detail the tsagdmerated at the two collimation
systems elements (sectiér3.2and5.3.3 and around the whole LHC ring due to small scattering
angles beam-gas interactions (sectoé).

5.3.1 Collimator settings and beam parameters

During high luminosity running at 7 TeV, it is foreseen to #e collimator position as shown in
table9.

Such values are expressed in terms of the radial distancetfre beam envelope evaluated at
oneap (defined as the product of the beam emittanead theB-function, first term of the square-
root of eq. b.2)). It must be noted that at each locatisim the ring, the actual transverse beam
size is defined by the particle betatron oscillations anchyctosed orbit offset due to the particle
momentum error. Considering the horizontal plane relef@EP420:

0,(9) = \/ 5B | b () 82 = | /02, (5)+ 02 (5), (5.2)
(By)

where 3y and Dy are the betatron and dispersion functiogsthe normalised emittance (ab),

0 = dp/po the particle’s r.m.s momentum spregd: E/Ey the Lorentz factor an@ = v/c. As a

baseline, in order to guarantee safe operation conditexerimental insertions like FP420 will

be allowed to approach the beam as close as }5Smaller distances will need to be discussed

and approved by the concerned LHC committees.
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Table 10. Beam parameters at the end of the last element before FRARPILHC optics V5.0.

distance from IP| [« Dx | Ox=0px+05 | 150
[m] [(m] | [m] [mm] [mm]
IP1 Beam 1 418.5 127.1| 1.51 0.305 4573
IP1 Beam 2 418.8 106.9| 2.02 0.325 4.873
IP5 Beam 1 418.5 127.1| 1.47 0.302 4,534
IP5 Beam 2 418.2 106.9| 1.96 0.321 4.808
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Figure 33. The betatron functions and horizontal dispersion in théZeRegion for Beam 1 downstream of
IP5.

The optics parameters at the entrance of FP420 are sumtharisgble10. Also shown is
the horizontal beam size for the nominal valggs= 3.75um andd = 1.13- 10~4. The betatron
functions and the horizontal dispersion in the dispersigupsessor region for one of these combi-
nations (Beam 1 downstream IP5) are shown in fi@8e

5.3.2 Beam halo induced by momentum cleaning collimators

During the physics runs, the momentum cleaning system igtkesd mainly to protect the machine
from protons leaving the RF bucket because of energy lossa@ggnchrotron radiation. Off-
momentum protons can potentially perturb the operatiomefRP420 detectors due to the closed
orbit displacement caused by the high dispersion functiabl€ 10). For this reason, a series of
simulations has been carried out in order to charactersédam halo populated by such protons
and the effect of the cleaning system settings on the FP4@kgbaund. The simulations have
as input 2 1P protons belonging to the primary halo hitting the momentdeaming primary
collimators in IR3. A multi-turn tracking routine follow& & protons emerging from the collimator
surface until they are absorbed by the cleaning system birlagher aperture limitations of the
machine (not including the FP420 detectors). At each tuma,proton distribution is recorded at
the 420 m locations. Two separate sets of simulations hame terried out for Beam 1 and Beam
2 using STRUCT12Q.

The fraction of the initial protons reaching 420 m as functadf the number of turns after
their interaction with the collimators is shown in figu84. The plots confirm the multi-turn nature
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Figure 34. Total number of particles at FP420 as a function of the turmiper after scattering on the
momentum cleaning collimators.
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Figure 35. Momentum distribution of the protons emerging from the neatnm cleaning collimators.

of the cleaning process, as almost 100% of the protons dpittie collimators reach 420 m at
“turn 1” (when the particles have only traversed the distginem IR3 to 420 m) and almost 90 % of
them survive the first full turn. Therefore, for backgroummhsiderations, all the primary halo off-
momentum protons that continuously hit the momentum cfepoollimators and fill the secondary
and tertiary halos, must be considered at 420 m. Of cours®malale operating positions will be
chosen to avoid the bulk of this halo.
If the collimators in IR3 are set afs.) and the dispersion function at that locatiorDig &),

all particles with

P Xs)
o0=1- o < By Oc (5.3)
hit the collimator at every turn. GiveB2'(s.) = 2.20 m andD"?(s;) = 2.46 m for Beam 1 and
Beam 2 respectively, and the collimator positioning abgl5the cut in momenta for the two
distributions is expected to be &' = 1.78-10°2 and 8% = 1.57-10°3. This is confirmed by
figure 35. In addition, at the FP420 locations, the proton horizodtistribution is expected to be
centred around

Xeyt 20 = —Dx(Su20) - &, (5.4)

as confirmed by the simulation results in figud@ which show the horizontal halo distributions
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Figure 36. Horizontal distribution of the protons emerging from thementum cleaning collimators as
observed at FP420 after the simulations o1& proton interactions with the primary momentum cleaning
collimators.

with the expected peak values (dashed vertical lines). Tiapesof the distributions depends on
the betatron phase advance between the collimators an@tbetars.

In order to estimate the absolute background level, theldligions must be normalised for the
number of protons that will interact with the momentum clagrcollimators during normal LHC
operations. Assuming:

— the nominal LHC beam intensity for high luminosity rugs= 3.2- 10 protons,
— an exponential decay of the beam current due to off-momeptoton losses

I(t)=1lg-e /T

— a beam lifetime accounting for losses of off-momentumiglagt = 150 hours,

then the corresponding maximum proton loss rate is:

[(t=0) = —%toz'?%sg.ld* ol (5.5)

Hence, the loss rate at FP420 as a function of transversggoosan be calculated by normalizing
the histograms of figurd6 according to:

r(t,Ax) = Np-rl(\tl—o)[p-s_l-(AX)_l] (5.6)
0
No = 2-10° (simulation input)
Ax = bin-width.

The normalised distributions are shown in sectiofitogether with the distributions generated by
beam-gas interactions.
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5.3.3 Beam halo induced by betatron cleaning collimators

The impact of the primary beam halo protons on the betateemihg collimators will also generate
secondary and tertiary halos. Given the collimator sedtisigown in tabled, however, it is clear
that halo generated by these collimators will be negligéileeasonable 420 m detector positions
(x =10 to 190y). If this were not the case high luminosity LHC operation &nel protection of
superconducting magnets would be extremely problematiajescan neglect this halo term in our
considerations.

5.4 Halo from distant beam-gas interactions

The LHC beam halo will be populated also by protons that egpee scattering with the residual
gas nuclei. When the resulting proton momentum loss antesicef angle are small, the protons
remain within the machine momentum and transverse acaaptand can circulate for several
turns. Therefore the scattering is elastic or inelastioyigled the momentum loss is small enough
for multi-turn survival.

A series of simulations was carried out by the Protvino gragmg STRUCT 120]. Ten
million protons (for each LHC beam) were generated at thation of the collimator labelled as
TCP.6L3 (at 177 m upstream of IP3), with momentum equal toV7drd distributed according to
the nominal transverse phase space. Each proton was traokend the LHC ring model while
assuming a uniform gas density in the LHC arcs and dispegsippressor regions. After a proton-
gas interaction, all protons that are scattered with a samle and momentum loss are tracked
around the machine until they are either lost in a machinetaelimitation or rescattered in a
collimator. In the latter case, the scattering processgads as for the momentum halo simulations
in section5.3.2 At each turn, all protons with transverse positjgjn> 70y or |y| > 70y are recorded
at the entrance of the FP420 regidfs.

The horizontal distribution of the beam halo protons at FR4iter the simulation of 110’
proton-beam gas interactions per beam are shown in fjur&hese distributions are normalised
for the expected beam lifetimgg related to beam-gas interaction, as shown bybe.

During the LHC startup periodyg, averaged over the all LHC ring, is expected to be around
100 hours. Later, during the LHC operation at high luminosifter the so-called "beam pipe
conditioning” by the beam itself), such value is expecteti¢digher and here we usgy = 500
hours. The normalised profiles are shown in figB8where the resulting number of protons per
second and per millimeter is compared to the simulatediloligion (and normalised to the relevant
lifetime 1 = 150 hours) for the momentum cleaning collimators beam tsdotion5.3.2.

Also here, it is instructive to apply another normalizatif@ctor N,s= 4-10" (number of
bunches per second), to obtain the beam halo distributissscéted with each bunch crossing,
as shown in figur&9. The same data can be used to calculate the total number wof teda pro-
tons that will enter the 420 m regions, for different horitadrpositioning of the detectors (i.e. the
number of protons integrated from the outer beam halo eddgieetaletectors inner edge.). This
has been calculated in the plots of figdi@ The uncertainties in this plot are dominated the beam
lifetime, which may change by factors up to 2, the knowledig#ne optical functions between the

12ps for the tracking simulations related to momentum clegrinllimators, the FP420 detectors are considered
transparent for the beam.
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Figure 37. Horizontal distribution of the protons scattered due tarbegas interaction, as observed at FP420
after the simulation of 110’ proton-gas nuclei events per LHC beam.

collimators and the FP420 detectors and the collimatonaignt (which is known to 100m in
principle). Taken together, these would be unlikely totsthi&é edge into the danger zone.

The peak of the beam-halo distribution (see figd8er figure39) is determined by the LHC
momentum cleaning collimator settings. For nominal cadlior settings FP420 detectors located 5
mm from the beam would be well away from this peak. To operateec than 5 mm an adjustment
of the collimator positions would likely be required. Fuetmore, for detector distances greater
than 5 mm, this background is dominated by distant beam ghtharbackground rate is low.

5.5 Secondary interactions

The transport of a proton bunch with an energy distributidlh nesult in proton losses when the

protons interact with physical elements of the beamlines process results in electromagnetic and
hadronic showers, causing deposited energy and the prodwétackground particle species. The
assessment of the effects of these showers along the beaamlihin the detector regions requires

- modelling of the beamline and detector regions, to caratgscribe the type and distribution
of matter;

- simulation of the proton transport through the beam lingcsp

- simulation of the interaction of the beam patrticles with ieam line apertures and the detectors.

To obtain a full simulation of secondary production along beam line the toolkit BDSIMI12]
(Beam Delivery System Simulation) has been used. This adelegloped to study this class of
problem combines fast vacuum tracking of particles in thenfq@pe with GEANT4 121], which
models the interaction of beam particles with matter andsisduwhenever particles leave the
beampipe and enter solid parts of the machine. Hence BDStWsla seamless integration of
the optical properties of the beamline with a full partiohatter interaction model. Figur&l
shows the 3D volumes included in the BDSIM model of the beaenfiom the ATLAS detector to
FP420; red denotes a quadrupole element and blue denotadiadpelement.

The input particle phase space from proton-proton coliisiat the interaction point was gen-
erated with the Monte Carlo program DPMJEIRP. DPMJET is the reference program for most
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Figure 38. Horizontal distribution of the protons emerging from thementum cleaning collimators and
scattered due to beam-gas interaction, as observed at 4afilennormalization for the beam lifetime as
described in text.
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Figure 39. Renormalised versions of figud8 yielding the number of halo protons per bunch crossing.
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Figure 40. Total amount of beam halo protons predicted at the 420 nonsdgor different FP420 detector
horizontal positions.

of the background studies for the LHC, and was chosen to pmthe final state proton spectra
for this reason. figurd2 shows a comparison between the leading proton spectrumuasctoi

of fractional momentum loss generated by DPMJET and used in this analysis compared & the
distribution measured by the ZEUS Collaboration at HERS] [
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Figure 41. Beam line model created with BDSIM, showing the beamlinefATLAS to the position of the
FP420 detector (red denotes a quadrupole element and bha¢edaa bending element).
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Figure 42. The leading proton spectrum as a function of fractional motum los<, predicted by DPMJET
and measured by the ZEUS Collaborati8g][

The following simulations were performed to check the cstesicy of loss maps between
BDSIM and the code MADX 123. They were performed for the IP5 beamline, for the LHC
Beam 1, starting from the same proton sample generated VRMIET at IP5 and consisting of
50000 protons with dfp < 0.05 with respect to the nominal momentug= 7TeV. The resulting
number of protons lost as a function of the distance from Ehalthe region from 300 to 420 m is
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Figure 43. Loss maps produced for the IP5 beamline with a DPMJET phaseessample using MADX
and BDSIM.

shown in figure43. The figure shows a very good consistency of found loss loesatbetween the
two codes. Studies aiming at understanding the differeacesngoing.

5.5.1 Background particle fluxes and detector modeling

The loss of protons shown in figud results in the production of secondaries and the subsequent
irradiation of the FP420 detector region. The electromtgm@ad hadronic showers resulting from
the transport of the DPMJET phase space sample was caftulaieg BDSIM, and the number
and properties of the particle spectra estimated at 420 msd balculations were done using a sub-
set of a DPMJET events with 565,000 final state protons onameafd side, which caused proton
loss and showering in the beamline immediately precedirtyrd2 The LHC total proton-proton
cross section gives about 35 proton-proton collisions pech crossing, of which approximately
1/3 give forward protons, and BDSIM estimates the neutrde t@ be 0.11 neutrons per bunch
crossing at 420 m. This is equivalent to an integrated ra#4ef10° neutrons per cfis, with a
time structure similar to the bunch structure with a slighearing to later times. The distribution
of in-time backgrounds is important for time-of-flight aysis. Hadronic models uncertainties in
GEANT4 and uncertainties in the number of events per bunobsang imply that the numbers
guoted here are preliminary, and may result in a suppresgibadronic rates. These numbers are
currently being used to estimate the effect on the detejoakto-noise ratio and long-term dam-
age, through equivalent neutrons, and the systematicsesrerunder study. In addition, the back-
ground contribution from charged secondary particles ggad by proton losses in the accelerator
elements immediately upstream of 420 m is under investigatreliminary results of the Protvino
group simulations 14 (accounting for diffractive proton losses as source obséary showers)
are shown in figurd4. These results have to be confirmed and crosschecked withNBDS

The detector region has also been simulated with GEANP4][ and one aim of the back-
ground analysis is to integrate the BDSIM model of the beaenlvith the GEANT4 model of the

— 61—



o | | Protons (from p-p at the IP)

% 10t = Hadrons (from showers) ‘ -
17} Coo o o
o o 0 BECEEEEE e*,e (from showers) e e
o L [

Q : ‘ !

= e S S T ! ;
- S LI B St R oy P .
-~ : ET AR L L L eyl ——

= R R ; ; :
€ 102 HEET ! S Lo : :
o O L L ! X
—_ : b : o

) I RS R URI R B i

10225 20 -15 -10 5 0

X [mm]

Figure 44. Secondary particles flux at the entrance of the 420 m regiewmstream of IP5 (preliminary
results). The shower source is diffractive protons, getedraith DPMJET, lost on the last bending magnet
before FP420. The surviving diffractive protons are shoom t

detector. This simulation of the complete chain will allotudies beginning with proton interac-
tions at the IP, and ending with the production and recoostmu of tracks in the detector stations.

The GEANT 4 geometry of the detector pockets is shown in figtie In the GEANT4
simulations to-date, different layout of the detectoristet and surrounding pockets have been
considered, along with different numbers of sensitive @kanin all cases the rate of secondary
interactions of 7 TeV protons traversing the full detectgion was studied as a function of the
materials used and their thickness. The results of thesi@estare described in sectién?, where
their impact on the design of the layout of the detector mreggaliscussed.

5.6 Machine background summary

The machine-induced background contribution at 420 m fraarbeam-gas and the betatron
cleaning collimation is expected to be small, due to the ments given in this section. How-
ever, there is a contribution to the background rate arifiogn far beam-gas, the momentum
cleaning collimators and proton loss in the beamline. Ttst fiwo of these contributions give a
proton background which is described by a peak determingdeognomentum cleaning collimator
settings, and a tail dominated by far beam-gas halo profms.combined distribution is shown in
figure 40. At detectors transverse distance of 5 mm or greater, thectsg integrated number of
protons from beam halo is expected to be less than 1 per bunskig. The impact of a rate of
less than 1 proton per bunch crossing on the FP420 physiaal siga pixel detector requires fur-
ther study and comparison of the background and signalspatigular and temporal distributions.
This may allow some degree of background rejection.

The proton loss background contribution is a mixture of ghdrand neutral particles produced
immediately upstream of 420m. The BDSIM estimate of themautate is 0.11 neutrons per bunch
crossing at 420 m. The impact of these preliminary neutrekdpaund rates will be assessed in
term of detector performance and survivability.
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Figure 45. An example of the GEANT 4 geometry of the pocket hosting tectors. This model was used
to study the interaction rate of 7 TeV protons, which is diéstt in sectiord.7.

In summary, the preliminary proton and neutron backgrowatdsrat 420 m have been esti-
mated and need to be combined with detailed detector andlsgrdies to understand the impact
on the FP420 experiment.

6 A new connection cryostat at 420 m

The LHC beamline layout downstream of an interaction poliR) consists of a triplet of low-
beta quadrupole magnets, two beam separation dipoles amdicaing section of quadrupoles up
to quadrupole Q7. This is followed by a dispersion suppmressgion of standard dipoles and
guadrupoles and finally the periodic lattice of the arc. la dispersion suppressors there is a 14
m drift space, sometimes called the “missing magnet” dgéce, which is approximately 420 m
downstream of the IP. In the LHC it was decided, mainly forteeasons, to place the dispersion
suppressors and arc magnets in one continuous cryostat@nall the way to the symmetric
Q7 quadrupole upstream of the next IR2f]. At the position of the missing magnet, 420 m
downstream of each IP, there is a 14 m long Connection Cry(8@) which contains cold beam-
pipes, the 2K heat exchanger, or X-line, and various cnyesliwhich run throughout the continuous
cryostat, as well as the superconducting busbars and n&@@ysuperconducting cables of the
main bending magnets and corrector magnets. There areesi€s in the LHC, each made
to be as similar as possible to a standard arc cryostat, @&s featerconnection and handling are
concerned. Atthis 420 m point, the dispersion function Dhwhe standard high luminosity optics,
is approximately 2 m and hence protons from the IP which hastedround 1% of their momentum
are well separated from the circulating beam, as describeddtion4. Placing detectors directly
inside the 1 m diameter cryostat at a temperature of 2K wasidgered, but ultimately dismissed,
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Figure 46. The new connection cryostat for FP420

primarily because of the inevitable very high local heatloa the LHC cryogenic system. The

alternative is to replace the existing connection cryostith a warm beam-pipe section and a
cryogenic bypass. At the end of each arc cryostat of the Liégztls a special short cryostat called
an Arc Termination Module (ATM) which includes cold to warransitions for the beampipes and

connects cryo-lines and superconducting busbars andscabtee electrical feed boxes. A New

Connection Cryostat (NCC) with approximately 8 m of room pemature beam-pipes has been
designed using a modified ATM at each end.

In addition to the two modified ATMs and warm beam-pipes, ti@&MN\shown in figurel6 has
a small cross section cryostat below the beam-pipes cgrafithe cryo-lines and superconducting
circuits and a new specially designed cryostat for the X:liAll this is supported by two longi-
tudinal beams to make a single unit which can be directly argkd for an existing connection
cryostat. The passage of the X-line through the ATM modudethé main modification needed
to the standard ATMs, but the geometrical layout of this ageshas been arranged to be as far
away as possible from the downstream beam-pipe and heneeddaquate space for near-beam
detectors and their associated equipment. The crosssaiftthe NCC, with the space around the
beam-pipes available for detectors and associated meshashown in figurd7.

The existing connection cryostat contains a box structfileanl plates of 15 mm thickness
enclosing the two beam-pipes to reduce the radiation fietda@rtunnel, essentially replacing the
shielding provided by the cold mass in a standard arc dipolestat. The same thickness of
lead shielding will be provided around the warm beam-piges$ detector stations of the NCC. A
preliminary design, which provides a complete radiatioielshwhile giving access to the detector
stations and passages for services is shown in fig@ire
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Figure 47. Cross-section view of the new connection cryostat for £P42

There are also short lengths of cylindrical shielding in fibven of collars around the beam-
pipes at each end of the existing connection cryostat td timairisk of quenching adjacent super-
conducting magnets. These same collars will be incorpdrate the modified ATM’s at each end
of the NCC in order to ensure that the performance of the NGBsequal to the existing cryostat
in terms of influence on the local radiation fields.

The engineering design of the new connection cryostat igagress in the CERN central
design office of the TS/MME group. The design aim is to meetxgeed the same specifications
as the existing connection cryostat, whilst providing theximum useable space for the FP420
detectors. The preliminary design offers acceptable isoisitfor all cryogenic and mechanical en-
gineering aspects as well as integration into the LHC enwirent [L25, 126]. The final cryogenic
performance will depend on the detailed design, but it haesadly been established that the addi-
tional static heat load arising from the two additional cdvarm transitions will be tolerable for
the LHC cryogenic system. In fact, simulations show thatrdut.HC operation the NCC actually
has a lower dynamic heat load than the existing connectipwstat, because in the 8 m long warm
section synchrotron radiation will be absorbed at room tenapire.

The detailed design of this second generation connectigstat is in progress and will be fol-
lowed by an Engineering Change Request (ECR) submittedaw aldetailed engineering review
of all machine aspects to be performed. Following acceptafithe ECR it would in principle be
possible to build two complete NCC's in about a year and hheettested and ready for instal-
lation in late 2009. Vittorio Parma of the AT Department’'s B@roup has accepted to take up
responsibility for the cryostat. He will lead a working gmwhich will verify the compatibility of
the existing conceptual design and develop the detaileigrésr manufacture. As regards con-
struction of the NCC's, the sixteen ATM modules of the LHC evassembled at CERN in a ded-
icated workshop in Building 110, under the responsibiliffRamon Folch (TS/MME). His team
has prepared a preliminary construction schedule and stistae for the new cryostat$27].
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Figure 48. Preliminary design for radiation shielding around thewdieampipes and detector stations. The
mobile shielding can be rolled sideways on rails to give asd¢e the detector stations.

The cutting and removal of the existing connection cryoatat its replacement by an NCC
is very similar to the replacement of a standard LHC dipole laas been evaluated by the group
responsible for all the LHC interconnections. As mentioabdve this is the same group that took
responsibility for the design installation and performao€ the existing connection cryostat.

Table11 shows the sequence of operations and the estimated timedeedormal working
days to complete the exchange of a connection cryostat ftarhaf warm-up to being ready for
beam. It is thus conceivable that the installation of FP42@uhes consisting of an NCC cryostat
and associated detectors could be completed in an annuglslutdown. A preliminary study
of the transport aspects has shown that adequate tooliis¢s extid it can be expected that the
time needed will be in the shadow of other operations showabite11. However, the number of
connection cryostats that can be replaced in a standarabstmutdown will depend on the number
of LHC magnets requiring replacement and the work load ofritexconnection teams.

6.1 Cryostat summary

In summary, a preliminary design for a replacement conaraiiyostat that would allow detectors
to be placed in the 420 m region has been completed, and a éisigitis in progress. This solution
is expected to actually lower the dynamic heat load of the 1lad@ have similar radiation profiles.
With the appropriate approvals and funding, two such catestould be built and installed in late
2009, and in principle, two more in 2010 with negligible riskl HC operations.
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Table 11 The estimated time in days required to install one NCC.

Normal Days
Warmup from 1.9K to 4.5 K 1
Warmup from 4.5K to 300 K 15
Venting 2
Dismantling interconnection 10
Removal of the connection cryostat 2
Installation of the FP420 cryostal 5
Realization of the interconnections 15
Leak test and electrical test
Closing of the vacuum vessel 1
Evacuation/repump 10
Leak test 2
Pressure test 4
Cool-down from 300 K to 4.5 K 15
Cool-down from 4.5K to 1.9 K 3
Total [days] 89

7 Hamburg beam-pipe

7.1 Introduction

Detection of diffractive protons at 420 m from the IP is pautarly challenging since it requires
detectors to be placed between the two LHC beam-pipes, tedas of which are separated by
about 140 mm (the distance between the pipe axes is nomit@dlynm). In addition, the nearby
cryogenic lines severely limit the available free spacee Buthese space constraints the traditional
Roman Pot (RP) technigue cannot be used, and another cdacaptar beam detectors, pioneered
at DESY is proposed. This technigque of moving sections ofrbpgpe with integrated detectors is
known as “Hamburg pipes” and was developed within the ZEURlooration in 1994 to measure
very forward-scattered electrons as a signature of photiyation [L28]. The concept was inspired
by the moving pipes used in the PETRA wiggler line to allowlfeam-line aperture changes. The
ZEUS version involved small electromagnetic calorimeggtached to the moving pipe (44 m from
the interaction point). The detectors were retracted dupigam injection, but could be positioned
close to the beam axis during stable beam conditions, arschiieasure scattered electrons with re-
duced energy, which exited the pipe through special thirdmivs. Since the detectors were located
outside of the machine vacuum, they could be easily maiethand were successfully and rou-
tinely used for six years, providing data essential for svaublications 129. The detectors were
positioned remotely by the HERA shift crew, which inserted tletectors at the working position,
typically about 15 mm from the coasting electron beam, uiiegHERA slow control system.
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Figure 49. Schematic view of the connection cryostat (1) and deteator with support table (2), two
detector sections (3) and vacuum pumping sections (4).

Prior to installation at HERA, the Hamburg pipe system wateid by making several thousand
displacement operations. No significant radio-frequenry)(effects on the electron beam were
observed due to the modified beam-pipe geometry. It shoutttezl that no special RF screening
was used; it was sufficient to have the so-called RF fingergdiray good electrical contact across
the connecting bellows.

The moving pipe technique has many advantages with resptet RP design. It allows much
simpler access to detectors and provides direct mechamdabptical control of the actual detector
positions. In addition, unlike the Roman pot case which lve® forces from pressure differences
as the detectors are inserted into the vacuum, the Hamhpeghpintains a fixed vacuum volume.
This results in much less mechanical stress, consequélatlyirzg a very simple and robust design.

7.2 FP420 moving pipe design

A modified connection cryostat (secti6hhas been designed with approximately eight meter long
warm beam-pipes, providing adequate lateral space tdlitteta=P420 detectors. Figud® shows
the layout of the connection cryostat including two detestations and the support table. The
entire detector arm is fixed on the support table, which &chttd to the tunnel floor, independent of
the cryostat. Both ends of the detector arm are equippedvaithum pumping and control stations
and isolation valves. Figurg0 shows one of the two detector stations equipped with timimd) a
silicon detectors, an LVDT (Linear Variable Differentiatahsformer) for position measurement
and one moving and one fixed beam position monitor (BPM). Tippart table and motion system
are shown in figur&1.

The basic dimensions of the stations are defined by the LH@atd beam-pipe diameter, the
required lateral detector translation, and by the longjaiddimensions of the FP420 detectors.

— 68 —



Figure 50. Top view of one detector section: bellows (1), moving pipg Si-detector pocket (3), timing
detector (4), moving BPM (5), fixed BPM (6), LVDT position neegement system (7), emergency spring
system (8).

Each station is composed of a beam-pipe with inner diamdt&8® mm, wall thickness of
3.6 mm and a length of about 1000 mm, fixed on a motorised drRRectangular thin-walled
pockets are built into the pipe to house the different detscthat must be positioned close to
the beam. The displacement between data taking positionh&ncbtracted or parked position is
about 25 mm. The ends of the moving beam-pipes are connextin fixed beam-pipes by a
set of two bellows. Inside, these may be equipped with moWRgcontacts to assure electrical
continuity. In general, this design allows significant flakiy in the configuration of the detectors
stations, allowing optimization of the detector operatiscattered proton detection, kinematical
reconstruction, and alignment.

7.3 Pocket design and tests

A key factor in the pocket design is the desire to maximiseaet acceptance, which is achieved
by minimizing the distance of the detector edge from the LH@rh. This in turn requires that
the thickness of the detector pocket wall should be minithtsdimit the dead area. Care must be
taken to avoid significant window deformation which coulsicalimit the detector-beam distance.
A rectangular shaped detector pocket is the simplest tarartsand minimises the thin win-
dow material perpendicular to the beam which can cause plaulicattering and degrade angular
resolution of the proton track. RF studies of the rectanguteket have shown (see secti@that
the effects on the beam dynamics are minor. For reasons dfan®al stiffness, thermal stability
and fabrication of the pockets, only stainless steel bedmastare suitable. They will be copper
coated for RF-shielding and Non-Evaporative Getter (NE@ted for vacuum pumping. A rect-
angular slot of adequate height and length is machined ib¢laen tube. A thin window is then
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Figure 51. Support table (1), drive support table with alignmentegs(2), drive motor (3), intermediate
table for emergency withdrawal (4), moving support table #8d linear guides (6).
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Figure 52. Interior of the moving beam-pipe as seen by the patrticles.

welded in this slot. Both welded and extruded pipes have beed in tests. Figurg2 shows the
interior of the Hamburg pipe including the thin vacuum windas seen by the scattered protons.

First tests using welded pipes showed excessive deformdtie to asymmetrical stresses
appearing after the machining of the cylindrical pipes. eésavwelding techniques for different
length pockets have been considered and two have been:t€stegsten Inert Gas (TIG) welding
and laser welding, the latter expected to produce somewtates deformation. A first prototype
used thin (0.2 and 0.3 mm) windows of 83 mm height and 200 matheflG welded in rectangular
slots, machined in a tube of diameter 89 mm. The deformatoithis setup under vacuum were
unacceptable, exceeding 5 mm in the centre. Pressure téisthis prototype have shown that the
TIG weld is quite strong, as it supported pressures of up tar7 b
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Figure 53. Hamburg pipe prototypes: (left) an end view of a machineddew before welding to the
beam-pipe; (right) a 200 mm long pocket, TIG welded in a tuithout reinforcement.

(b)

Figure 54. Hamburg pipe prototypes: (left) view of a 600 mm long po¢cketer welded in a tube without
reinforcement; (right) picture of a 600 mm long pocket welthg laser in a reinforced tube.

A first improvement was to use specially machined windowsclvihave a thin wall of 0.5
mm only over 10 mm height and uses thicker, solid walls forraainder of the pipe (we note
that the full scale range of the scattered protons of intésemly a few mm as shown in sectidn
Figure53 shows this design with the machined window TIG welded ontong ltube.

A second improvement to keep the cylindrical tube from deiog was to weld a U-shaped
steel support to the back side of the pipe. Figbdeshows the coordinate system used to measure
the deformation (and the locations where the measuremenisade) and the tube before and after
the reinforcement is attached.

We measured the deformation of the 600 mm pocket at diffesgfes. Figuré5(a) shows
the deformation as a function of length at the “Side II” (agirg& in previous figure) location
before (blue) and after (pink) laser welding. Although thagmitude of the deformation increases
after welding, but is still less than 1Q@n, far superior than the TIG welding case. Fig6egb)
shows the deformation after welding but before vacuum pompor three parallel lengths. The

— 71—



Langth with reinforcems m Sida Il

H
g
= — ey e
3 — At Lasar
g
LENGTH (o)
Surface BEFORE
urface pumping (b)

—Kidda
—Zide |
i Zidall

DEFOAMATIONS (um)

LEHGTH ferm)

Figure 55. (a) Deformation as a function of length at the “Side 2" lazatbefore (blue) and after (pink)
laser welding. (b) Deformation after welding but beforewam pumping for the three locations.

effect is similar, although it is a little worse in the middldue) than in the two sides, as expected,
it is still less than 10Qum. Figure56(a) shows that although the deformation at the sides (edges)
not much affected by vacuum pumping, it becomes much larg&800 um) in the middle. After
reinforcement, however, it is reduced to acceptable lewsshown by the perpendicular height
profile at the middle of the tube in Figus&(b). We also note that the final design will have pockets
of 1/3 to 1/2 the length, implying significantly less defotioa.
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Figure 56. (a) Deformation as a function of length after vacuum purgpib) Height profiles after rein-
forcement.

A new 1 micron-precision 3D multisensor measuring devicelieen tested on a 200 mm long
TIG welded window. The result is shown in figus&. This device will help us fully evaluate the
final prototypes.

Two prototype beam tubes equipped with 600 mm long pockete weed for RF measure-
ments at the Cockcroft Lab. The results of these measursmesmtdescribed in secti@
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Figure 57. Example of a 3D profile measurement run using the multi sesgoipment.

7.4 Test beam prototype

The baseline prototype of the moving beampipe was prepanedsk in test beam at CERN in
October 2007. Figur&8 shows the 1 m long beam-pipe equipped with two pockets, or20of
mm length for the 3D pixel detector (secti®nand the other of 360 mm length for the g2srenkov
timing detector (sectiod0) . The vacuum window thickness was 0.4 mm. A detector boxHer t
3D detectors was mounted in the first pocket. The moving pigefixed on a moving table, driven
by a MAXON motor drive and guided by two high precision lingaiides. The moving table was
equipped with alignment adjustments in the horizontaltieal; and axial (along the beam axis)
directions, and was attached to a fixed structure in the tzshtarea. The relative position of the
moving pipe was measured with two SOLARTRON LVDT displacatrteansducers, which have
0.3 um resolution and 0.2% linearity.

7.5 Motorization and detector system positioning

In routine operation, detector stations will have two priyrgositions (1) the parked position during
beam injection, acceleration and tuning, and (2) closeddottam for data taking. The positioning
must be accurate and reproducible. Two options have beesidesad: equipping both ends of
the detector section with a motor drive which are in prireiploving synchronously but allowing
for axial corrections with respect to the beam axis, or alsidgve at the centre, complemented
with a local manual axial alignment system. A two motor dolutin principle allows perfect

positioning of the detector station, both laterally andaiyi However, it adds complexity to the
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Figure 58. Photograph of the prototype beam-pipe section used in theb®r 2007 CERN test beam.

control system, reduces reliability, and increases castitiBning accuracy and reproducibility are
also reduced because extremely high precision guidingsysstan no longer be used, due to the
necessary additional angular degree of freedom. Theredasagle motor drive system has been
chosen, accompanied by two precise LVDTs. As in the LHC waltor system, no electronics
is foreseen in highly irradiated zones, close to the motormit radiation damage. For ease in
integration, we are planning to adopt the collimator stegpnotor solution. As these have never
been irradiated, the stepping motors will be tested in tigh meutron flux test beamline at the
Louvain-la-Neuve cyclotron centre CRCJ.

7.6 System operation and safeguards

Given the FP420 schedule, it will be possible to learn from éperience that will be gained
during the LHC commissioning by the operation of machinenelets with similar control and
surveillance aspects, namely the TOTEM]] and ATLAS ALFA Roman Pot 132 detectors
and the LHC collimators133]. Nevertheless a series of aspects specific to FP420 need to b
addressed. The F420 detectors will operate at all timeseirsttadow of the LHC collimators in
order to guarantee low background rates and to avoid det@aioage from unwanted beam losses.
In addition, for machine protection constraints, it will beacceptable for FP420 to interfere with
the beam cleaning system (e.g. to avoid magnet quenchessttearn the 420 m region).

Therefore, the high-level Hamburg pipe control system Wélintegrated in the collimator
controls. The interface between low- and high-level cdstvall be implemented with the CERN
standard Front End Standard Architecture (FESISM.
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The Main Control Room will position the detectors close te beam after stable collisions
are established. The precision movement system will betaldperate at moderate and very low
speed for positioning the detectors near the beam. Dursgytion and while the detectors are in
place, rates in the timing detectors will be monitored, af§ ascurrent in the silicon. The step
motor and LVDT’s will provide redundant readback of the piosi of the detectors and the fixed
and moveable BPM'’s will provide information on the positiofithe detectors with respect to the
beam. Separate mechanical alignment of the height andtatiem with respect to the beam are
discussed in sectiohl.

7.7 Hamburg pipe summary and outlook

The Hamburg moving pipe concept provides the optimal smtutor the FP420 detector system
at the LHC. It ensures a simple and robust design and goodstue¢he detectors. Moreover, it
is compatible with the very limited space available in thedified connection cryostat and with
the expected position of the scattered protons betweemihié HC beampipes. Its reliability is
linked to the inherent absence of compensation forces anditbct control of the actual position
of the moving detectors. Finally, rather large detectarshss the timing devices, can naturally be
incorporated using pockets, rectangular indentationkérmtoving pipes. The prototype detector
pockets show the desired flatness of the thin windows, andirgtemotorised moving section,
with prototype detectors inserted, has been tested at tiRNQESt beam. This was a first step
in the design of the full system, including assembling, fimsing and alignment aspects. A full
prototype test is planned in test beam in Fall 2008.

We want to stress that the moving pipe design developmenpastdtyping has been done
in direct contact with the LHC cryostat group. In particultre Technical Integration Meetings
(TIM), held regularly at CERN and chaired by K. Potter, po®d an efficient and crucial frame-
work for discussions and information exchanges.

8 RF impact of Hamburg pipe on LHC

8.1 Motivation and introduction

The electromagnetic interaction between the beam and iiteundings will be one of the phe-
nomena limiting the ultimate performance of the LHC, beeaiixan lead to single bunch and
multi-bunch beam instabilities, beam emittance growth la@aim losses. Usually such effects are
expressed in terms efake fieldsand beantoupling impedanceAs discussed in the LHC design
report [L24], the LHC has an overall impedance budget that requiredudatesign of each element
of the accelerator to minimise the total impedance. Dutiredfirst years of operation, it is expected
that the maximum intensity of the LHC colliding beams will lraited by collimation efficiency
and impedance effects; consequently a series of studiggndes upgraded configurations of the
LHC was initiated many years ago. The primary focus of thésedias is the collimation system,
since it is the dominant component of the impedance budget.

In general, the electromagnetic effects are enhanced budbeof low electric conductiv-
ity materials, by small distances between the beam and theuwa chamber and by any trans-
verse cross section variation of the vacuum chamber. Iricpéat, the transverse resistive wall
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Figure 59. The two benchmark FP420 pocket designs. The upper figursiisgée pocket solution. The
lower figure is a double pocket design, which will allow segtartemperature and vacuum conditions for
timing and silicon detectors

impedance 135, 136 increases when the beam approaches the beam pipe walh willaeg-
ularly occur during FP420 detector insertion. Both the sral imaginary part of the transverse
impedance have to be controlled, in order to minimise thecefbn beam instability growth rate
and betatron tune shift.

Variation of the beam pipe cross-section in the 420 m regmtronly is a potential issue for
LHC operations through increased impedance, but it canadfeot the FP420 detectors. Trapped
modes arising from the exchange of electromagnetic enestjyden the beam and its surround-
ings can cause heating of the detectors which increasedb@iing requirements, since they must
operate at low temperature. Moreover, the electromagfietits can penetrate through the beam
pipe walls and be picked up by the detector electronics.

We have begun a series of studies to examine the differeectspf the FP420 impedance.
Analytical calculations and numerical simulations are emdy to assess the longitudinal and
transverse impedance values. Laboratory measurements 6420 station prototype have been
performed to validate the simulations and will serve to stigate the effect of electromagnetic
disturbances on the detector electronics. These studies s useful to suggest modifications to
the final FP420 design to minimise RF effects.

During LHC operation, the real effect of wake fields on powesskes and beam instability
will be assessed by the convolution in the frequency dometwéen the beam spectrum and the
coupling impedance. Therefore, the relevant upper limithenfrequency that must be considered
is assessed by the nominal LHC beam bunch ler@th; 0.25 ns (r.m.s.). This permits us to limit
our study up to a frequency of 3GHz. The following sectionsctibe the current status of the
RF studies.

8.2 Longitudinal impedance

Most of the studies are based on the stretched wire methay&twating the longitudinal coupling
impedanceZ, through the measurement of the scattering parameters oktinork composed by
an RF source and the device under test (DUB)7]. Usually, the RF source is a two ports Vector
Network Analyzer that is used to send an electromagnetiewlaough the wire stretched along
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the DUT. The measurement consists in determining the siceftparamete,, that is defined as
the ratio of the output of the VNA port 2 to the incident wavepmrt 1. With such a method, the
deviation of the impedance of the DUT from that of a refereressel (REF) can be modeled with a
loaded transmission lind88. Solving the resulting non-linear equation to first ordeimpedance
enables an explicit relation (as function of frequerigpetween the longitudinal impedangeand
S1 to be obtained. This is referred to as the “log” formula:

; SPT()
1 (F)
whereZ; is the characteristic line impedance.
The results will be expressed in terms of longitudinal imgezkz, /n:
Z )\ Z(f)
(n>_ < 8.2)

wheren = f /fg and fp=11 kHz is the beam revolution frequency in the LHC. This difacan be
compared to predictions and measurements of other LHC eksmas reported inlp4]. All the
calculations and measurements refer to an FP420 pocket ohatlnless steel.

8.2.1 Simulations

Figure 59 shows two beam pipe designs considered for the RF simusatasingle long pocket
and an alternative design with two shorter pockets. Thdteesiithree different numerical sim-
ulation packages are presented. Ansoft HPJ$39 was used to simulate the stretched wire
setup and calculate the longitudinal impedance accordirmg)t 8.1), while CST Particle Studi®
(PST)}[140 and GDFIDL [141] provide a direct calculation of the electromagnetic fielduiced
by a passing bunch on the surrounding structure.

Figure60 shows, for all three simulations, the calculations of thed esxd imaginary parts of
the longitudinal impedance. For the single pocket geomfetty narrow band impedance peaks are
observed between 2.4 and 2.75 GHz for the HFSS and PST siomslafhe frequency difference
is attributed to the presence of the wire in the HFSS simardatiTwo of the four resonances are
significantly reduced for the double pocket simulation W&BFIDL. The wide band resonances
that we observe (in both HFSS simulations and experimentf fa 2.4 GHz are understood to
be an artifact of the wire and do not represent a real beamdamue effect. Simulations of the
double pocket geometry with HFSS are in progress and prairpiresults confirm the laboratory
experiments that are presented in the next section.

8.2.2 Laboratory measurements

The laboratory setup at the Cockcroft Institute comprisesophisticated mechanical system
equipped with micrometer screws, in order to stretch, mawk raonitor the relative position of
the wire. A set of measurements in the time domain was useetéordine the absolute position of
the wire with respect to the pocket wall with an accuracy aftald0Qum [142).

13In performing these simulations, a beta-version of PST leas lised.
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Figure 60. Real (left) and imaginary part (right) of the longitudimapedance for three different simulations
of the single pocket prototype, effectively assuming thelkgd wall is 3 mm away from the beam.
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Figure 61. Measurements of real (left) and imaginary part (right)haf tongitudinal impedance with the
beam 3 mm from the pocket wall for the single pocket prototgteo shown are the HFSS simulations.

Single pocket results. The real and imaginary part of the FP420 longitudinal impedacalcu-
lated from the measuresh, parameter (black solid line) and simulated by HFSS (blubelhdine)
are shown in figuré®l. This plot refers to a wire distance from the pocket wall of@nsimu-
lating a detector 3 mm (1) from the beam. Measurements and simulations have beeerdarr
out for several intermediate distances from this positibclasest approach to a retracted position
(x > 500y from the beam).

The agreement between measurements and simulationsjria tdrresonance peaks of the
impedance is satisfactory as they lie withimQ in amplitude and a few MHz in frequency. At
least one additional resonance appears in the measurefegntat 2.75 GHz) and can be explained
by a residual mismatch between the RF source and the DUTpnetdered in the simulations.

The FP420 pocket was remeasured after applying a thin cqygeed tape at the indentation
regions. The tape was placed outside the beam orbit regmrafiove and below the 5@n thin
window), in order to provide a tapered transition of the bg@ipe cross section variation. The
result is shown by the red solid lines in figudé&. After tapering, the longitudinal impedance is
reduced by an order of magnitude and thus the impedanceiisditio no more than thQ over the
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Double pocket, retracted position

Double pocket, physics position (wire at 3mm)
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Figure 62. Real and imaginary part of the longitudinal impedance Far EP420 physics (inserted) and
parking positions, as measured for a double pocket progotyp

measured frequency band.

Double pocket results. A first set of laboratory measurements with an FP420 doulikegigro-
totype has been completed. The results are shown in f@Rine terms of the real and imaginary
part of the longitudinal impedance and for parking and ptg/piositions. The black dashed lines
refer to the original beam pipe, whereas the solid red lissess the measured impedance value
after applying a copper tape at the accessible pockets taitems (i.e. for each pocket, the in-
dentation at the beam pipe end). The two indentations indmtvthe two pockets are not easily
accessible after the beam pipe fabrication and could natgmEréd or connected with an RF contact
during these measurements. As for the single pocket ppotyere are no impedance peaks for
frequencies below 2 GHz. After tapering, the real part ofitimgitudinalZ, /n impedance remains
above 5Q at about 2.46 GHz, when the detectors are 3 mm from the beaall thre rest of the
frequency band of interest, both the real and imaginaryspafrthe longitudinal impedance are
below 5mQ.

8.3 Transverse impedance and beam instability

The transverse impedance can be inferred by the variatidineadbngitudinal impedance for dif-
ferent wire (beam) transverse positions. FigBBxompares the simulated transverse impedance
with an analytical prediction accounting for resistive leffects only. The results are in good
agreement since the oscillation at low frequencies givethbynumerical simulations is attributed
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Figure 63. Single pocket transverse impedance vs. resistive wairjhe

~lm (AQ) 107 ~Im{AQ) /107

A6, 005 |
e 7 13 L
Stability diagrams for i i |
2 octupole settings /;. i 0.03 E
v 2 |
0.6 Tune shift caused 902 |
Pavd 04 by single pocket |
# 001 |}
./,/ 02 / \-\. . !p.

e e )10 ! Re(£Q) /10"

6 5 a3 3 -2 71 * Re(40Q) /10 005  -004 -003 -002 =001 )/

Figure 64. Tune shift induced by FP420 single pocket at 3 mm, due tetiresiwall transverse impedance
(calculations based on B. Zotter and E. Metral's models)e &ffect is negligible when compared to the
stability diagram that assesses how the LHC octupolesguran damp the instability.

to the presence of the wire. The resonances between 2 and 3¢gblant for the geometric impact
of the FP420 station on the beam pipe cross section not @esicdy the analytical formulas.
Therefore, for frequencies below 2 GHz, the transverse dapee introduced by the FP420 inser-
tion is dominated by the resistive wall effect. The impedawmalues calculated analytically can
be used to predict the impact on the beam horizontal tuné shife effect is very small, it re-
sults in]AQy| < 1-107°, well within the stability region defined by the availablendau damping
octupoles at LHC143, as shown in figuré&4.

8.4 Coupling with detectors

The simulation of detector signal disturbances due to ®eawgnetic coupling between the beam
and the surroundings is very difficult, due to the small amadipower that could be picked-up at
the detector electronics level. A laboratory measuremsimguhigh power spike generators and a
normalization to the real beam current is under considarati

8.5 RF summary

The FP420 single pocket geometry has been characterisedlria df coupling impedance. Numer-
ical simulations, analytical calculations and laboratmgasurements showed consistent results, all
indicating that this design will have a small impact on thmitbtHC impedance budget.
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Tapering of the beam pipe indentations is recommended beédadoes reduce the impedance
significantly, as measured both with the single pocket andbiggpocket designs. Since an effective
tapering can be done outside the beam orbit region, thigaesodification can be implemented
at no cost in terms of the forward proton signal to backgromtia. With a double pocket station
design, the beam pipe section between the two pockets cabealslectrically connected outside
the beam orbit region, in order to provide a good RF contadt mmimise the effect of beam
pipe cross section variation. This could not be tested inldberatory, due to the difficulty of
accessing the region after beam pipe fabrication. Sinmratand laboratory measurements of a
new prototype, modified according to the RF studies comglstefar, will be continued.

The resultant effective longitudinal impedance followsnfr the convolution of the results
presented here with the LHC beam spectrum. The beam harsnan®GHz are expected to be
below 102 of the main harmonic at 40 MHz and well below F0at 2.5 GHz. This provides a
further indication of the expected minimal impact of a FP42fion on the LHC impedance. One
of the consequences is that, according to the availablgtisalmodels, the horizontal tune shift
induced by a FP420 station is expected to be almost impéteepthen compared to the tune
stability region defined by the available LHC octupoles n&gn

In addition, the worst case considered in these studiestsréd the positioning of a FP420
station at 3 mm from the circulating beam, whereas recergpance (sectiod) and background
(sectionb) calculations indicate that 5mm is a more likely distanceclokest approach. This
implies that the results are conservative in terms of distnces to the beam. Further studies are
ongoing in order to determine the characteristic loss fagthich will provide an estimate of the
power dissipated due to electromagnetic coupling.

9 Silicon Tracking Detectors

9.1 Introduction

In order to detect protons from the production of centratesys of masses 100 GeV/é, the
detector edge has to approach the beam axis to a distancerof(See figure8). This represents

a challenge for the radiation hardness and radio-frequpitkyup in the detector and the nearby
front-end electronics, as described in sectibrand8. The detector system has to be robust, and
for satisfactory control of systematic uncertainties itsifion has to be aligned and maintained to
a positional accuracy of 1m in order to achieve the required track angular precisiohpodd
(see sectiod.3).

With a typical LHC beam size at 420 m Ofeam~ 300 um, the window surface of the Ham-
burg pipe can theoretically safely approach the beam tx Ifeane 4.5 mm. As discussed in
section5 however, this distance will ultimately be determined by LH¢C collimator settings,
since for beam 2 in particular the halo can extend t& mm with the nominal collimator positions.
The window itself adds another 0.2 mm to the minimum posglistance of the detectors from the
beam. To maximise the acceptance for low momentum-lossmspthe detectors should therefore
be active as close to their physical edge as possible. Irrglep&anar silicon detectors have a wide
(0.25 mm-1 mm) insensitive border region around the sgasitiea that is occupied by a sequence
of guard rings. This ring structure controls the potentiatribution between the detectors sensi-
tive area and the cut edge to remove leakage current. Pliéinansletectors designed for a heavy
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Figure 65. Isometric and lateral view sketches of a 3D detector wher@t and n+ electrodes are processed
inside the silicon bulk. The edges are trench electrodes éeedges) and surround the sides of the 3D device
making the active volume sensitive to within a few micronshaf physical edge.

radiation environment or generally for operation at highshioltages, contain multi-ring structures
with typically about~20 rings.
The key requirements for the FP420 tracking system are

e To track efficiently as close as possible to the sensor’siphlysdge.

e To have extreme radiation hardness. A design figure equivédeor better than the vertex
systems used for ATLAS or CMS will be required, i.e. bettearti3° 1-MeV equivalent
neutrons per cf

e To operate at the highest LHC luminosity and be robust ariahiel

¢ Individual detectors should have a spatial precision-@D microns. The tracking system
angular precision should beptad. These requirements are discussed in detail in segtion

e At 420 m the tracking detector needs to cover an area of 25 mmmm5

3D silicon technology has been chosen as the baseline detechnology best equipped to
meet the above requirements, although the tracking sysésrbden designed such that any silicon
technology compatible with the ATLAS pixel readout can bedisThe 3D silicon sensor R&D is
described in sectiof.2. Section9.3 discusses the mechanical design of the tracking deteeior, s
tion 9.4discusses solutions for the required high voltage and Idimge, and sectiof.5discusses
the infrastructure and readout. The thermal performandbeo$ystem is described in sectidrb.
The performance of the proposed tracking system is destiibgection9.7.

9.2 3D silicon detector development

3D detectors are a new generation of semiconductor devit®k [L44-156]. Using micro-
machining techniques, electrodes penetrate the entokentibss of the detector perpendicular to the
surface. This results in smaller collection distancesy ¥ast signals, and substantially improved
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Figure 66. Two-dimensional efficiency map of a fully operational 3Dtaf#or. A point is plotted with
respect to the positiorx(y) predicted by a telescope, with a precision @i as a valid track and a hit was
recorded by a 3D detector. The inefficient band near the levegtge was caused by the detector’s bonding
pads. The upper and lower y edges were used for active edgrineezents and showed a device sensitivity
up to 4 microns from the physical edge.

radiation tolerance. Figu@b sketches the main features of this novel detector desigaddition,
similar micro-machining techniques allow one to produceit@ edges” where the amount of dead
silicon at the edge of the detector is greatly reduced.

Full-3D silicon sensors have been successfully fabricate€IS-STANFORD by J. Hasi
(Manchester University) and C. Kenney (Molecular BiologgnSortium) since 2001, following
the original design of Sherwood Parker, University of Hawad C. Kenney who developed active
edges. The Manchester/MBC/Hawaii Collaboration has beaking since 1999 to develop this
technology for applications in particle physics. Impotteesults are summarised below.

The first 3D detector used 16 rows of 38 p+ electrodes spacd@®ym. n+ electrodes were
placed 100 mm from the p+ electrodes. The total active area3xd@&mm by 3.9 mm. The p+
electrodes were connected as strips to ATLAS SCTA readadpschfter tests in the X5 beam at
the CERN SPS in 2003, the efficiency was found to be around 3&¥particles were detected to
within 5 um of the physical edge, as can be seen in fi@@eThe full results of this beam test can
be found in the TOTEM TDR131] and ref. [L56. A hybrid technology (planar/3D) detector was
manufactured at Stanford and was successfully tested byEMOM a prototype Roman Pot at the
CERN SPS in 2004. This uses planar technology but has a 3zamige. This worked well, but
is a factor 100 less tolerant to irradiation than full 3D teclogy.

Initial tests on irradiated 3D samples were made in 2A@E[ The first results on the signal
efficiency were obtained in 2006 using signal generated binfrared laser. The 3D devices
were irradiated with neutrons in Prague with an equivalerrite of 18° protons/cm [155]. As
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Figure 67. Response of a 3 electrodes/pixel (3E) 3D device to a 1060aser Ipulse after.3 x 10,
5.98 x 10 and 86 x 10'° neutrons/cri

expected, 3D devices can operate at much higher fluencesahaantional silicon devices. For a
minimum ionising particle, the signal size depends on tiektiess. However, the signal collection
distance is determined by the inter-electrode spacingctwban be as short as 50 microns. The
measurement is shown in figu& for a 3E device with an inter-electrode distance of 71 misron
This has three n-type collection electrodes in a pixel sfZ&0amicron by 400 microns. Figur@8
shows the signal efficiency versus fluence for the 3D detettt@s compared to the best that has
been achieved using strip and pixel detectors for the LH@®@xpents. 3D technology is about a
factor five more radiation tolerant.

For the FP420 application the ATLAS Pixel Readout chip wasseh. The total active area
is 7.2 mm by 8 mm. The pixel structure is shown in figé@& The 3D detectors were bump-
bonded to the readout chip. To cover the full area, a miniméithree detectors are required. The
details of the mechanical/electronic layout required t&ena single layer with full area coverage
is described in sectiof.2 Figure70 shows that the 4E device can operate at the lowest voltage.
Charge sharing only occurs very close to the pixel edge. &ipgrvoltages are a factor ten less
than for a standard planar device. Figuieshows a processed 3D wafer. The device yield was
around 80%.

2E, 3E and 4E devices, bump-bonded to ATLAS Pixel readouyi orére tested in the H8
beam at CERN in Autumn 2006 with support from LBL and Bonn. itithhal detectors were
placed between planes of a silicon microstrip trackingesyst The beam was 100 GeV/c pions.
Figure 72 shows a hit map for a 12 mm 12 mm and 3 mmx 3 mm scintillator trigger. There
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Figure 68. Signal efficiency of 3D detector versus fluence of 1 MeV egjeut neutrons/cf Data for n on
p silicon strips and n-side readout pixel detectors are shfowcomparison. Diamond detector results are
also shown. Note that diamond gives a factor three less Idigna minimum ionising particle.
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Figure 69. Different 3D cell structures designed to be compatibldlite ATLAS Pixel detector readout
chip. The pixel size is 5¢m by 400pum. The devices have either 2, 3 or 4 electrodes per pixel amd ar

named 2E, 3E and 4E respectively. The electrodes cover 4%n68% of the total area for 2E, 3E and 4E
devices respectively.
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Figure 70. Equipotentials in a 2E and 4E 3D detector. Pixel size igi5Q(Y) by 400um (X). The bias is
20 V and 5 V for the 2E and 4E devices respectively. The dioectif the electric field is indicated. The
n-electrodes are at the centre. A maximum field of fiiwWoccurs at 24 V and 14 V in a 2E and 4E device
respectively.

Figure 71. Four-inch wafer processed for the FP420 project. This RBaBE3 6 4E and 6 2E ATLAS pixel
readout compatible devices and several test structures23® micron substrate is 12kcm p-type.

were no dead or hot pixels.

Figure 73 shows the pulse height spectrum for a 3E detector for minirnamising particles
incident at zero (top) and fifteen degrees. The low pulsehheigan ADC count of 10 is due
to particles traversing the electrode. The tracking efficyehas been measured to be 95.9% and
99.9% respectively using a reference telescope. In theopempFP420 tracking system, several
planes will be used to form a track-segment. Half of the plaitishe shifted by 2%m to improve
the spatial resolution in one dimension. This guaranteasthie efficiency will not suffer from
electrode inefficiency. Figuré4 shows tracking residuals. This is consistent with the pitelen-
sions. The pulse height spectrum indicates that the effigienvery high and is consistent with
previous results. Millions of tracks have been recordedrfoident angles betweer? @nd 90 for
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Figure 72. Hit map for a 12« 12 mn? (left) and lego-plot for a % 3 mn? (right) scintillator trigger. Device
3D-2E-A operated at 30 V.

2E, 3E and 4E devices.

An extended collaboration (3DC) has been formed betweernchster, Hawaii, Oslo, SIN-
TEF and the Technical University of Prague, to transfer tisifinology to industry and guarantee
large scale production. Variations on the full 3D detectesign are also being studied by IRST
and CNM. Further developments ar discussed.bv].

In order to understand the signal-to-noise performancéhforarious geometry detectors, the
noise performance of the 2E, 3E and 4E 3D sensors was meaaiteedump bonding with the
FE-I3 ATLAS pixel readout chip (figur@5). The equivalent noise charge (ENC) of the entire pixel
matrix was measured, for each configuration, by injecting@able amount of charge into each
pixel front end and looking at the threshold dispersion dterentire matrix. This operation is
possible since each front end electronics chip is equipgddantest input capacitance. Figuré
shows a snapshot of the online display of the ATLAS pixel Biag test system. The top of
the figure shows the response of the entire pixel matrix wii&e bottom shows the threshold
distribution before and after tuning. The noise versusWaitage for all the 3D pixel configurations
can be seen in figurér.

The extrapolated signal-to-noise of the three configunatiafter irradiation is shown in fig-
ure 78. The plot shows the S/N after a fluence of X510 n cmi 2 and 8.8x 10 n cmi2
respectively. The first set of values corresponds to thgiiated fluence expected at 4 cm from the
ATLAS interaction point (i.e. the ATLAS central tracker)tef~10 years of operation of the LHC
at nominal luminosity. The second set corresponds to theegadxpected after5 years of opera-
tion at the same distance at the SLHC. These S/N resultsaitedibat the lower fluences expected
at the FP420 location should not compromise the performahttee 3D pixel tracking detectors.

In conclusion, 3D detectors readout out using the ATLAS Rdtap fulfill all the requirements
for use in the FP420 experiment
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Figure 73. Left: Pulse height spectrum for 100 GeV/c pions incidenppadicularly (top) and at a 25
angle (bottom) on a 3E-3D detector biased at 20 V. One Q[TAITAount is 600 electrons. The threshold
was 3200 electrons. The tracking efficiencies are 95.9% &r@P® respectively. This takes into account
the partial response of the central part of the electrodghtRSimulations (bottom) are in good agreement
with the experimental results (top) [M. Mathes, Bonn].

9.3 Tracking detector mechanical support system

The space available for the detectors is extremely limit€tde baseline design is to have two
independently moving pockets, one at each end of the 420 rrred he pockets may be sub-
divided to allow different cooling and vacuum conditions fiee silicon and timing detectors. The
optimal configuration may change depending on the pile-ulitions and the machine-induced
background environment at the time of operation. A key desgigal has therefore been to allow
changes in the detector configuration to provide the optipaddnce of detection points versus
traversed material, and to allow simple replacement oinfgitletectors during permitted tunnel
access. To achieve an active area of 5 @5 mm requires a minimum of three silicon sensors.
The basic detector unit, referred to as a superlayer, tilessensors to cover the required area.
A superlayer is made of two “blades”. Figud® shows a schematic of the superlayer layout to
illustrate the basic geometry and nomenclature. A singleking station will consist of a number
of superlayers. Schematic drawings of a superlayer and aulawottacking station consisting of
five superlayers are shown in figur@sand82 respectively.
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Figure 74. Tracking residuals for 3D pixel detector [M. Mathes, Bann]

Figure 75. Picture of the 3D-ATLAS pixel assemblies mounted on one pélatestboard with a protective
cover.
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Figure 76. Snapshot of the online display of the TurboDaq ATLAS pixsttsetup. On the top the entire
pixel matrix response to a test pulse. At the bottom the ENgLiiialent Noise Charge) is measured as the
sigma of the threshold distribution.
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Figure 77. The equivalent noise charge (ENC) of the 2E, 3E and 4E 3Dxtiteafter bump-bonding with
the FE-13 ATLAS pixel readout chip.
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Figure 78. Extrapolated Signal to Noise (S/N) ratios of three 3D pigehfigurations at two different
irradiation fluences.

Figure 79. FP420 2007 test beam setup including one movable statworhlades, and two timing detectors
(one GASTOF and two QUARTICS).
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One superlayer = two blades

Scattered proton |

Figure 80. Schematic of a superlayer consisting of four sensors.

Figure 81. A schematic drawing of a superlayer, consisting of two etadrhe flexible circuits connect the
four sensors to a common control card.
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Figure 82. A five superlayer tracking station. The mechanics supgbessuperlayers and also provides

cooling blocks.
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Table 12 Possible blade materials.

Material Thermal conductivity| Relative Densityp K/p CTE

K (Wm~1K 1) (10K
CE7 (70/30 Si/Al) 125 2.4 52 7.4
Aluminum Nitride 180 3.26 55 5.2
Silicon 156-200 2.33 67-86 2.6

Since the 3D silicon sensors have rectangular pixels of s0am$ by 400 microns, they have
better position resolution along one axis. This means thya¢idayers can be designed to position
the sensors to give superior resolution in the horizontalof vertical §) plane. In the initial
phase of FP420 operations, the horizonigldeflection of the protons from the beam is of prime
importance, since this corresponds to a measurement ofnrgyeloss and hence the missing
mass. The verticalyj position becomes important primarily when tpe of the outgoing protons
is required. Whilst there is a strong physics case for maagtine py of the outgoing protons the
initial priority of FP420 is the missing mass measuremehade 1 will therefore be optimised for
a high-precisionx measurement, witly measurements considered as a potential future upgrade.
Because of the modular design of the tracking stations, riaymes optimised for enhances:
resolution can easily be inserted in a short tunnel access.

9.3.1 Superlayer and blade design

A superlayer consists of two blades, each carrying two sensbhe two sensors closest to the
beam overlap but are offset with respect to each other byahgailtel (25 micron) to improve track
resolution for lowg particles — see sectidh2 A superlayer control card is positioned between the
blades and connected by four flex circuits. Although the 3idai sensor technology is edgeless,
tabs required for readout connections to the front-end A®I&s connections to the sensor and
edge effects imply that it is impossible to tile the detestor certain orientations. Even in the
specific orientation unaffected by these tabs there ardualsedge effects introduced by the front-
end chip design. These constraints require detectors tositgned over a number of overlapping
layers to provide the required coverage. This is achieveasing both sides of the blade.

The choice of material for the blades is critical if the desgpal of an internal mechanical
alignment of 10 microns is to be achieved. The material mesgitiff but machinable, have a high
thermal conductivity and low coefficient of thermal expamsisimilar to that of the attached silicon
dies. The thermal conductivity must be optimised relativehie density to allow for extraction
of heat from the detectors without too high a thermal gragliesilst minimising the amount of
material (radiation length) and hence multiple scattering

Beryllium oxide and Beryllium metal although possessingdjthermal and low mass parame-
ters were rejected at this stage because of difficultiesaltreetr toxicity, which makes prototyping
difficult, time consuming and expensive.

Several blade design variants have been prototyped. Weimitadly attracted to the possibil-
ities of CE7, a hypereutectic alloy of 70/30 silicon and allumm because its aluminum component
makes it machinable with conventional tooling, making i$gible to construct a blade as one single
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Figure 83. Left: A thermal model blade with the silicon resistors asatied in the text. Right: Finite
element analysis of the thermal properties of a blade.

component. Its K3 value of 52 compares well with more conventional materiathsas aluminum
nitride. The prototype blades used in the Sept 07 CERN tesnlrens were of this design with
the centre sector machined down to 500 microns. Howeverriabseattering considerations are
pushing the design to be even thinner — 300 microns. It hagegrdifficult to machine CE7 to
this tolerance due to its granular structure. Hence we hasgsiigated an alternate design using a
CE7 frame and a decoupled planar thin front section suppptiie detector. This allows the use of
hard materials such as silicon or AIN whose thicknesses edagped down to 300 micron with
high surface finish. The superplane shown in figltdnas such a design. In a planar geometry the
requisite shapes can be laser cut.

9.3.2 Thermal tests of the blades

Test blades have been built to investigate heat flow and tidegnadients and the resulting me-
chanical displacements using a thermal camera and a “ssope’5to measure the displacement.
A realistic chip/glue/support interface structure wasstnrcted using custom silicon resistors that
match the size and power of the front end chip and have a sibdlad pad layout. The model used
for thermal testing is shown in figui@&3. Also shown is the finite element analysis of the blades
performed at Mullard Space Science Laboratory. The praknyi thermal tests indicate that the
blade design meets the required criteria of thermal and arecal stability at the 10 micron level.

9.3.3 Assembly and alignment

The silicon sensors will be positioned on the blades usinadaptation of the automated assembly
stages and jigs used to construct silicon modules for theAA'ECT at Manchester. The system
uses automatic pattern recognition of fiducials on the retadoip to provide coordinates toy, 0
motion stages which position the detector on precision jigsmponents are glued using a Sony
CastPro dispensing robot under software control. The syatws silicon sensors to be reliably
positioned on opposite sides of a blade with an absolutdiposiccuracy of 5 microns. Detector
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blades are independently surveyed using a Smartscopealopbiordinate measuring machine ca-
pable of one micron precision. Figur84 and85 show the build sequence for a blade and then a
superplane. Once the superplanes have been manufachgedation needs to be assembled.

Linking individual blades together, in pairs as superlayand then into an entire station has
some complexities. Several approaches have been prototyffe simplest idea is to use linking
dowel rods and precision wire cut washers stuck to each bitdbeving the ATLAS SCT expe-
rience. These can be manufactured to 5 micron tolerance.etAawthe alignment of a stack of
10 is limited by sliding tolerances and difficulties in maiiming dowel angular tolerances. This
led us to touch bearing designs. A touch bearing consistdbaf @erpendicular to the dowel rod,
pushed against it by a spring force such that there is a uiigimt contact between the two. These
are arranged in a kinematic manner, providing a V and a flag. Kilnematic single point contacts
provide high reproducibility, whilst the spring force alle easy movement to position along the
dowel. The challenge is to make such a bearing design smaligénfor this application. One of
the restrictions imposed by through dowels is that it is dliftito remove an individual superplane
without dismantling the entire system. This leads us to aurent baseline design: open-sided
touch bearings, one V, one flat are sandwiched between tvdedlas part of the superplane as-
sembly process. These are located against two externall dodse held by a small ball spring.
Figure 86 shows several superplanes and their bearings without fiosdustructure and also the
miniature touch bearings.

Figure 87 shows results of repeatedly repositioning a superplane prodeicibility at the 5
microns level or better is clearly demonstrated using theldearings. Measurements were taken
using a Smartscope optical coordinate measuring machifidugfials on a superplane front end
compared with fixed fiducials on a base. The superplane wastegtly removed and repositioned
against the end bars.

To summarise: sensor to sensor positioning on a blade etasapre achieved with an accu-
racy of 5 microns, and within a superplane to 10 microns.

The position of any sensor in the station once built can beeyed by the Smartscope
with a single measurement accuracy of 1 micron (several mneaents may be required to link
all sensors).

9.3.4 Electrical details of the superplane

A flex circuit situated behind and bonded to the sensor is tsadnnect the FEC chips to the
power supply and data lines via wire bonds. The flex circittisd with a control chip (the MCC)
which services the FEC chips, distributing clock, contnati drigger information and collecting
data for onward transmission. Aside from some slow singlged signals, the connection between
the FEC and MCC chips are implemented using LVDS-style wifigal signaling, with lower cur-
rent than LVDS terminated into 600 The two-layer flex circuit is built on a 50 micron polyimide
core with a nominal track/spacing of 100 microns falling @rsicrons in the bond region, 100 mi-
cron laser drilled vias, and a Ni/Au finish suitable for Al eibonding. The flex is pre-assembled
(passive decoupling components soldered) then glued tbléltke. Positioning is visual with re-
spect to the chip and performed with a manual placement waiike with a typical accuracy of
around 20 microns. The positioning is not critical, the Hogdorocess can cope with many tens
of microns misplacement between flex and front end asser@blynicron Al wire with (99% Al,
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1. Transfer chuck aligned turnplate 2. Transfer chuck aligned turnplate

e

3. Chips transferred and held by vacuum 4. Invert turnplate. Repeat for chips 3&4

5. Chips 3&4 on second transfer chuck 6. Blade A (with Bearings) & Blade B
(without inserted) in turnplate

7. Transfer chucks replaced on turnplate 7. Blade A with chips on both sides

Figure 84. Blade assembly — Positioning of chips 1 to 4 on Blades A and B.
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1. Two Blade B’s aligned by stages 2. Blades transferred to transfer chuck.

3. Two Blade B’s inserted in turnplate 4. Glue dispensed and Transfer chuck
aligned by small touch bearings reunited.

5. Blades A&B assembled to form 6. Flex connections bonded to the MCC PCB
a superplane

Figure 85. Superplane assembly.

1% Si) is used. Wedge-wedge bonding has been undertakemwitimual (semi-automatic) wire
bonder during the prototyping phase; an automatic bonditbeiused in production. We plan
to investigate the benefits of plasma cleaning the flex, aghmur experience thus far has shown
no difficulties bonding to the flex using a slightly elevatexhbting power setting to overcome any
surface contaminants. The individual blades need to beddstfore final assembly as both the sen-
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Figure 86. Left: Several superplanes showing the bearings withaustipport structure. Right: Miniature
touch bearing. The ball bearings are 3mm diameter.
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Figure 87. Superplane positioning accuracy measurement.

sor assembly and their connections on the internal facdsedblades are not accessible after the
blades have been combined into a superlayer, and it wouldenptactical to split and repair after
assembly. The flex circuits have sacrificial tails that bitimg signals to diagnostic headers. These
connect to adapter boards allowing connection to the ATLA®IPTurboDAQ system which can
be used for single chip testing. We foresee the option ofmapthe bonds after successful testing.
Once both sides of the blade have been processed and ah#estdeen successfully completed
the sacrificial tails are cut away. Two blades are combined s&vtontrol card and fixed together to
form a superlayer. The flex circuits are glued to the contantiavith solder connections between
the underside of the flex and the card for power, and data ctione made by wire bond between
pads on the topside of both. The bond pitch is much more gasenad the alignment is not critical.
The flex tension does not have any impact on the sensor posgioThe control card is a hybrid
based on conventional PCB construction expected to havewacbreakout of the high density
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wire-bond connections to the MCC chip. Because of a sho&#CC chips in this prototyping
phase it will be necessary to mount the chip in a ceramicarawhich is placed into a socket on
the board, but final production boards will be true hybridee power planes of this card provide
the thermal path for the heat generated by the MCC chip. Theemdion from the superlayer has
not been finalised. The prototypes use a SAMTEC QTE conndictdrstraddles the board edge
and mates to a custom made cable assembly.

Differential (LVDS like) data paths from each superlayegdther with power supply connec-
tions, span the detector box assembly to the support crattgueed either inside one of the support
legs of the NCC or in an overhead gantry nearby. At the suppate, data links are merged and
passed to the optoboard. Each superlayer has one inwarthéilprovides clock/trigger/control,
and one outward link for data. The MCC support chips offed dugput links, but because of the
low occupancy and small number of FE chips associated to &b (1/4 of density of the Pixel
detector) only one link is required. We hope to be able to att@popto-components used at AT-
LAS, however the multimode fibre is susceptible to radiatidrich over these long distances may
cause excessive attenuation, so it may be necessary tdlipatip replace the fibre. Alternatively,
a rad-hard monomode based connection, as used at CMS, nthjoriee developed.

9.3.5 Station positioning

From an electrical point of view, a station is simply a cdiilea of superlayers. It is worth noting
however that the station is positioned inside a box that iisl@geto the beampipe and fitted with
substantial lid, and so is a good Faraday cage. The bladercaraterial is itself conductive; one
point to be established therefore is whether this shoulctctresdy tied to the ground reference (the
box/ beam pipe) or left to float. RF modeling studies togethién practical testing on the RF test
rig at the Cockcroft institute will help to determine the iopim strategy.

The tracking station will be loosely mounted from the lid bétvacuum vessel by flexible
supports. Services , cables and cooling feedthroughs aifirbthe lid.

Precision alignment with respect to the beam pipe is actiibydocation with kinematic ruby
ball mounts on the base of the box. Fig8&shows a station and lid, and relates these to the LHC
beam pipes. Figur89 defines key distances that will determine how closely thiz@silicon will
be to the beam.

9.4 High-voltage and low-voltage power supplies

This section outlines some of the solutions envisaged ®ibias and low-voltage supplies. Em-
phasis is on the supplies for the 3D sensors and their frahtebips. For more details, the reader
is referred to ref.159.

9.4.1 Low-voltage power supplies specifications

Each superlayer requires two low-voltage supplies, pablgr floating with minimum 1 V
compliance range relative to each other, see taBle The low-voltage supply for a superlayer
should be floating relative to that of any other superlayenergé will be decoupling capacitors
close to the load.
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Figure 88. Left: A complete tracking station attached to the lid. Altmown are the positioning studs.
Right: Schematic view of the box in position around the begwe p
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Figure 89. Key dimensions from the beam to the edge of the first chip. 1eanbto window, 2 —
window thickness, 3 — standoff of detector from window degeean thermal considerations and assembly
tolerances, 4 — distance of first pixel from from edge of bldd&ned by dicing considerations.

Table 13 Low-voltage requirements for one ATLAS FE-I3 front-endpchCurrents are given for both 1%
and 10% occupancy.

One Pixel FE-I3 chip Voltage rangel Nominal voltage Current Current limit

Analog AvDD 1.6-2.0V 1.6V 5-70 mA 100 mA

Digital VDD 1.5-25V 20V 40-50 mA (1% occ.) 100 mA
60-70 mA (10% occ.
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Table 14. Supply requirement for one ATLAS MCC chip.

One MCC

\oltage

Current

Current limit

Digital VDD

1.8-25V

120-150 mA

170 mA

Table 15 Overall specification for a low-voltage supply segmentdoe superlayer consisting of 4 Pix-
elChips FE-I13 and one MCC chip. Remote monitor should enalbéervation of the voltage and current.

4 FE-I3+ 1 MCC | Woltage range Nominal voltage Current Current limit

Read-out driver

Analog (AVDD) 1.6-2.0V 16V 20-280 mA 310 mA

Digital (VDD) 1.8-25V 20V 280-350 mA (1% occ.)| 480 mA
360-430 mA (10% occ.

Monitor resolution| < 20 mV <10 mA

The required digital supply current depends on the detemtoupancy. High occupancy re-
sults in higher current. The supply and its cables should thls into account. In tabl&4 the
requirements for one readout controller chip MCC are listed

As each superlayer has 4 detectors and 4 FE-I3 chips plus @t &hip sharing the digital
supply with the front-end, we can sum up the total requiregmpensuperlayer as shown in taldlg.

A few comments are in order. The voltages may need adjussmettie course of the lifetime
of the system due to radiation effects. The low-voltage supyay need to have remote-sense feed-
back to compensate for the voltage drop. There must be antuimét which can be set either lo-
cally or remotely; it would be an advantage if its value cas&eremotely as this will allow a more
flexible system, capable of dealing with changes due ton&iance, radiation damage. The current
limiting can be either of a saturating type or a fold-backhwitching action. The latter requires
some means of remote reset. Currents and voltages must boradrand results provided re-
motely with the accuracy given in tabl®. A sample rate of the order of 1 Hz is sufficient. It is im-
portant that each superlayer low-voltage supply can bebedt on/off individually (and remotely).

9.4.2 High-voltage power supplies specifications

A superlayer requires two high-voltage bias supplies, d \@b2, with remotely controlled volt-
age in the range 0 te-120 V. Vbl and Vb2 should be floating relative to each othehiwita
superlayer with a compliance range on the zero terminal lefast 2 V. The high voltage bias sup-
plies to a superlayer should be floating relative to any otluperlayer with a similar compliance
range. As the bias voltage for depleting the detector ira®avith radiation damage, it is an ad-
vantage to segment the supply into two: one for the deteetiorcipsest to the beam (Vb1) and one
for the pair away from the beam (Vb2). It is not necessary passe the ground between Vbl and
Vb2 at the superlayer. The Vb zero line will be tied to the AVIhie. There will be passive RC
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Table 16. Specifications for the high voltage bias supplies for orgegayer consisting of four detectors
powered by two independent voltages. The voltage and dusheruld be monitored remotely with at least
the specified accuracy. The voltage should be controllabla femote with a resolution of better than 3 V.

4 detectors/2 voltages \oltage Current Current limit
Vbl 0to—120 GeV <1mA 1mA
Vb2 0to—120 GeV <1mA 1mA
Monitor accuracy <1V 1 pA ~ 12 bit res.

Setting accuracy <3V ~ 6 bitres.

Table 17. Power dissipated in the front-end electronics assumingpersayers per pocket. Numbers are
worst case values with 10% occupancy and maximum voltagesaments.

One superlayer | Voltage (V) Current (A) Power (W)
AVDD 2.0 0.28 0.56
VDD 2.5 0.43 1.08
Vbiasl 120 0.001 0.12
Vbias2 120 0.001 0.12
Total per Superlayer 1.88

no of superlayers
Total per pocket 5 9.38
no of pockets
Total per cryostat 3 28.13

low-pass filtering close to the load. Taldlé summarises the requirements.

There must be a current-limit at the indicated value. Todase flexibility, it would be an
advantage if its value can be remotely adjusted. The ligniian be a simple saturating current-
source type. Currents and voltages must be monitored anttsgsovided remotely. Sample
rate of the order of 1 Hz is sufficient. The high-voltage sypms to be remotely controllable.
Remote-sense feedback on the wires to the load is not relgasréhe current-induced voltage drop
is negligible with respect to the required accuracy.

9.4.3 Power budget

Tablel7 gives the power dissipated in the front-end for a worst caseario where the occupancy
is 10% and the voltages are at a maximum. For cooling degignpower from the radiation and
the thermal flux from the ambient will have to be added to tisis |

9.4.4 Low- and high-voltage channel count

Table18 gives the number of channels assumed. The final count magr fifm this.
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Table 18 Number of low- and high-voltage supplies channels.

no. of channelg§ One superlayer One pocket One cryostat FP420
4 det.+ FE+1MCC| with 5 superlayerg with 3 pockets| with 4 cryostats
Low voltage 2 10 30 120
High voltage 2 10 30 120

Table 19 Preliminary specifications for the QUARTIC/GASTOF powepplies for one cryostat.

Number of channels Nominal voltage| Current| Current limit
High voltage 4 —-3.5kV TBD TBD
AVpl2 1 12V TBD TBD
AVmM12 1 —-12V TBD TBD
DVp5 1 5V TBD TBD
DVp3.3 1 33V TBD TBD

9.4.5 Temperature monitoring

The temperature in the front-ends needs to be monitored.illipmbably be necessary to have
a probe on each superlayer. Temperature sensors of NTC tgpgeewn to be radiation tolerant
and are used in other detectors at LHC. For instance LHCb (¥ Edpeater board, Low Voltage
Card) uses NTC 103KT1608-1P from Semitec. The selectiohefriost appropriate device will
require a later study. It is however sure that both excitatocuitry and an ADC to read the
temperature values will be needed. It is an advantage ifetkitation and measurement system
can be integrated into the power supply crates.

9.4.6 QUARTIC/GASTOF high- and low-voltage supplies

The QUARTIC/GASTOF modules have different requiremengnttihe 3D detectors. The specifi-
cations per cryostat are for the moment rather loosely se¢scribed in tabléO.

9.4.7 Discussion of the solutions considered

All solutions discussed in the following are based on conuiadly available modules. Three con-
ceptually different approaches have been studied.

1. Power supplies located in the tunnel next to the FP420stay®and stowed underneath the
adjacent magnets. The advantage is the low cable cost cethhiith options for extensive
remote control and monitoring. The major drawback is theisigity to radiation, combined
with difficult access for maintenance. A study of the radiatiolerance 159 of a solution
based on CAEN supplies (see below) concludes that there m&ylbSEU (Single Event
Upsets)/module/day if the modules are placed in the turnsédo the cryostat. This will be
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the case from day-one of operation. This means that thetd&several SEUs per day, in
addition to the damage due to dose gradually accumulatiagtione (tens of Grays per year).

2. Power supplies in the alcove areas RR17/13 for ATLAS and®83 for CMS. The
expected level of radiation here is 0.05-0.36 Gy/year &tLfdiC luminosity. This solution
is similar to that adopted for the TOTEM Roman Pots.

3. All critical power supply electronics in the counting moand only very simple linear,
radiation-hard regulators in the tunnel next to the cryjtosta

Except for the CAEN version of solution 1. (see below), thghkvoltage supplies are always
assumed to be in the counting room, which is advantageousubeaadiation is thus no more
a concern. The wires for high voltage can have a small crostsoeedue to the small current
(< 1 mA) and need no remote sense. The high-voltage cables rawselbshielded and with a
noise filter at the detector.

Solutions 2. and 3. with 200 m long (or longer) low-voltagélea require local regulators
next to the load. Without them it will not be possible to mainta stable load voltage. Cables with
a length of 200-500 m would have to have large cross sectionder to limit the voltage drop to
the level required (roughly: 200 mV). Remote sensing, the classical way of overcomirgy thi
not effective due to the long delay in the cable. Linear ratuk, albeit with much shorter cables,
are used in many LHC detector systems, such as the TOTEM Réwiznand the LHCb Vertex
Locator (VELO). A pair of radiation-hard linear regulatdrave been developed in the framework
of RD-49. The regulators are LHC4913 for positive voltage€EM: 08.57.56.011.7; 1.23 V to
9 V at 3 A) and for negative voltages LHC7913-4 (SCEM: 08.671%1.4;—1.2 Vto —7 V at
3 A). In other LHC experiments using a linear regulator, aasae monitoring system for the
voltage is exploited, which has to be radiation hard. Fotaimse, in the CMS central tracker a
system of FEC, DOHM and CCUs is used. The main issue with tiligien is that it is highly
specialised for these applications and not easily adaptdtetFP420 requirements. Added to this
is the difficulty of finding the components. As an alternats@ution we suggest the following
setup, which allows remote monitoring of the load voltagee(Bgure90). The voltage at the load
is fed back to the location of the power source via pairs insdu@e cable as the power source.
We propose to put isolation resistors in series with theeseviees. As long as the ADCs at the
acquisition end have high impedance and low leakage andchiasnt, the average current and
thus the voltage drop across the sense resistors will bd.shi$ means that the average voltage
measured at the acquisition end will equal the averagegek the load.

Solution 1: supplies next to the cryostat. For this configuration we have one proposal from
CAEN and two (A and B) from Wiener; all solutions still needinements. The CAEN solution
envisages putting both the low- and the high-voltage sapph the tunnel; the Wiener solutions
foresee only the low-voltage supplies in the tunnel.

CAEN. The schematic layout is shown in figur@és-93.

The A3006 low-voltage supply is adjustable in the 4 to 16VMgeand may thus not be able
to cover all the way down to 3.3 V, necessary for QUARTIC andS3®F, without additional
modifications.
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Figure 90. Block diagram showing the principle of using a local raidiathard linear regulator. Here for a
positive voltage and the option of remote monitor of the lgaldage via isolation resistofRs.
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Figure 91. Solution with all supplies in the tunnel, adjacent to thgostat. “Station” indicates the FP420
cryostat and “Adj. Magn.” the magnets adjacent to the FP420stat.
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Figure 92. Block diagram of the CAEN setup.

Details of the degree of radiation tolerance of the CAEN nheslare given in158. Modules
A3009, A3486, A3540, A3801 have been tested to work up toslo$@bout 140-150 Gy. The
first three are radiation-certified for ATLAS. Module A3504dnever been tested, but its radiation
behaviour should be the same as that of A3540, which has bé@tion-certified for ATLAS.

The CAEN standard-module communication is not guaranteesiork over a 500 m cable.
The CAEN CAN bus is operated at 250 kbit/s. A speed of 250 «ihils been verified to work
over cable SCEM 04.21.52.140.4, without affecting signétgrity, but, due to the cable delay,
the timing requirements of the CAN bus arbitration protoa@ violated. Lowering the bit rate to
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Figure 93. Diagram of the solution suggested by CAEN. The number oketscassumed is 3 per cryostat.
Shown are also the system for temperature monitoring (AB86ad the supplies for QUARTIC/GASTOF
detectors (A3540 and A3006).

125 kbit/s would make the 500 m cable meet the specificatibsggnal integrity and arbitration
protocol. CAEN has offered, at an additional cost, to motlify modules such that they operate
at 125 kbit/s, but the modules will then become non-standadiwill no longer be exchangeable
with those used elsewhere at CERN.

In addition, the CAEN module A3501 is designed for 0400 V, whereas-120 V may be
necessary, as specified above. CAEN is able to modify the le®dti an additional cost.

WIENER.

Wiener, Solution A, MPOD LV next to cryostat, MPOD HV in counting room. Figures94—
95 show the schematic layout of the proposed system. Thisisojubased on Wiener MPOD
modules, has only the low-voltage part in the tunnel. Oneeaeach location will be needed for
the 3D supplies. The high voltage is supplied from MPOD meslih the counting room via a
500 m cable. No auxiliary power crate is needed in the turditégrent from the CAEN solution.
The MPOD modules have never been radiation tested. Acaptdithe company they are made in
a way which is likely to qualify them to the level we requiré.wiill however be necessary to test
the modules in both proton and gamma fields.

Wiener, Solution B, Maraton LV crates next to cryostat, MPOD HV in counting room. Fig-
ures96-97 show the schematic layout of the proposed system.

This solution has the low-voltage supplies housed in Widamaton crates in the tunnel next
to the cryostat. One crate will be needed per pocket. The Vighge is supplied over a 500 m
long cable by an MPOD module in the counting room. This sofutiequires a customization of
Wiener Maraton low-voltage modules in order to optimiseoitlbw currents. The monitoring of
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Figure 94. Overview of the Wiener Solution 1, with MPOD LV next to cryas MPOD HYV in the counting
room. “Station” indicates the FP420 cryostat and “Adj. Magime magnets adjacent to the FP420 cryostat.

“PP” is a patch panel.
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Figure 95. Wiener solution with LV supplies in the tunnel and HV supglin the counting room, delivering
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the bias via 500 m cables. The MPOD will require custed?0 V modules.

the Wiener Maraton is with individual twisted pairs from bathannel. The ADCs for this will
need to be in a radiation-free environment, i.e. in the dagnmbom. The length of the monitor and
control cable of 500 m is beyond the specification in the daget so this length of cable needs

further testing.
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Figure 96. Overview of the Wiener Solution 2, based on the Maraton rrestoext to the cryostat. “Station”

indicates the FP420 cryostat and “Adj. Magn.” the magnejacaaht to the FP420 cryostat. “PP” is a patch
panel.
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Figure 97. Low-voltage Wiener Maraton supplies in the tunnel. Higittage MPOD type supplies are
located in the counting room. The Wiener Maraton systemadified for the radiation environment expected
in the tunnel under the magnets near the FP420 cryostat.liikation shows the setup for either ATLAS
or CMS. “Station” indicates the FP420 cryostat.

The Wiener Maraton modules have been radiation qualifie®®Gy, and 8< 10'2 n/cn?.
Their good radiation tolerance is partly obtained by mouihg digital part of the control and
monitoring circuitry away from the radiation zone. Thisuks however in less flexibility compared
to the CAEN and the Wiener MPOD solutions. So in the Wienera#tar system the output voltage
and current limit cannot be adjusted from remote, and mangas via analogue differential wires.
One pair is required per measurement value (voltage anérdinresulting in a large amount of
monitor wires. The ADCs for this will need to be in a low-raiti@ environment, i.e. in the
counting room. For improved radiation tolerance, maingpsupC to DC conversion is also done
in the counting room.

The advantage of this solution is that it will fit the QUARTI&ASTOF requirements without
much modification. The disadvantages are the exposure i@ticadand difficult access for main-
tenance. In addition, the Wiener Maraton only allows thdage setting and current limits to be
adjusted manually using potentiometers on the moduleseMote tuning is possible.
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Figure 98. Low voltage in alcoves, rest in counting room using 200 mleslfirom alcove to cryostat.
“Station” indicates the FP420 cryostat and “Adj. Magn.” thagnets adjacent to the FP420 cryostat. “PP”
is a patch panel. “Reg” are linear regulators next to the.load
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Figure 99. Low-voltage Wiener Maraton supplies in the alcoves. Higltage MPOD supplies in the
counting room. The Wiener Maraton system is qualified foregkpected radiation environment within a
large margin. “Station” indicates cryostat.

Solution 2: low-voltage supplies in alcoves, high-voltagsupplies and temperature monitor
in counting room, local regulators at load. This solution (figure98-99) is based on the use
of Wiener Maraton low-voltage supplies placed in the alsoM@AEN also has radiation-tolerant
power supplies, which could be considered. The Wiener Maratodules are used for the TOTEM
Roman Pot detectors and are also placed in the alcoves.

This solution requires a customization of Wiener Maraton-lmltage modules in order to
optimise it for low currents. The length of the monitor cabfe800 m is beyond the specification
in the data sheet, so this length of cable also needs furtséng, as already discussed. A linear
voltage regulator is placed next to the front-end to endweevdltage stability at the load.

Solution 3: low- and high-voltage supplies and temperaturenonitor in counting room, local
regulators at load. This solution is illustrated in figur&00. The advantage is that the power
supplies are not exposed to radiation. This widens the nuofliqgower supply candidates signif-
icantly, lowers their cost and makes the system simpler tmtaia. The major drawback is the
cable cost and the need for local regulators.
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Figure 100. Low- and high-voltage supplies in counting room using 500y cables to a patch panel
with regulators next to the cryostat. “Station” indicatee FP420 cryostat and “Adj. Magn.” the magnets
adjacent to the FP420 cryostat. “PP” is a patch panel. “Regjtates linear regulators next to the load.

The low voltage needs to be regulated at the load as discessker. The absolute maximum
cable drop in the low-voltage long cables is 5.7 V. At thisitind LV cables per cryostat will be
necessary. Hardware tests will have to be done in order tordete if a voltage drop of 5.7 V is
tolerable.

9.4.8 Summary of solutions

Figure101summarises the solutions outlined in this section.

9.5 Readout and infrastructure at the host experiment
9.5.1 CMS and ATLAS specific issues

Readout installations at ATLAS and CMS necessarily difffer, will be based on the same parts,
which are essentially single-crate versions of the ATLAB®i readout. Refer to figure02 Fibre
connections from the tunnel arrive at optomodules fitted baek of crate BOC card. The BOC
provides timing adjustments and passes the data to the R@Devevent segments are combined
and DSPs can perform monitoring. Event data are passed bemkgh the BOC to an SLINK
transmitter and onward to the ATLAS standard ROS. Integnaitito CMS will require some mod-
ification of the ROD firmware so that the output format can lerjpreted as a CMS format event
stream. CMS experts describe this as “relatively strafghthrd”. DCS and DSS requirements
have not been studied, but again it is anticipated that tvls®llow the example of the existing
experiments.

9.5.2 Tracker readout and downstream data acquisition

The 3D silicon assemblies and their readout take advanthtee significant design investment
made by the ATLAS pixel groups. The bump-bonded detectarably mimics an ATLAS pixel
element and the downstream readout of FP420 can thereftaskd very closely on the equivalent
parts of the ATLAS pixel system. Each superlayer has indé@einconnections to a support card
situated within the support structure. LV and HV are sugbfi®m commercial units positioned
nearby, as described in secti®m. Fibre optic data links to and from the central detector @rea
terminate on the support cards. Each station has its owrbkick to a ROD card that drives each
arm of FP420. The ROD crates are easily integrated into thed&SIreadout. Integration into CMS
should require minimal work.
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Description of solution Cable | Module

Notes
LV HV cost cost

CAEN
Easy3000

CAEN 7K€ 180k€+ e Maintenance access,
Easy3000 10k€ radiation and SEU issues

Near
station

e Maintenance access,

Wiener radiation and SEU issues.

MPOD TBD 60k€ TBD e Need further radiation
tolerance qualifications

e Maintenance access issues

TBD 95k€ TBD e No voltage tuning from
remote.

e Maintenance access issues.
Need linear regulator.

e No voltage tuning from

TBD 100k€ TBD remote.

Radiation field is unclear.

e QUARTIC/GASTOF's +-

12V issues

e Lowest module cost.

¢ High cable cost.

e Need linear regulator.

® No voltage tuning from

TBD TBD 144k€ TBD remote.

e Little or no radiation or
access issue.

e QUARTIC/GASTOF's +-
12V issues

Near station

Wiener
Maraton

Wiener
Maraton

Alcove
Counting room
[ )

Counting room

Figure 101 Summary of cable and module cost for various solutions rogeooth ATLAS and CMS.
Custom modules with linear regulator are estimated to ctstah of 6 KEU. The cost of cable pulling and
connector mounting is not included. “TBD” means that no ipatar manufacturer stands out as the best
choice based on the investigations done so far. “QUARTICIGAF +-12V issues” refers to the problem
that the LHC4713/ LHC7913 regulators will not be suitablerggulate+12 V presumably required for
QUARTIC/GASTOF. Other solutions will have to be found foatlcase. “Station” indicates the FP420
cryostat.

9.6 Thermal design

9.6.1 Overview

Running detectors at -2CQ implies that if they are not shielded from the tunnel envinent they
will ice-up. In order to prevent this from happening it is cial to isolate these detectors from the
LHC tunnel environment. This can be achieved in various w&yse possibility is to use a foam
insulation surrounding the detectors, another is to purgenirogen gas within the detectors to
isolate them from the air in the tunnel. A third option is tckse the detector block within a box.
Then there are again two options, either purge the box witmidrogen or keep the detector box
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Figure 102 Layout of the readout and DAQ system.

under vacuum.

1. Foam insulation is not practical within the limited aaile space. It would render the detec-
tors themselves inaccessible (foam will have to be applediéen and around the detector
planes) and would not absolutely guarantee that no icingtake place at any point. This
method is considered to be cumbersome and potentially batmfthe detectors with no
guarantee it will work.

2. Purging dry nitrogen gas during operation is a viableampfrom an engineering point of
view. However purging nitrogen gas continuously into the@.kinnel is not allowed by
CERN.

3. Maintaining a water vapour free environment around thealers by enclosing them in a
box, filled with dry nitrogen is an option. It would howevermapromise the cooling of the
detectors themselves due to natural convection insidedkelbwould require more heat to
be pumped away compared to cooling the detectors in vaculinhwn itself is not directly
considered to be a show-stopper. There is however a pdtémtiaing-up of the enclosure
due to the internal convection, which could be solved byypglheaters to the outside of the
enclosure. The box would have to be gas tight, in order naak hitrogen into the tunnel.
The convection of the nitrogen gas will yield larger thermiadients over the detector plane
compared to vacuum and potentially cause an asymmetricetextype distribution that could
affect the measurements.

4. If the enclosure is kept under vacuum all drawbacks ofoop8 disappear. Maintaining
a vacuum around cold detectors is standard practice indatrigs and the technology re-
quired to maintain this vacuum is bulk-standard, off thefsHewill minimise the cooling
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requirements and it will minimise the thermal gradients.ilf&ning a gas-tight enclosure
around the detectors (option 3) has the same level of coltyplexa vacuum environment.

Option 1 is not considered to be viable and option 2 is notxadih Because of the advantages
attached to maintaining a vacuum around the cold deteatorspared to option 3, it was decided
to go for option 4.

9.6.2 Thermal requirements

The thermal requirements for the detectors are as follows;
e Lowest allowed operating temperature is®22
e Nominal operating temperature is 2D
e Highest allowed operating temperature is°Q8
e Required thermal stability during operation is better tAa8iC per 24 hours.
e The maximum allowed thermal gradient over an individuakdtdr (chip) is 0.8C.

o All detectors within a test setup will be operating withifQof each other. That is, the
temperature of the hottest detector at any given time is n@i@n 2C higher than that of
the coldest detector.

e The vacuum pipe, enclosing the LHC beam, will be &t@6- 5°C.

e The extreme temperatures to which the detectors will be seghavhen non operating will
be the ambient temperature in the LHC tunnel and that durargsport. These are expected
to be in the range of I@ to 40°C. FP420 will not be part of the overall beam line tube bake
out.

Figure 103 illustrates how heat will be transferred from the supergsato copper blocks in the
station support.

9.6.3 Heat loads

Heat is dissipated inside the tracker cell (mostly in the @8hderneath) and the control card.
Other than that, heat enters the detector block via theratition (enclosure is sitting at 3D)
and parasitic conductive heat loads via the harness andifipmgs. Analyses have been carried
out to size these heat loads. The results are listed in the184.

The dissipated heat loads are conservative estimates amlupar5% of all dissipated heat.
The parasitic heat loads are best estimates at the time tirigviis document. It would be prudent
to put a safety factor of 2 on these numbers to quantify theired cooling power. Therefore the
recommended cooling power for the cold sink should be b#itr 42 W. In the next sections the
temperature of the cold sink is determined.
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Figure 103 Front-end of a superlayer showing the cooling block areamgnt.

Unit W] [ Number #]1otal [W]_Type

ASIC/Tracker Cell 0.50 20 10.00 |Dissipated
Control Electronics 1.00 5 5.00 |Dissipated
Detector Support 0.02 6 0.10 |Parasitic
Harness 0.50 5 2.50 |Parasitic
Radiated Heat 2.25 1 2.25 |Parasitic
LHC fluence 1.00 1 1.00 |Beamline
[Total 20.85 |W

9.6.4 Heat flow

The heat flow/gradient is determined by the dissipated loegdther with the thermal resistance
between the source and the cold sink. The heat flow has beemgucschematically below in fig-
ure 105 When the overall heat flow is known, together with the thémesistance of the network,

Figure 104 The heat loads.

gradients and overall temperature differences can berdeted.

The CE7 (70/30 Si/Al) plane with two tracker cells has beealyaed in some detail. Simpli-
fied thermal models were used to assess the effective theondlictance between the edge and
the tracker cell. In figure405 and 106 the overall temperature distribution for an artificial load
(1 W, with boundary at @C) is given. The resulting thermal resistance towards thyeed 1/14.3

=0.07 W/K, which assumes heat sinks on either side of th&dradanes.
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Figure 105 Heat flow surrounding the tracker cells (local thermal roek.
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Figure 106. CE7 detector plane gradient (worst-case configuration).

Figure107 shows the gradient between the location of the tracker aalistwo cold sinks on
either side (represented by two holes). One has to assuneotithe whole edge of the CE7 plane
is available for a thermal load path (sink), hence this woeste approach. There are some obvious
improvements that can be made, but not many will yield a Siganit smaller gradient. The thermal
“choke” as it were is the limited thickness of the CE7 platsuaned here to be 300 microns.

Of interest to the sensors themselves is the gradient, ifCthe support. This gradient is
shown in figurel07.

The various thermal resistances between the actual traekeaind the cold plate next to the
detector block have been analysed and the results areilistiee table20.
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Figure 107. Gradient in the CE7 plane underneath the tracker celt).3

Conductive Path Heat (W] JWI/K delta-°C

Tracker Cell to CE/ plane 0.75 0.10 7.5]
CE7 plane across 1.50 0.07 21.4
Pressure contact between CE7 and copper shim 1.75 0.25 7.0
Bulk conductance copper shim (0.50 x 15 x 30 mm?) 1.75 1.02 1.7
Pressure contact between copper shim and copper block 1.75 0.25 7.0
Bulk conductance copper block 3.50 10.00 0.4
Pressure contact between block and busbar (cooling plate) 3.50 0.25 14.0
Cold Sink 3.50 0.55 6.4
Total Jump 65.4

Table 20. Heat flow for various conductive paths.

As can be seen from tabR9, the accumulated gradient between the tracker cell andalde c
sink is 65.4C. In order to gain some extra margin with respect to tempezathe recommended
cooler temperature (at the heat sink) is“G@0which gives 5C margin on top of the 100% margin
on the pumping capacity.

9.6.5 Cold sink

The cold sink as shown in the table above needs to sit &G-%nce the tracker cell operates
at -20C nominally with a gradient of 6% down to the cold sink (and°& extra margin). As
mentioned in the heat load section, the cold sink needs tarlal#? W (including a safety factor
of 2). This amount of heat and the gradient excludes the ugtelier cooling devices. Peltier
cooling devices are not practical when they need to bridgeignts exceeding 8C at sub-zero
temperatures. At these temperatures, Peltier devicesttmyagle pumping heat and they are not
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efficient at all k& 5%). Using Peltier coolers in stacks to bridge the gap betw@@ C (cold sink)
and +30C (ambient) with an efficiency of less than 5% would yield tleed to dump at least
10kW of heat into the LHC tunnel and we would still struggler¢ach the required temperatures.
The alternative would be to use some kind of fluid/vapour iogostage; however the environment
directly surrounding the beam line is extremely limitingotNnany cooling agents can survive the
extremely intense radiation environment.

Within CERN several cooling methods have been developeé. cbbling system developed
for the TOTEM project seems appropriate to cool the FP428utiets as it has been designed and is
acceptable for use in the LHC tunnel. It can reach the redquiodd-sink temperature with margin
and has sufficient cooling power. Other options we looked iatjuired cooling fluids with a heat
exchanger but none of the cooling fluids could be guarantebd tadiation hard. Due to symmetry
conditions and in order to have at least partial redundamd¢iye cooling system, it would be good
to operate two coolers in parallel per detector block. Eopelrestrictions or cost may however
exclude this option.

Conclusions. The cooling system should be able to run for 2 years next th.H@ beam line,
without servicing. It is strongly recommended to operatettacker cells in vacuum. The required
cooling for operation in vacuum is specified as follows: 42 Wnping power at -90C. There are
significant thermal gradients predicted across the CE7epdaa underneath the tracker cell.

Recommendations. Maintain a symmetrical cooling system, following the syntmén each de-
tector plane. It will minimise gradients and provide redamncly. A cooling system by CERN as
for the TOTEM detector is recommended. The selected coaljystem needs to be subjected to
significant radiation levels during sub-system testing rigppration for the final design to prove
performance and stability. When the tracker cell design taedflexible links have matured, to-
gether with the overall geometry, the analysis needs tofated at a slightly more detailed level.
If gradients between the different super planes have to bénised it would be prudent to intro-
duce “dummy” planes at either end of the stack, sitting asdrae temperature as the other planes.
The extra planes would provide for a more uniform thermalatige background.

9.7 Performance of the tracking system

The performance of the tracker has been evaluated usingpdesivionte Carlo program and also by
a full GEANT4 simulation. In the GEANT 4 simulation, the eggrdeposits within the sensitive
detector volumes are translated into elementary chargédhair collection on the electrodes is
simulated. Capacitative coupling between closely plateahoels as well as noise contribution are
taken into account. The signal collected channel by chasmelrrected by a gain factor, converted
into an integer number and fed into a cluster-finding alamit if above a threshold. Clusters
typically (~90% of the cases) include just one channel. The efficiencyntbdt least one cluster
per plane is 99.7%. A resolution on the simulated hit pasittose to 10m has been measured
for each plane. A track finding/fit algorithm based ox?dit loops over the available clusters.

One feature of forward tracking that does not occur in céitaakers is that the tracks have a
very small angle. This means that hits in each tracking layeihighly correlated and one does not
improve the resolution by /N, where N is the number of layers. To improve matters, alterna
layers will need to be shifted by half a pixel width to imprdwe tracking precision.
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Figure 108 Angular resolution for a tracker consisting of two statieeparated by 8 metres. Each layer has
a detector with a pitch of 50 microns. The curves from top ttidso are: aligned tracking layers, alternate
layers shifted by 25 microns, theoretical best result, aotiple scattering contribution. The design goal is
oneprad.

This is shown using a simple Monte Carlo model in figli@8. The multiple scattering angle
is roughly 2prad x /thicknesgXg) per layer at 7 TeV. If each layer corresponds to about 1%
of a radiation length, then one has a multiple scatteringritmriion of 0.2urad per layer. For
the materials in this model tracker, roughly 0.2% of the @nstwill interact per layer. Figur&08
shows calculations for a tracker consisting of N planes tagios, with two stations placed 8 metres
apart. The spatial precision per layer is 50 microns/ sgjtél14 micron. Shifting alternate layers
by 25 micron significantly improves the tracking performandvultiple scattering degrades the
tracking resolution if the number of planes per station ¢seéased beyond ten layers. However, ten
layers will give the design figure of ongad.

In a full GEANT4 simulation, different layouts of the detecstations with different numbers
of planes were simulated and their impact in terms of seagridteractions of 7 TeV protons was
assessed. Moreover, the impact of a midd[@)(8tation was evaluated.

The secondary interaction rate (Multiple Interaction, driMthe figures) was evaluated as
the fraction of proton tracks which have an inelastic intdom anywhere along the spectrometer
before the last plane of the last station. It was found thdt inm of stainless steel, ceramic, and
silicon the secondary interaction rates are 1%, 0.5% arfb Ordspectively. Figur&09shows the
rate of secondary interactions as a function of the numbetarfes per station for a three-station
layout. Contributions to the 20% rate resulting after thedthtation come mainly~15%) from the
1 mm ceramic support structure of the silicon detectorseNtwit this is much larger than the model
tracker discussed above. The GEANTA4 results led us to cenSi@7, a 70%/30% Si-Al compound
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Figure 109. Percentage of secondary interactions (Ml) as a functioth@mnumber of planes and track-
ing stations. A revised design improves the performance e-twlo-station tracker has a 6.8% secondary
interaction rate. See text.

support as an alternative. The contribution of a pB0Ostainless steel window, one for each station,
turned out to be negligible. Consequently a more reliabtesgary interaction estimate, based on
an analysis of hits in the detector using realistic materaild a three-station layout is 10.1%. For
a two-station layout, this drops to 6.8%. It should be noted if an interaction takes place in the
third station some tracks can nevertheless be well reagistt with ax>/NDF less than 1.5. With
this cut, the contamination of events with secondary imtéwas in the signal sample is negligible
— around 0.5%. Losses of events are comparable to the sagantiaction rates, and are 10.4%
and 7.1% for the three- and two-station layouts respegtivel

An estimate of the multiple scattering for the two- and tks&gion layouts is shown in fig-
ure 110. Figures111and112show thex?/NDF and angular resolution for the two-station (0.85
prad) and three-station (0.Qtad) layouts. These are both within the design specificatiamally,
the efficiency of two-track reconstruction has been founde®6% and 80% respectively for the
two- and three-station layouts.
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Figure 111 Track x2/NDF (top) and angular resolution (bottom) for a two-staticacker. The angular
resolution is 0.8%irad if thex?/NDF is selected to be less than 1.5.
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Figure 112 Trackx?NDF (top) and angular resolution (bottom) for a threeigtatracker. The angular
resolution is 0.9%urad if thex?/NDF is selected to be less than 1.5.
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Figure 113 A schematic diagram of overlap backgrounds to centralusked production: (a) [p][X][p]:
three interactions, one with a central system, and two wpihosite direction single diffractive protons (b)
[pp]I[X]: two interactions, one with a central system, and gecond with two opposite direction protons (c)
[pP][pX]: two interactions, one with a central system and atpn, the second with a proton in the opposite
direction.

10 Fast Timing Detectors

10.1 Overlap background and kinematic constraints

The FP420 detectors must be capable of operating at the LBiGrdeminosityL ~ 10>* cm—2s71

in order to be sensitive to femtobarn-level cross sectinrike central exclusive channel [pXp]. At
these luminosities overlap background from two singleadtive events superimposed with a cen-
tral hard scatter ([p][X][p]), as shown in figurkl3a), becomes a significant concern, especially
in dijet final states. The 2-fold overlap coincidence baokigds, shown in figur&13b) and (c),
also must be considered, however; as they scale oAtimstead ofL3 they are less of a concern in
the high luminosity limit. Fortunately, there are a numbgteghniques we can employ to reduce
this overlap background. It can be substantially reduceteahigh level trigger stage, or offline,
by employing kinematic constraints. These factors, disedsin detail in the physics overlap
discussion (sectioB), include consistency between the central system and titer in rapidity
and mass, and also use the fact that the number of particlestessociated with the event vertex is
much smaller for exclusive than generic collisions. Evearahe significant background rejection
afforded by these constraints, overlap backgrounds alteegpected to dominate the signals
without the additional rejection provided by precisionitignof the protons, as detailed below.

10.2 Timing

High precision time of flight (ToF) detectors at 420 m can bedu® obtain a large reduction in
overlap (or pile-up) backgroundg][ We need only measure thelative arrival time of the two
protons At =t, —tg. Under the assumption that they originate from the sametgilez-position
of that event can be calculatedzg = At x c. The uncertainty oy, is 8zpp = %&, wheredt is
the (r.m.s.) time resolution of the proton measurement.ekample 6t = 10 ps impliez,, = 2.1
mm. We then require a match betwegp and the vertex position from the central detect@siey,
which is known with extremely good precisior 60 um) [160].

In the case of the overlap backgrounds, the protons do ngihate from the same event as
the hard scatter and so the vertex reconstructed from tfrflegbt information will, in general,
not match the vertex observed in the central detector, winigilies that a large rejection factor
can be obtained. This rejection factor depends on four petens] the timing resolutiont, the
spread in interaction points,, the vertex window size (i.e. the degree to which the vestiame
required to match) and the luminosity. As the luminosityr@ases, the probability of there being
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more than one proton in an arm of FP420 increases. If any afithsequent timing measurements
results in a vertex that coincides with the central vertegntthese protons would be chosen as
the ‘correct’ protons. Hence the rejection factor degraglightly with increasing luminosity. The
vertex window size is a trade-off between high signal efficieand high background rejection.
Clearly a smaller vertex window results in a higher backgrbrejection but will also lead to more
signal events failing the vertex matching requirement. @am choices are that the vertices must
coincide to within 1, 1.5 or 28z,,, which corresponds to a signal efficiency of 68%, 87% and
95% respectively. Finally, the rejection factor incread¢be spread in vertices increases and is
also approximately linear witbt.

The prototype detectors described below have a timing uenl of &t < 20 ps. As the lu-
minosity grows, better timing resolution is required. Weisage a program of detector upgrades
to match this requirement, eventually attaining resohgiemaller than 10 ps, as discussed in sec-
tion 10.9 The relatively small and inexpensive precision ToF deisctiiscussed here make this
approach viable.

We have calculated the background rejection for the threglay cases shown in figufel 3
(@) [pIPIX] (b) [pPI[X] and (c) [pX][p]. For example, ifdt = 20 ps 6zyp = 4.2 mm) and the
spread in interaction points @& ~ 50 mm [L60, we obtain a rejection factor of 21 for the first two
cases and 15 for the third if the vertex measurement fronoprtne-of-flight is required to fall
within £4.2 mm (£1 x dzpp) of the vertex measured by the central detector. Case (ajndoes
at high luminosity and consequently for = 10 ps, we would be able to obtain a rejection factor
of greater than 40 (for &1 x dzpp, vertex window), enabling FP420 to effectively cope with the
large overlap backgrounds at the design luminosity. Na& tie rejection factors presented in
table8 in section3.3are smaller than those presented here due to a larger vertdrw/ (+20z,),
which maximises the signal efficiency, and also a narrowezegpin interaction points of 44.5 mm.
This pessimistic vertex distribution is based on a largesgirg angle scenario and results in a
reduced background suppression power using the ToF detedtor the nominal crossing angle
of 250 prad, the vertex spread exceeds 5 cm, and in addition, thecegpgrowth ino, would
result in an improved rejection. The final choice of vertexadw will be optimised based on the
analysis goals and instantaneous luminosity. For examapliéscovery measurement would likely
maximize signal to background, while a measurement of a’stptoperties, might demand very
low background at the expense of signal efficiency.

In addition to detector performance, there are other fadtwat could impact the overall tim-
ing precision. If the path length of protons detected in FP42re to vary significantly, this could
degrade the vertex measurement accuracy. We have detdrthizieeven for the largest energy
loss for protons in our acceptance compared to the beamngratioe path difference amounts to
less than 3Qum, corresponding to a 100 fs time difference (an even smeiiect is expected from
proton velocity differences). A second concern is that aipeemeasurement of the arrival time dif-
ference between deflected protons in the ToF detectorsrescpireference timing signal at each de-
tector with a, —trjitter that is small enough not to contribute significantijttie overall time reso-
lution. The large ToF detector separation of about 850 m mtiie a challenging requirement. Our
reference timing system, designed to yield an r.m.s. jitteq r ~ 5 ps, is described in sectid®.7.

The absolute calibration of the ToF detectarsoordinate measurement will be determined
and monitored with double pomeron exchange (DPE) physiestsvo correlate the vertex position
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measured with the central trackers with the vertex meadwydbe FP420 timing detectors. Since
it is not possible to trigger on the protons at Level-1, ithlwé necessary to add a double pomeron
filter at the High-Level-Trigger to the highest cross sattiandidate DPE processes that pass the
Level-1 trigger, dijets and dileptons, for example, to seln adequate sample of events. Given
the high cross section for DPE dijets (1.2 nb Er > 50 GeV, see tabl@), it will be possible to
collect hundreds of such events per hour.

10.3 Timing detectors

For quite a while the standard for time of flight detectors b@sn in the 100 ps range. Recently,
there has been an explosion of interest in fast timing foriocakgurposes in addition to high
energy physics detectors, and the idea of a detector wittv gp$eresolution is no longer consid-
ered unreasonabld §1]. The ALICE collaboration has developed a time of flight systthat has
achieved a time resolution of about 20 4§7%. A time resolution ofo = 6.2 ps (witho ~ 30 ps
for a single photoelectron) was recently achieved by a gfoup Nagoya 163 utilizing prompt
Cerenkov radiation. A beam of 3 GeV/c pions was passed thrauguartz radiator in line with
a micro-channel plate photomultiplier tube (MCP-PMT). MM Ts consist of a quartz faceplate
and a photocathode followed by two back-to-back chevronamochannel plates read out by a
single anode or multi-anode pads. They are compact (onlytab@m in depth) and provide a
gain of about 1®for a typical operating voltage of 2.5 to 3.0 kV. Our requiests of an edgeless
detector to measure particles within several mm of the beambmed with the very high beam
energy renders the Nagoya geometry unusable, but altetatgetor concepts described below are
likely to be capable of 10 ps or better resolution.

Three main factors affect the time resolution@drenkov detectors: (1) the spread in arrival
time of photons at the photocathode, (2) the time resolutioine MCP-PMT, dominated by the
transit time spread (TTS) of the electrons from emissiomatghotocathode to arrival at the an-
odes, and (3) the downstream electronics, including sidisgersion in cables. The first factor
is minimised usingCerenkov light and optimised geometrical designs. The MRGFPFs we are
considering have a small TTS, about 30 ps for a single phettein, or better, leading to a resolu-
tion of 30 ps{/Mpe. The major manufacturers of MCP-PMTs are Hamamel§d][ Photek 165,
and Photonis]66. Hamamatsu and Photek have concentrated on single chiares typically
of small active area (11 mm diameter), for which the TTS mapbow as approximately 15 ps.
Photonis’ tubes are larger (48 mm48 mm) and include a 64 pixel version that is well matched to
one of our detector concepts.

We are developing two types of ToF counters for FP420, GASTG&s Time Of Flight)
and QUARTIC (QUARtz TImingf:erenkov). Prototypes of both types of detector have be#in bu
and tested.

A schematic diagram of the GASTOF detector developed at UGvdio is shown in fig-
ure 114. It has a gas radiator at 1.1-1.4 bar in a rectangular box-e8@@m length, with a very
thin wall adjacent to a specially designed flat pocket in tlzendurg beam pipe (sectiaf). The
protons are all essentially parallel to the axis. A thiri 4bncave mirror at the back reflects the
light to a MCP-PMT. The gas used in the tests, and which weqe®po use in FP420, iss€0,
which is non-toxic and non-flammable, and has a refractidexm = 1.0014 between 200 nm and
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Figure 114 Schematic of GASTOF, a gas-basédrenkov counter proposed by Louvain-la-Neuve, as
described in the text.

650 nm, giving eCerenkov anglef{ = 1) of about 3.0. C4Fygis used in the RICH1 detector of the
LHCb experiment.

The in-line material in a GASTOF (thin windows, mirror andsés minimal and does not
cause significant multiple scattering. It can therefore laeqd before the final tracking detectors.
The GASTOF is intrinsically radiation hard, the only sersitelement being the MCP-PMT. Life-
time tests on gain, transit time spread, and quantum eftigiender laser light irradiation were
carried out on Hamamatsu and Budker Institute tubes by thgoyéagroup 167]. At 2.8x10
photons/crm some gain decrease occurred, recoverable by increasingMtmut the TTS was not
affected. However, a significant deterioration of the pbatbode quantum efficiency (QE) was
observed. Such an effect could be remedied by increasingatheressure and thus the number of
Cerenkov photons — for a 30 cm GASTOF and the nominal QE, trenmember of photoelec-
trons can well exceed 10.

The QUARTIC detector, which utilises fused silica (artdilogjuartz) bars as radiators, is being
developed by the University of Alberta, Fermilab, and theiviarsity of Texas, Arlington and
Louvain-la-Neuve groups. FigurEl5a) shows the concept: a proton passing through the silica
bars radiates photons which are measured by the MCP-PMiltdZid5b) shows the 4x 8 array
of bars with a 6 mmx 6 mm cross section and length ranging from about 110 mm foifirtebar
hit by the proton to 70 mm for the last, and will be flush with eface of the MCP-PMT. The
bars are oriented at the averaQerenkov angle. ~ 48, which serves to minimise the number
of reflections as the light propagates to the MCP-PMT. FidLir&c) shows a third generation
single-row prototype used in the June 2008 CERN test beam fifal four-row version will have
a very thin wall adjacent to the beam pipe, matching the dezalaf the silicon detectors, to ensure
full acceptance for all measured tracks. It will also usertstapered aluminised air light guides to
channel the light into the respective pixels of the MCP-PMT.

Since the GASTOF and QUARTIC detectors have complemengatyifes as discussed below,
we are proposing to use both: one GASTOF detector will betéatan its own beam pipe pocket
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Figure 115 Conceptual drawings of a QUARTIC detector, (a) showingptteon passing through eight bars
of one row inx providing eight measurements of the proton time (b) shouhiegtx 8 layout of QUARTIC
bars (c) A photograph of the prototype detector used in the 2008 CERN test beam.

after the first silicon detector pocket and two QUARTIC da&iex will be located in their own
pocket after the final silicon tracking detector, to mitgy#tte impact of multiple scattering.

10.4 Detector simulations

Ray tracing and GEANT4 simulations of the propagation, giitgm, reflection, and arrival time (at
the MCP-PMT face) o€erenkov photons have been performed using the GASTOF a#dRDIC
detector designs. These simulations provide an importdribaur understanding of the proposed
detectors.

Figurell6(a) shows GEANT simulation results for the distribution afval time of photons
atthe MCP-PMT face for a 30 cm long GASTOF. Due to GASTOF #mjsied geometry and small
Cerenkov angle all the photons arrive within a few picosespironsequently the time resolution
is dominated by transit time jitter in the MCP-PMT and theseduent electronics.

Figure116b) shows simulation results for the distribution of arfittene of photons for a 90
mm long QUARTIC bar. For the QUARTIC bar the bulk of the phdémtrons arrive within 40 ps,
and there is a long tail to much larger times. The width of thakpis due to the time dispersion
from the wavelength dependence of the index of refractiosilina, while the long tail is due
to photons emitted at different azimuthal angles, whiclidet a variable path length. Both the
GASTOF and the QUARTIC simulations show an expected yidkel afuantum efficiency of about
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Figure 116 Simulated time of arrival oferenkov photons at the MCP-PMT photocathode for (a) GASTOF
(b) QUARTIC.

10 photoelectrons. Although the time spread for a QUARTIGdeuch larger than the GASTOF,
the philosophy of the QUARTIC detector is to compensate lierihferior resolution of a single
channel by performing multiple measurements. A protonetrses eight bars in each of the two
QUARTIC detectors, giving 16 measurements with up to a d-fisiprovement in resolution over
that of a single bar. The QUARTIC detector also lesegmentation that will be useful to time
multiple protons in the same bunch crossing.

Ideas for combining the advantages of the two detectorseol i segmented detector with
superior resolution for 2012 are being pursued and are sigclin sectiod0.9

10.5 Performance in test-beam measurements

Test beam measurements over the last few years have vdlitieteletector concepts. Two of the
test beam runs, March 2007 at Fermilab and June 2008 at CERNpaeticularly successful and
some of the results are reported here.

In the March 2007 test-beam we used a 120 GeV proton beamt twe&SASTOFs, G1 and
G2, and several 15 mm long QUARTIC bars. G1 was an initialgiypie which ganged together
four central channels of the (88 array of 6 mmx 6 mm pixels) Burle 85011-501 MCP-PMT
with 25 um pores. G2 was a second-generation prototype using an 1lianmettr single channel
Hamamatsu R3809U-50 MCP-PMT withuén pores. The QUARTIC detector used a Burle 85011-
501 with 10pm pores. The signal for the MCP-PMT’s was amplified using a @mplifier, passed
through a constant fraction discriminator (CFD), and reatily a Phillips 7186 TDC. Several
types of amplifiers were tested: ORTEC 9306, Phillips BGAZ Hamamatsu C5594, and Mini-
Circuits ZX60-14012L. Several different CFD’s were alsedisORTEC 934, ORTEC 9307, and a
Louvain-made CFD circuit (LCFD). We used a CAMAC-based datquisition system triggered
by scintillator tiles located on either end of the detecttup. Multiwire proportional chambers
provided track position information.

While the data-acquisition system provided a wealth of ddtaving us to compare the per-
formance of the different components and multiple channkeé&smost useful results for evaluating
the detector performance were derived from an analysis wéfwams recorded from four channels
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Figure 117. The time difference between the first (G1) and second ggarr@G2) GASTOF prototype
detectors from the March 2007 test beam.

(G1, G2, Q1 and Q4) using a Tektronix DPO70404 4 GHz digitellloscope. Offline we applied
fixed threshold discrimination and constant fraction dimgration algorithms.

Figure117 shows the time difference between the two GASTOF detectatis, ot (G1 — G2)
= 35+1 ps (r.m.s.). If the two detectors were identical this woinhghly a 25 ps resolution for
each. The G2 detector is superior to G1, however, due to aroirag design resulting in a larger
number of photoelectrons, and the use of thgn® pore Hamamatsu MCP-PMT resulting in a
reduced transit time jitter. From the time differences st all pairs of channels we infer the
individual resolutions obtainindt(G1) = 32 ps andt(G2) = 13 ps. The G2 detector is expected to
be superior due to a better mirror and a faster MCP-PMT. Wdlirigl the resolutions of QUARTIC
bars, we finddt =~ 60 ps for the 15 mm long bars. The G1 efficiency was measured abbut
~ 98%, while the G2 and QUARTIC bar efficiencies were measusduktabout 80%, but due to
limited statistics and concerns about the tracking aligminee repeated these measurements in
the subsequent June 2008 test beam.

The June 2008 test beam at CERN used a beam of 180 GeV pionthevdhme GASTOF de-
tectors as the Fermilab test beam, but a new QUARTIC progotiyat had 90 mm long bars. Mini-
Circuit amplifiers were used, with and without the LCFD. LeZ7300 and 8620 oscilloscopes, 3
and 6 GHz respectively, were used in segmented memory modiedaata acquisition. Prelimi-
nary measurements of the oscilloscope data confirm that2resslution is 13 to 15 ps. A silicon
strip tracking system with 50m pitch was used to provide tracking information. The trigfye
the silicon telescope was used also to trigger the oscifmss for some portion of the data, allow-
ing synchronization of the tracking readout with the ossitlopes. The tracking allowed a detailed
study of the efficiency as a function of position, yieldingefficiency measurement of about 90%
near the edge of the GASTOF detector rising over a few mm to &Wte center of the detector.

During this test beam, signals from several of the long QUARBars were passed through
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Figure 118 The time difference between two 90 mm long QUARTIC bars a&ideed in text.

the LCFD, and the resulting NIM pulses were recorded withLth€roy 8620a oscilloscope. Fig-
ure118shows the time difference between two of the long QUARTIGpaiith ot (Q1 — Q2) = 56

ps (r.m.s.). Thisimplies a QUARTIC bar resolution of 40 pduing the LCFD. Measurements of
the LCFD resolution alone give about 25 ps, implying an in#ic bar resolution of 30 ps. Prelim-
inary studies show a uniform efficiency of near 90% acrosbénelt is likely possible to increase
the efficiency, by lowering the threshold of the constanttfcan discriminator, and such studies are
in progress using the raw waveforms. Given a 90% efficiencyvaald expect about 14 measure-
ments per event for two 8-bar QUARTIC detectors, implyingoaarall resolution of about 11 ps
for the QUARTIC detectors alone, including the effect of ag@0TDC!* This /N dependence
must still be demonstrated using a full detector row withfthal detector and TDC system.

The single-channel GASTOF detector has an intrinsic detd¢CP-PMT resolution on the
order of 10 ps, so requires a different electronics strateggaintain this superior resolution. As
discussed in the next section, we envisage using a singlpliounter with fast oscilloscope
technology to maintain an overall timing resolution of 15gushetter, even without further im-
provements, such as offline corrections to position of thekis through the detector (which will be
known too(X,y) ~ 5 pm).

10.6 Electronics and data acquisition

The fast readout electronics must provide a timing resmiutiompatible with the baseline design

of the ToF detectors. The Alberta and Louvain groups havensite experience in this area and are
responsible for the design and prototyping of the readadteinics. Both groups have developed
fast amplifier boards and CFD boards for use in the beam téstiependent tests with a fast

laser have verified that the performance of these boardsnpable to commercial units, but the

custom boards have the advantages of being much more coarghltess expensive.

1Recent beam tests at Fermilab (June 2009) demonstétipe: 18 ps for a 2-bar, 2 MCP-PMT QUARTIC detector.

-132 -



The largest single contribution to the timing resolutiorour first test-beam run in Summer
2006 was the ORTEC 934 constant fraction discriminator.tReMarch 2007 test-beam run, we
employed the LCFD board described above. This new unit waigjaled to work with rise times
as short as 150 ps, and to be insensitive to the non-lineamitysaturation of the amplifier. Based
on test beam results, this unit meets the needs of the QUAR&tE:tor.

The Alberta board consists of an integrated amplifier and G#Bviding an alternative ap-
proach to the separate amplifiers and CFD’s developed at U@din. The amplifier uses the
Phillips BGA2717 chip, while the CFD is based on one deveaiopg Alberta for the GlueX Ex-
periment. It has also recently been adopted by the ATLAS LIU@dtector. The circuit has been
upgraded to use the most recent comparators and logic. testsrat SLAC gave a preliminary
measured resolution of 19 ps for the Alberta CFD (ACFD) board

For beam tests we used the Phillips 7186 25 ps least-bit TOLCfast oscilloscopes to
measure the time of flight. The final readout for QUARTIC willeuthe HPTDC (High Precision
Time to Digital Converter) chip which forms the basis of th&EN V1290A TDC VME board and
is employed in the ALICE ToF detector readout system. Intamidithe HPTDC chip is radiation
hard and has been designed for use at the LHC, including a 4@ blétk and appropriate
buffering. We have tested the HPTDC chips using CAEN 1290 \W\dBrds. The Alberta group
has designed a custom readout system, comprised of ACFDRMm®#H boards, that will interface
with the ATLAS ROD readout system. We plan to test a vertitiaksf the FP420 readout chain
in a 2009 test beam.

We are also exploring other TDC options for when the TDC gennce becomes a limiting
factor. The development of a sub-10 ps TDC now seems to béymsand is somewhat simplified
by the limited dynamic range ef 500 ps required for our application. New ideas such as sagpli
the waveform to replace the CFD/TDC functionality are alsmg pursued61].

The amplifier/CFD combination ideally would be located elds the detector to minimise
time dispersion in the cables. We are exploring the podsiluif locating this front-end electronics
in a shielded compartment at the base of the cryostat supportected to the detector via SMA
18 GHz cable. The length of the cable run to the TDC is notaaiitiso a mini-VME crate can
be located nearby in a shielded area. If the radiation hasdokthe CFD comparator becomes an
issue, we may use the Louvain amplifier solution near thectatevith a longer cable run to the
Louvain CFD, which would be located near the TDC. We will b&titey these options and effects
of radiation in 2009. Low-voltage and high-voltage powegpsies are standard units (described in
section12) and will follow the same specifications as the silicon dietepower supplies.

For the GASTOF detectors, a single photon counter, such sB&lectronics SPC-134, can
be used to replace the amplifier, CFD and TDC. This device hiasigg resolution of 5 ps r.m.s.,
but is expensive ($10K per channel), making it impracticalise with the 32-channel QUARTIC
detectors.

10.7 Reference time system

A reference time signal without significant jitter and skesiveen the East (E) and West (W) ToF
detectors is an essential component of the ToF system. Tddeofthe design is to deliver a pair
of synchronized trigger pulses to the East and West ToF weseavhich are physically separated
by 420+420 meters, to a timing accuracy~ab ps rms. This design uses long lengths of optical
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fibers to deliver pairs of low timing jitter trigger pulseshioth ToF detectors. To minimize modal
and group velocity dispersions, single-mode communinatiptical fibers and reliable industrial
10-Gbhit Ethernet optical backbone components operatitigeavavelength of 1.m are used.

We rely on the high stability master bunch clock at CERN taw#eour reference timing
system. This master bunch clock is frequency divided by @thfthe 400 MHz superconducting
RF cavity frequency. The divider is synchronized to the hatvon frequency. The delay between
the edge of the master bunch clock and the passage of a bufiadisrom beam run to run. This
master bunch clock is a stable constant frequency square &ta0.078879 MHz with a stability
of 50 ppm corresponding to 1.25 ps phase variation. Althabghencoded bunch clock signal is
broadcast by the Timing Trigger and Control (TTC) transengtaround the CERN complex via
single mode fibers (1.3{im) to various LHC instrumentation and experiment areas, itormize
the added timing jitter and skew we design our reference Sgstem starting at the stabilized
40.078879 MHz reference electrical square pulse.

A block diagram depicting the various elements of this systeshown in figurel19. A stable
signal pulse is derived from the 40.078879 MHz bunch clodkioied by the LHC TTC syster?.
This RF signal is received by a programmable TTC receiver @ngrovide programmable
post-skewing or de-skewing of the clock period in steps of @#8. Because the coincident RF
trigger pulse arrives~700 ns later than the proton-proton interaction, the pkestig feature
allows the triggers for the ToF detectors to be associatéiltwé corresponding bunch crossings.

A time drift between both arms is expected to be dominatedbiranmental effects, primar-
ily caused by the long length of 420 meter single-mode filBesed on the thermal optical coeffi-
cient @n/dT) of ~1.28x10~°/°C and the thermal expansion coefficietit/(dT) of ~5.5x 10-°/°C
for typical communication optical fibers, a total time dift~20 ps?C is anticipated for a-420
meter long single-mode fiber. Hence, all fibers and optoaeitts need to be housed in a temper-
ature stabilized environment.

This 40 MHz electrical pulse is converted to Ju® optical pulse through an E/O converter.
This E/O converter can be a 18n single-mode Vertical cavity surface emitting laser (Mgse
based optical front end driver for the 10 Gbit/s (IEEE 802.8&ndard) Ethernet transceiver which
has a low timing jitter of 10 ps peak-to-peak (such as FiniSErX1411D3). A typical 10-Gbit/s
return-to-zero optical pulse has a width~0100 ps with a rise-time o0f20 ps and a peak optical
power of 2 mW containing-10° photons/pulse. The optical pulse is then split to two repiica
non-polarization single-mode<2 splitter and sent along each of thkd20 meter long single-mode
fibers to both East and West ToF detector stations. At eaclfaheé optical fiber, the light pulse is
further split to two, one to trigger the stop of the Time-tagifal Converter (TDC), while the other
is fiber butt-coupled to a Faraday mirror and retro-refledtadk to the source point through the
2x 2 splitter. The returned pulse typically containd0® photons/pulse and is fiber-coupled to an
optical correlator or an optical oscilloscope. At the inpatl of the optical correlator an amplified
fast photodiode or a single-photon detector convert thécappulses and are displayed on an
electronic sampling oscilloscope with a time resolutior<éfps. Alternatively, a 500 GHz optical
sampling oscilloscope (Alnair Labs Eye-Checker) can bel wgeich has temporal resolution of
<2 ps and a timing jitter 0&0.1 ps. The time different between the rising edges of thepmses

15We thank S.Baron and Jan Troska for information and desigk.wo
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Figure 119 A schematic of the reference time system. Componentsddhal black are expected to
come from CERN TTC system, components labeled in blue arridsd with the ToF detectors, and the
components in red (highlighted in the yellow box) are theagbtomponents related to the reference timing
system.

Otret retro-reflected from both arms is used as a feedback sigrdtivie a free-space delay scan
stage deployed on one arm (West) of thé20 meter long optical path. The error signal frota+

is automatically adjusted to less thard ps rms (1.5 mm free space) for every bunch crossing.
Prior to trigger the TDC, an Optical Constant Fraction Disdnator (OCFD), such as OFC-401, is
used to suppress the electronic trigger delay shifts dugtioad signal pulse amplitude variation.
With this reference timing system, the two path of the triggelse for the ToF detectors can be
synchronized to an absolute time difference<® ps rms. It is worth to note that this optical
reference timing system is used to compensate mostly the eshwironmental drift on the two
arms of the trigger system.

10.8 Central detector timing

To this point, we have been focussing on relative timing effthrward protons to provide a vertex
position measurement for comparison with the position ef ¢bntral vertex. In ref.16§ the
space-time distribution of the luminosity profile for desigeam parameters was calculated, and
it was found that the position and time distributions of tlegtex factorise. This implies that an
absolute timing of the central detector portion of the eemb 60 GeVb-quark jets, for example)
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to significantly better thar- 100 ps would in principle provide a further overlap reduatfactor
for [p][X][p] events discussed earlier.

From test-beam results the ATLAS Electromagnetic Calomm@CAL) was found to have a
noise term of 500 ps/E(GeV) and a constant term of 70 ps. &ingibt-beam results were obtained
by the CMS ECAL. Reductions in the clock jitter could resulta smaller constant term during
standard data taking. We have begun simulations to detemwtiat central detector time resolution
is possible for ATLAS and CMS. A 70 ps event resolution alseaauld provide an additional
factor of two in overlap rejection, and if it is eventuallygsible to reduce this to 10 ps this factor
grows to 12.

10.9 Timing summary and future plans

We are in the process of developing an ultra-fast TOF dategtstem which will have a key role
in the FP420 project by helping to reject overlap backgrotivad can fake our signal. Tests of
the current prototype detector design imply an initial deteresolution ot < 20 ps, including
the full electronics chain, with an upgrade path to resohdibetter than 10 ps matching the need
for improved rejection as the luminosity increases. Formaitosity of £ ~ 210°3 cm2s7%, a
30 ps detector would be sufficient to keep the overlap backgtao the level of other backgrounds
for the dijet channels, and render it negligible for otheaffistates. For. ~ 510°3 cm2s71, a
10 ps detector (still with loose vertex cuts to maximise algfficiency) would be desirable to keep
overlap backgrounds totally under control, without anyslossignal efficiency. For ~ 710%—
10** cm~2s 1 to the design luminosity, we would control the backgroundipgeveloping timing
detectors in the 5 ps range, or (ii) adding extra rejectiomfcentral timing, or (iii) tightening the
vertex window or other background cuts (a factor of severakjection is possible with a modest
loss of efficiency), or more likely a combination of all of tabove.

In addition to further analysis and beam tests to fully exduthe current prototypes, we
are continuing a program of simulation, development antngf the detector concepts and
electronics to provide a fully optimised robust timing g@a. The simplest approach to achieving
faster timing is in upgrades to the existing detectors. Haurpptimisation is possible through
advances in MCP-PMT technology. The transit time spreachefMICP-PMT dominates the
GASTOF resolution, so a pore size ofugn (offered by Photek) would already be expected to
yield a time resolution better than 10 ps. For the QUARTI(dlr a next generation MCP-PMT
with smaller pixel sizes would allow finet segmentation for improved multi-proton timing. A
smaller pore size would not be expected to dramatically avpithe time resolution, since the
largest component is the intrinsic detector resolutiom night yield modest improvements on the
10-20% level. Better electronics could also give an impnoeet, with the combination resulting
in a sub 10 ps QUARTIC detector as well.

Each arm of FP420 will only contain three MCP-PMTs (in thespre baseline design) and,
unlike the central detectors elements, they could simplseptaced every long shutdown if neces-
sary. The mechanical design will allow for quick replaceimen

At maximum luminosity the proposed detectors will have sate the 10 MHz range and
see an integrated charge of a few to tens of coulombs per ywmnding on the exact details
of the detectors and the gain at which the phototubes areatgger The current commercially
available MCP-PMT's will not sustain such high rates and wndlt have an adequate lifetime. We
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are pursuing developments with the phototube vendors teeaddhese issues. There are many rate
and lifetime improvement proposals in various stages ofldg@ment that will improve the rate and
lifetime capabilities of these phototubes, including acréased pore angle to reduce ions striking
and damaging the photo-cathode, adding a thin aluminum filtheafront face or between the
two microchannel plates to suppress the back-scatterex) gating the cathode during dead-time
periods, and new photocathode and MCP materials. We plarak®@ mur own rate and lifetime
measurements using newly operational laser test stand€dtduvain and UT-Arlington. The
UCL group has already demonstrated that they can succgsefgrate the GASTOF with the
Hamamatsu tube at a gain at least five times lower than thelat@rl@ gain (reducing both
the lifetime and rate issues), and similar studies are igness at UTA for the Photonis tubes.
We anticipate that the GASTOF detectors will be able to deet@ intermediate luminosities

~ 2x 10° cm2s 1, with little or no improvements to the MCP-PMT’s, while theJARTIC
detectors likely need modest MCP-PMT improvements to sarihase | (intermediate luminosity)
operations. In order to have satisfactory performance uRtase Il (high luminosity) conditions,
upgrades will be needed to both improve the timing resalutbthe detectors and the rate and
lifetime characteristics of the MCP-PMT's. These modifimas seems plausible on the timescale
in which they must be developed. We also note that there hewe imteresting advances in APD,
silicon PMT, fast streak cameras, and other fast photoitsengevices in the past few years, any
of which could be adapted for use with our current detecfdiseir performance surpasses that of
the MCP-PMT technology.

Hybrid detectors which combine the advantages of GASTOFQUARTIC are also being
developed. Fermilab is developing a n@erenkov concept using conical quartz radiators. Saclay
is investigating a design that would give a precise knowdedfgthe Cerenkov photon origin, and
therefore a better timing accuracy. This design is comg@ridea blade of MgF2 (refractive index
1.39), a focusing mirror, and a segmented MCP-PMT. AlbenthdTA are investigating a quartz
fiber version of QUARTIC. A promising new idea is a multi-aeo@ASTOF detector being de-
veloped by Louvain, that uses the QUARTIC idea of distribgitphotons among many pixels to
make severak 40 ps measurements instead of a single 10 ps measuremesthdghthe advan-
tage of a much lower rate/Gnimproved lifetime due to spreading the charge over a laagea,
and the added benefit of multi-proton timing, since the phetfoom two protons will typically be
distributed among different pixels. Simulations of thessigns are in progress, and beam tests
are planned for 2009. We are also collaborating with otheups® who have long-term plans
to develop large-area timing detectors with ps-level rggmh, and have semi-annul fast timing
workshops to keep in contact with developments in the rgmdblving field of fast timing.

The radiation environment of the detectors remains a cartbat has not been fully evaluated.
Simulations are in progress to determine the radiationisesethe detector location and the com-
position of the radiation, especially with respect to safttjgles that could cause background in the
timing detectors. The issue of radiation hardness of eedlaictronics components is also a concern
and different options are being explored depending on tlessts as discussed above. Radiation
exposure tests of the electronics are planned. The detemtersmall with relatively few channels
and can be upgraded or replaced on a one-year time scalaiffcagt technological improvements

18Univ. Chicago, Argonne National Laboratory, and Saclayarticular.
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are made or if the MCP-PMT performance is significantly ddgda Since the intrinsi€erenkov

detector resolution is only a couple of picoseconds, eatriming detector performance at the
2 ps level is conceivable with improvements in the electreniThe development of central detec-
tor timing also provides a path towards better backgroujettien and is being pursued in parallel.

At high luminosity it is desirable to have the ability to maes multiple protons per bunch.
Currently the GASTOF detector can only measure one protoibyoech (the first one), while the
QUARTIC detector can measure two protons if they pass thraliferent rows (about 2/3 of the
time for 6 mm width bars). At design luminosity this will rdsin about a 10% efficiency loss.
An upgrade to better determine the time of more than one pno¢o bunch is conceivable, either
through a multi-anode GASTOF detector, or by reducing thxelize in thex-direction for the
QUARTIC detectors.

As the reference timing is also an important component ofithang resolution, we are also
exploring other options for this, including interferome#lly stabilised fibre optic links, where
the standard is in the 10 femtosecond range, and transgnttisn LHC RF signal directly to the
detectors.

In conclusion, we believe we have a fast timing concept thihiwerk for moderate luminosi-
ties (Phase 1), and an R&D plan that will provide a next getmanaof detectors by the time that
high luminosities are achieved (Phase II).

11 Alignment and calibration

Precise measurement of the momentum loss of the outgoingnsravill be achieved in FP420 by
measuring the proton-beam displacement and relativetdine¢slope) as accurately as possible.
To avoid significant degradation of the intrinsic unceraiarising from physics processes and
beam optics, FP420 must be aligned internally and relatitke beam to an accuracy of at most a
few tens of microns.

In this section we discuss (1) internal alignment of thekraetectors within the 420 m arm;
(2) determination of the displacement of the detectors vaipect to the passing beam, and their
relative angle; (3) calculation of the proton momentum eeasing the known LHC field elements
(transfer matrices); (4) “on-line”, real-time checks o&theam-track separation from data and
(5) measurement of thiely scaleand its resolutionfrom a known physics process, in particular
exclusivep™ i~ production.

11.1 Alignment requirements

“Internal alignment” is the issue of knowing thelative positions of all the tracking elements,
with respect to a fiducial entrance poin§[Vin,zn] at 420 m and an exit pointxfut, Yout, Zout

at about 428 m. The mechanical construction of the detectmuntimgs on the moving pipe,
and precision control of the motions (described below) gille us these relative positions to an
accuracy~ 10um. Any fine corrections can be obtained from the straigtukiriits, as the high
energy protons are not significantly affected by remnantmatig fields. It remains to measure the
entrance and exit point&,, Yin, Xout, Yout With respect to the beanz,{ andz,,; do not need to be
very precisely known).
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Figure 120. The proposed overall alignment system, shown with detedtogarage position (top picture)
and in operating position (bottom picture).

For this we plan to build an independent real-time alignmeystem into the detector, for
on-line knowledge of positions and also as it will be needadshfety while moving FP420 into
its working position. Two options, both based on Beam PRasitilonitors (BPMs), are being
considered: a ‘local’ system consisting of a large-aperaPM mounted directly on the mov-
ing beampipe and related to the position of the silicon detedy knowledge of the mechanical
structure of the assembly, and an ‘overall’ system comgjstf BPMs mounted on the (fixed) LHC
beampipe at both ends of FP420, with their position and thamgailicon detectors’ positions ref-
erenced to an alignment wire using a Wire Positioning SefW#S) system. Figur&20shows a
schematic diagram of the proposed ‘overall’ alignment gstesn. To simplify the illustration only
one moving beam pipe section is shown, although there mamglhcbe more than one. Note that
the larger aperture BPMs for the ‘local’ alignment systemrat shown (one would be mounted on
each moving beam pipe section), although it is likely thadhHtbe local and overall BPM alignment
schemes will be implemented.

Sources of uncertainty in such a system include the intriressolution of the WPS system,
the intrinsic resolution (and calibration) of the BPMs, ahd mechanical tolerances between the
components. The mechanical uncertainties are expectesldfidrted by temperature fluctuations
and vibrations in the LHC tunnel, and measurement is comfgit by the fact that the detectors
move with respect to the beam. The individual componenth@bystem, with comments on their
expected accuracy, are described in the following sections

11.1.1 Beam Position Monitors (BPMs)

A direct measurement of the beam position at FP420 can béebtavith beam position moni-
tors (BPMs). Although there are several pickup techniqwediable, an obvious choice would be
the type used in large numbers in the LHC accelerator it3dlé precision and accuracy of these
electrostatic button pickup4.69 can be optimised through the choice of electrode geomeirdy a
readout electronics (for a description of the LHC elecitensee70.) While BPMs can be made
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with precision geometry, an important issue is balancirggain of the right and left (or up and

down) electronics; one can have a time-duplexed systemthatlthe signals from opposing elec-
trodes are sent through the same path on a time-shared thasigancelling any gain differences.
Multiplexing of the readout chain will avoid systematicans due to different electrical parameters
when using separate channels and detuning through timesamgktature drift. Preliminary tests

with electrostatic BPMs designed for the CLIC injectionelihave shown promising behavior on
the test bench, even when read out with general purposeqeigineent.

The LHC button-electrode pickups have been designed fdribegration within the accel-
erator and its environment. Specially designed semi-iigiles allow the front-end electronics to
be moved to locations with lower radioactive exposure. H@ardess specific cables providing a
sufficient bandwidth can be envisaged for FP420 since the BiIMbe at room-temperature and
therefore not subject to large temperature variations.

Although the requirements are not as demanding for the LH@raBP420, it has been es-
timated that the necessary level of precision, resolutimh acquisition speed can be obtained. It
should be emphasised that the precision will depend to a kxtent on the mechanical tolerances
which can be achieved. Tests of these BPMs will begin soomalignment bench. Several strate-
gies and optimizations have been proposed to reach precsid resolution of a few microns, and
to achieve bunch-by-bunch measurement. The effect of thi@sic non-linearity of button elec-
trodes can be reduced if the particle beam passes close teritre of the pickup in the operating
position. In the case where only two electrodes are reqtiredinearity of the signal could possi-
bly be further improved by larger electrodes. While the detes are in the parking position, away
from the beam, the beam position measurement is also l¢Eskri

Multi-turn integration will improve the resolution at lé¢dsy a factor 10. This should still allow
bunch/bunch measurements since the bunches in LHC candedtag this case measurements of
each bunch will be integrated over a number of turns. Theatiar of one specific bunch between
turns is expected to be small. The estimated maximum ortseohmong bunches is @2nd only
subject to “slow” orbit drifts L71].

Wide band amplifiers could be envisaged to obtain single igatsurements, whereas narrow
band amplifiers should allow a better resolution and sigmatleise ratio.

Shortly before the installation of each complete 420 m sactwith trackers and BPMs) a
test-bench survey using a pulsed wire to simulate the LH@nbedl provide an initial calibra-
tion of the BPMs. Further, in-situ calibration could be ddmemoving each BPM in turn and
comparing its measured beam position with that expecteth fftee measurements in the other
BPMs in the system; the potential for success of such an@BPM calibration scheme has been
demonstrated with cavity-style BPMs intended for use iedincolliders 172 173. Such cal-
ibration may even be possible at the beginning and end oftdkiag runs when the BPMs are
being moved between garage and operating positions, arefdahe should not require dedicated
calibration runs.

11.1.2 Wire Positioning Sensors (WPSs)

Wire Positioning Sensor systems use a capacitive measotaeehnique to measure the sen-
sors’ positions, along two perpendicular axes, relative tcarbon-fibre alignment wire. Such
systems have been shown to have sub-micron resolution itiapaib accelerator alignment
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Figure 121 A cross-sectional schematic of a WPS sensor and alignmieat w

Figure 122 A WPS sensor with lid removed (left), showing the electad&he aperture is 1cm square.
Also shown are two WPS sensors on the test bench (right).

applications 174 and will be used in LHC alignment. The principle of operatiis shown in
figure 121. Photographs of a sensor (with cover removed) and of twoterahd sensors are
shown in figurel22

11.1.3 The moving detectors

FP420's silicon detectors will be mounted on moving beamgipThe detectors however must
be referenced to the fixed WPS sensors. One way to achievésttosuse an LVDT or simi-
lar mechanical displacement-measurement device. How&féthe-shelf” examples with long
enough stroke length to accommodate the motion of the mdyéagnpipe tend not to have suffi-
cient accuracy, and they (particularly their readout eteits) are not generally guaranteed to be
radiation-hard at the level needed by FP420. However Sdzg@\have made special LVDTSs for
aligning the LHC collimators]75. These devices are by design sufficiently radiation-haratir
purposes, and although they are longer and less accuratedtaired for FP420, initial discus-
sions with the company have resulted in the expectatiorathatilar device to meet FP420’s needs
can be manufactured; currently prototypes are being dedign the event that this fails, there are
potential fallback solutions, including a combination dbag stroke-length LVDT for the garage
position with a shorter, more accurate device for the opegatystem; or an optical positioning
(e.g. laser-based) system.
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11.2 Beam and proton transfer calculations

There are several simulations of proton transport throbghLtHC machine elements. We have

developed a fast simulator, HECTOR1]. Each generated proton is represented by a phase space

vector(x,X,y,y,E) atits point of origin. This vector is rotated in phase spaca productMpeamiine

of matrices, each corresponding to a machine elementqdgifiadrupoles, dipoles, etc.). Aperture

limitations are included. HECTOR has been validated by amspn with MAD-X [176] and

found to be very accurate, providing the lateral positiohpasticles with inelastic protons with

a precision at the few micron level. Figut23shows top and side views, in CMS and ATLAS

(which are quite different due to the orthogonal crossiranet) of the beam protons. The bending

of the dipoles has been switched off for display purposeaigtitening the beam line after 250 m.
Figure 124 (top) shows the close correlation between scattered Babn (z= 420 m) and

X2 (z= 428 m). Numbers in parentheses are the energy loss (in GalVjhanproduction angle

(in prad). The bottom plot 06y, vs X; opens up the angular dependence and demonstrates that

for good resolution it is not enough to measure the displacerof the proton from the beam; the

angle is also crucial.

11.3 Machine alignment

Primarily because of the quadrupoles, the spectrometdorpeince is degraded by small mis-
alignments of the LHC elements. We have studied these witlCHER. One example in fig-
ure125shows reconstructed 115 Ge¥Mdiggs boson masses with no misalignment (central value
114.6 GeV/é a(M) = 1.6 GeV/@), and with 500um misalignment of the MQXA1RS5 quadrupole
at 29 m p1]. The resolution is little changed but the central valudtsho 108.6 GeV/¢. A partial
correction can be applied using BPM information, and a falrection using exclusive dimuon
calibration, see below. This assumes stability on a weekiantth-time scale; it will be difficult to
correct more frequent shifts in alignment, especially efdgoadrupoles.

11.4 Mass scale and resolution measurement with physics messes

The study of exclusive Higgs boson production in FP420 delmarot only good missing mass
resolution, but also a means of calibrating the mass scalen@asuring the mass resolutio(M).
The width of a state can only be determined from an observethviiy unfolding the resolution
o(M). While a perfect knowledge of the machine, the central xeated the FP420 tracking tells
us this, in principle, a verification using data is very impot. The production oéxclusive dilep-
tons p+p— p+e'e +pandp+p— p+ UKW + pis almost an ideal calibration reaction: a
measurement of the central dilepton gives both forwardogprotomenta with very high precision.
(One does not need to detect both protons.) The exclusime will be easier to trigger on and will
have less background. There are two contributing procedses photon productioryy — g~

is a purely QED reaction with a precisely known cross sectioich that it has been proposed as
a means of calibrating the LHC luminosity. The dimuon miK$t"u™) is a continuum; there
are no significant resonances in the mass region considered kVhile two-photon production
of lepton pairs is well known a¢™e~ andep colliders, it has only recently been observed (by
CDF [177]) at a hadron collider. The other important process is vertesonV photoproduction:
yP — Y — ptu (muons from thel /@, family have too lowpr). TheY photoproduction cross
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Figure 123 Beam patrticle paths calculated by HECTOGR][ around CMS (top two figures) and ATLAS
(bottom two figures). The beam line has been artificiallyigtreened through the dipole regian- 250 m.

section & branching ratio) is larger in the mass region 9-10 GéWian the two-photon contin-
uum, so a trigger that includes this region is desirable,aatievable. However background from
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| Chromaticity grid at 420 m |
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Figure 124. Chromaticity grids: iso-energy loss and iso-productingle lines, from 10 GeV to 100 GeV
and 0 to 50Qurad [61].

Xp — Y-+Yy— U ymay be significant. In the FP420 detectors, protons withggnieiss as low

as 20 GeVg = 20/7000 = 0.0029 are accepted. For a pair of exclusive muemtswith transverse
momentumpr (in these processes the muops’are approximately equal) and equal pseudorapid-
ity n, we have ) = %spTle(‘)”. So forpr = 4 GeV/c and = 2.0 (2.5),£; = 0.00420.0070),
inside the acceptance. The other proton is at much I§wdihe exclusive events can be selected

—144 -



Misalignment impact on Higgs mass reconstruction
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Figure 125 lllustration of the effect on the missing mass reconstomctiue to a misalignment of LHC
qguadrupoles. In this example a quadrupole (MQXA1R5) has b@saligned by 50um. Data from BPMs
cannot fully recover the mass shift, while the exclusivewmcalibration recovers it fully, and the resolution
is not affected as long as the misalignment is sta®lg [

in the presence of pile-up, by requiring no other tracks @ndimuon vertex, andq,, ~ 1 with
pr(ut) = pr(n), or pr(p ) < 1 GeVlic, with a coincident consistent track in FP420. The
dominant uncertainty of the forward proton momentum comemfthe incoming beam spread
(%p ~ 10~* = 700 MeV), as the central dimuons are measured with a betefuteon [7]. The
two-photon cross section for central “largp?- muons is small; we expect about 300 events/fb
with pr(y) > 5 GeV/c andn(p)| < 2.5. With such good resolution on the predicted proton mo-
mentum, combinatorial background can be tolerated and asntum scale calibration is achieved
with very few (tens of) events, i.e. on a daily basis. Howevgood measurement of the resolution
will require more events. A potentially important use of thimuon events is not only to measure
the spectrometer performance, but to optimise it. For exangifferent tracking procedures can
be tried and their resolution measured. While the two-phalicmuon events calibrate the missing
mass scale in FP420, it cannot be used for frequent re-atibhs of detectors at 220 m as the
process cross section is much smaller at such &ighe Y photoproduction is useful not only for
improvement of calibration statistics but also for chegkihe resolution and bias of the mupf
reconstruction in the central detectors. In addition, Yrevents can be used to check the forward
proton angular reconstruction.

Other reactions and forward instrumentation can provifrination that can be used to cal-
ibrate the forward detectors, not as well as exclusive muwrs fiput in almost real time. One can
make use for example of the Zero Degree Calorimeter, ZD@lled at 140 m from both the AT-
LAS [103 and CMS [LOY IPs. The bremsstrahlung process- p — p+ p+ Yy with the photons
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emitted into a very forward cone has a cross section of alibobXorE, > 100 GeV. The photon is
detected in the ZDCs at 140 m, and the proton at 420 m. Thiwakocross-calibration; the proton
spectrometer is only calibrated as well as the ZDC. The backgl level (e.g. from forward®
production) remains to be seen. The angular distributidsr@isstrahlung photons is very forward
peaked (typically wittB(y) < 150prad) which helps with background reduction. The flow of neu-
tral particles measured at the ZDC is huge and will allow tleaitoring of the beam direction (tilt)
at the IP with high precision. The LHC luminosity monitorsRBN) [178] will also be capable
of fast online tilt measurement (also bunch-by-bunch) sittlesolution better than J@ad. This
information together with the precise control of the lakgrasition of the proton collisions at the
IP, provides very good and independent on-line monitoriinidp® actual proton-beam trajectory.

A measurement of the relative positions of the beam and #uk tdetectors can also come
from the distributions of single diffractive protons. Thes$ critical verticaly) distribution peaks
aty = Ypeam (This allows a bunch-by-bunch monitor with timewtam) Suppose the horizontal
position to have a poorly known offsék. Most of the tracks of protons from the intersection
region will be from single diffractionp+ p — p+ X, which has an exponenti&distribution (at
least in the Iovqt]-range),‘(’j—‘t’ ~ . The intercept of the distribution &0 has a maximum when
the beam-detector distance is correct, so by applyingtsftsféline one can find the actual distance.
One can also vary the offset to find the maximum sl%%eThis has been successfully applied in
CDF [179, 180)]; the accuracy on the offset was (at the Tevatron) appraaiypa-30um in x andy.

Note that protons withh = 0 (more strictly® = 0) are inside our acceptance; this is where
the diffractive cross section has a maximum. An improvenoenthe method could come from a
measurement of the diffractive mass from the central deteahich would allow this technique to
be used selecting bands&fhowever that can not be done in the presence of pil&tup.

11.5 Alignment summary

While alignment and calibration issues are crucially int@ot for FP420 tracking, we have viable
solutions to all the issues: within the FP420 arm, over itsiomotowards the beam, with respect
to the passing beam, and through the 420 m spectrometer. Weeonaine checks of the proton
energy using bremsstrahlung and displacement from the beeng diffractively scattered protons.
Finally, and very important, we will use the+ p — p+ "y~ + p reaction to calibrate, offline,
both the mass scale and its resolution, and to optimise ttes. |&\/e hope to continue to push the
mass resolution towards the limit given by the incoming beaomentum spread. It is important
to miminise instabilities (bunch-to-bunch, store-torstoweek-to-week etc.) of LHC elements
(especially quadrupole alignments), and to monitor anidues instabilities to allow for off-line
corrections to be applied.

12 Near detector infrastructure and detector services

The tunnel region at the location of the FP420 detectorseptssa number of constraints for the
installation of instrumentation such as FEE, HV and LV pos@pplies, cooling and detector gas

170One or two bunch crossings with deliberately low lumingsitych that n >~ 1, could be useful for this and many
other reasons.
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Space for service electronics.

*Faw meters of cable

Space [or eleclronics needing
closc proximity to dctectors

LV and HV electronics
underneath adjacent magnets

*5 10 10 melers ol cable,

Figure 126. Plan view of the tunnel area around FP420 and the availgbleesfor equipment and services,
as detailed in tablg1.

supplies. A plan view of the tunnel area around FP420, stgpiie available space for services
and electronics, is shown in figui6.

Simulations have shownlp3 that the zone will be exposed to a reasonably high ra-
diation dose. A careful assessment of the possible locatand type of instrumentation is
therefore required. Provisionally space has already besarved underneath adjacent mag-
nets upstream and downstream from the NCC where the LV and uiylies can be placed
[yy = LO762023PL, L0762024PL, LO762045PL, L0O762046PL, LOZZRL, L0722024PL,
L0722045PL, LO722046PL]. Most of the machine electrongcalieady placed in this volume and
such reducing the available space. The dose in this positider the arc magnets is expected to
be between 10 and 20 Gyl/year. FEE like trigger electroniignrment and detector positioning
control can be installed in cavities of the support beamb&®NCC. In order to limit the radiation
load on the environment at most to the level estimated wélptiesent configuration, an envelop of
adequate shielding (Pb plates) will be placed around thmlppes and detectors as described in
section6. It will also be feasible to place some equipment along th€ltthnel wall underneath
the cable trays which run above the QRL line but the radidgoal will be somewhat higher than
under the dipole magnets.

Currently, active radiation monitoring instrumentatiarbeing installed in the 420m region of
the LHC tunnel. These monitors will be operational at LHCtsf@aand thus provide valuable data
to assess the real radiation levels in the area. At preseggmeral services are provided in the LHC
tunnel at the FP420 region. Power- and controls- cables sgveubes for fibre-optic (FO) will
therefore need to be pulled from the corresponding exp@timharea to this location. Itis therefore
proposed to install additional cable trays next to the ovadhrail of the monorail. This strategy
has already been used for the routing of the services for LtB@bth sides of point 1. FP420 can
reuse these trays which will have to be extended from theeptd$0m to 420m. The FP420 power
supplies and detector controls instrumentation could beected to the LHC machine power. This
would assure the electricity supply as long as the LHC machower is available and reduce the
cabling impact in the tunnel since additional power cablesld only need to be routed from the
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Figure 127. Reserved rack space in the LHC alcove areas (RRS).

nearest RR alcoves at a distance of about 200m. Space hdmealsoeserved in the RR13, RR17,
RR53, RR57 alcoves on the 2nd floor level above the LHC poweverters (figurel27). At this
location the expected annual fluence of hadrdhs (20 MeV) is in the order of 18) corresponding
to a dose rate in the order of 0.3 Gy per annum, and consideittbke for installation of detector
power supplies and electronics for the alignment monitpsystem.

The assessment of types and quantities of services neadbeé f6P420 detectors is still rather
difficult at this stage of the project. Those requirementgtviborrespond to the present estimation
for each sub-system are summarised in t&ile

13 Conclusions

The FP420 project proposes to install silicon trackers astitfiming detectors in the LHC tunnel
at 420 m from the interaction points of the ATLAS and CMS expents for the detection of very
forward protons as a means to study Standard Model (SM) andphgsics signals. The FP420
detector system is a magnetic spectrometer consisting avaable silicon tracking system which
measures the spatial position of protons scattered by a fewrbdsprads relative to the LHC
beam, and their arrival times at several points in a 12 m regiound 420 m. The measurement of
the displacement and angle of the outgoing protons relatitiee beam allows the reconstruction of
their momentum loss and transverse momentum. The combatedtibn of both outgoing protons
and the associated centrally produced system using thent&FLAS and/or CMS detectors gives
access to a rich programme of studies in QCD, electrowealgdind Beyond the Standard Model
physics. The addition of such detectors will add the cajghitd make measurements which are
currently unigue at the LHC, and may be difficult even at areilinear collider.
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Table 21 Summary of detector services required for FP420. Abbtiewvia: BPM - Beam Position Monitors,
BLM - Beam Loss Monitors, FEE - Front End Electronics, FO -rEiloptics, WPS - Wire Positioning

System.

Sub-system Requirements Location Comment
GasTOF gas Detector station Secondary vacuum
FEE, DAQ Cryostat support beams
elec. power see figure94
Quartic FEE, DAQ Cryostat support beams
elec. power see figure94
3D (Silicon) Cooling Detector station
FEE, DAQ Cryostat support beams
elec. power see figure94
General Cooling power, control
Alignment BPM, BLM, Detector station,

WPS, other | Detector support table RRs
Positioning | Movement drive] Detector support table

control see figure94
Timing TTC,BST Counting rooms
Interlocks Injection, Machine IF rack in
Dump exp. counting room
Electrical power, 400 V AC RE alcoves UPS for controlled
230 VAC shutdown ?
48V DC
HV 16 ch. HV 4kV see figure94 Control from IP (CAN bus ?
(timing)
36 ch. HV
(tracking)
Lv 6 ch. LV see figure94 Control from IP (CAN bus ?
(timing)
36 ch. LV
(tracking)
Communication| FO, Field bus ECR«—— FP420 Space available for
RH-diodes: RH-diodes: > 2 x 24 fibres to each
MITSUBISHI station
FU-427SLD-F1 Use BLM / BPM FEE ?
Miscellaneous | Cameras, lights FP420
Instrumentation| VME crate Cell 12L/R at IP1 & IP5
space equivalent each (5);

13.8m tunnel wall;
Call11 L/R (5)

each (5);

A prime process of interest for FP420 is Central ExclusivedBction (CEP)pp— p+ @+ p,

in which the outgoing protons remain intact and the cengrstiesng may be a single particle such
as a Higgs boson. Observation of new particle productiomnén@EP channel benefits from (i)
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enhanced signal over backgrounds (giving access to theutiffliggs fermionic decay channels
for example), and allows one to directly measure (ii) itsrquen numbers (the central system
has an approximatd”© = 0** selection rule) as well as (iii) its mass with very good rasioh,
O(2 GeV/@) irrespective of the decay channel of the particle. In som@hbd-SM scenarios, the
FP420 detectors may be the primary means of discovering agticlps at the LHC. Sectiog
of this document has presented an overview of the physias foad-P420 including the current
theoretical status of CEP predictions. The state-of-thesalculations of the production cross
section for a 120 GeVfcStandard Model Higgs boson via the CEP process at the LH@sy&!
central value of 3 fb, with a factor e 3 uncertainty. Supersymmetric extensions of the SM, yield
Higgs boson cross sections 10 or 100 times larger and wolold #ie 5o discovery of all CP-even
scalar bosons in practically the whd¥i, — tar plane withO(100 fb~1). Section3 has presented a
detailed study of the trigger strategy, expected acceptarconstruction efficiencies, signal over
backgrounds and final mass resolutions and yields for acpéatip p— pH p measurement with
Higgs boson decay in tHe mode. The Higgs boson line shape in this channel can be reaotes!
with a 3o or better significance with an integrated luminosity of 60b

A summary of various interesting photon-photon and phgiarien processes accessible to
FP420 is presented (secti@B). Photon-induced reactions tagged with forward protomspra-
vide a very clean environment for the study of various sigsaich as anomalous top or associated
W H production inyp interactions; as well as anomalous gauge boson couplingkjséve dilep-
tons or supersymmetric pair productionyipinteractions. Hard diffraction studies (single diffrac-
tive and double pomeron productionBimesonsW, Z bosons or di-jets), sensitive to generalised
parton distributions, are discussed in seco®

The beam optics at LHC (sectial) allows protons that have lost momentum in a diffractive
interaction to emerge from the beam envelope at regions 220dmM20 m from the interaction
point. The acceptance of silicon detector arrays in thesatitons placed at distances 3—9 mm from
the beam centre allows for the detection of both outgoingomofrom centrally produced objects
with a wide range of masses above 60 GéV/Elowever, to obtain good acceptance for masses
above 150 GeVE; the 220 m system is essential. The expected position arid eegplutions for
the protons obtained in the silicon stations yield a massuiien reaching values of 2 to 3 GeVc

The expected machine-induced backgrounds at 420 m suclaashedo and beam-gas back-
grounds are discussed in sectinContributions at 420 m fromear beam-gas and the betatron
cleaning collimation are found to be small. For transveeg@gations between the detectors and the
beam centre above 5 mm, the integrated number of protongmEhand neutrons from beam halo
is expected to be less than 1, 0.16 and 0.003 per bunch gagsipectively. The impact of these
estimated background rates needs to be assessed in terteabd@erformance and survivability.

Section6 describes the new 420 m connection cryostat which will alloawving near-beam
detectors with no effects on LHC operations. A preliminaegidn for a replacement connection
cryostat that would allow detectors to be placed in the 42@gion has been completed, and a
final design is in progress. Such a solution is expected teafigtlower the dynamic heat load
of the LHC and have similar radiation profiles. With the agprate approvals and funding, two
such cryostats could be built and installed in late 201 1dlf&ion time is around 90 days), and in
principle, two more in 2012 with negligible impact on LHC ogtons.

The design of the beam pipe in the FP420 region and the moteneshanism are discussed
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in section7. The Hamburg moving-pipe concept provides the optimaltemiufor the FP420
detector system as it ensures a simple and robust desigmaddgcess to the detectors. Moreover,
it is compatible with the very limited space available in thedified connection cryostat and with
the expected position of the scattered protons betweemtih&HC beampipes, and it permits the
incorporation of rather large detectors, such as the tirdigces, using pockets, i.e. rectangular
indentations in the moving pipes. The prototype detectakets show the desired flatness of
the thin windows, and the first motorised moving sectionhwitototype detectors inserted, has
been tested at the CERN test beam. A full prototype testudtiet) assembling, positioning and
alignment aspects, is planned in test beam in Fall 2009.

The studies of the radio-frequency impact of the design e tiC are described in secti@
Numerical simulations, analytical calculations and labory measurements have showed consis-
tently that the proposed FP420 design will have a small ingathe total LHC impedance budget,
even for transverse distances of the stations from the beatrecas small as 3 mm. Tapering of the
beam pipe indentations is recommended because it redue@spedance significantly, as mea-
sured both with the single pocket and double pocket desighs. beam harmonics at 2 GHz are
expected to be below 18 of the main harmonic at 40 MHz and well below f0at 2.5 GHz, and
the horizontal tune shift induced by a FP420 station is ebgueto be almost imperceptible when
compared to the tune stability region defined by the avalabiC octupole magnets.

In section9 we present a detailed description of the design of the FPERSIIRon sensors
including mechanical support system, superlayer and ldadgn and thermal tests, assembly and
alignment, high- and low- voltages, tracker readout, dawasn data acquisition and infrastructure
at the host experiment. The performance of the tracker hais bealuated using a simple Monte
Carlo program as well as a full GEANT4 simulation. Estimatéthe multiple scattering for the
three (two) station layouts indicate that the expected kangasolution is 0.8%urad (0.91prad),
well within design specifications. The efficiency of two kaeconstruction has been found to be
86% and 80% respectively for the two and three station layout

Since the cross sections for CEP of the SM Higgs boson and a#twe physics scenarios
are relatively small (few fb), FP420 must be designed to ateeait the highest LHC instantaneous
luminosities of 18%cm~2s1. A measurement of the relative time of arrival of the two prst at
FP420 in the 10 picosecond range is required for matchinddatexted protons with a central vertex
within ~2 mm, which will enable the rejection of a large fraction o thile-up overlap background.
Section10 describes two complementary fast timing detector desi@SSTOF (GAS Time Of
Flight) and QUARTIC (QUARtz Tlmingfjerenkov). Theprototypedetector design is approaching
a resolution of 20 ps. An upgrade to determine the time of ntloa@ one proton per bunch is
conceivable, either by reading out individual pixels in @&STOF MCP-PMT to resolve separate,
but overlappingCerenkov discs, or by reducing the pixel size in thdirection for the QUARTIC
detectors. We are also developing a promising new type afsiag quartzCerenkov detector. As
the reference timing is also an important component of thenfi resolution, we are also exploring
interferometrically stabilised fibre optic links, wheretbtandard is in the 10 femtosecond range.

In sectionl1we describe the alignment and calibration strategy, usinly physics and beam
position monitor techniques. Alignment and calibratiorgisaranteed for all experimental con-
ditions: within the FP420 arm, over its motion towards tharbe with respect to the passing
beam, and through the 420 m spectrometer. We have on-lireksled the proton energy using
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bremsstrahlung and of displacement from the beam usingdiifely scattered protons. We will
use thep+ p — p+ U U + p reaction to calibrate, offline, both the mass scale and sisluéion,
and to optimise the latter. It is important to miminise ifsliies (bunch-to-bunch, store-to-store,
week-to-week etc.) of LHC elements (especially quadrupbtgnments), and to monitor any resid-
ual instabilities to allow for off-line corrections to beg@igd. Chapted2 outlines the near detector
infrastructure and detector services required for the BRM@ject.

The studies presented in this document have shown that dsisife to install detectors in
the 420 m region with no impact on the operation or luminositythe LHC. These detectors
can be aligned and calibrated to the accuracy required tesunedahe mass of the centrally pro-
duced system to between 2 and 3 GéV/Ehis would allow an observation of new particles in
the 60— 180 GeV/é mass range in certain physics scenarios during 3 years of iLiH@ing at
instantaneous luminosities 021033 cm 2 s1, and in many more scenarios at instantaneous lu-
minosities of up to 18 cm™2 s~1. Events can be triggered using the central detectors albne a
Level 1, using information from the 420 m detectors at higinigiger levels to reduce the event
rate. Observation of new particle production in the CEP nkawould allow a direct measurement
of the quantum numbers of the particle and an accurate diet@tion of the mass, irrespective of
the decay channel of the particle. In some scenarios, theteetdrs may be the primary means
of discovering new particles at the LHC, with unique abilibymeasure their quantum numbers.
The FP420 opens, moreover, the possibility to develop agnsite, high-ratey andyp physics
program. The addition of the FP420 detectors will thus, foelatively small cost, significantly
enhance the discovery and physics potential of the ATLASGM& experiments.

14 Costing

A preliminary estimate of the costing of the major comporagitFP420 detectors is given here as
an indication. A detailed costing evaluation is still bepayformed.

e Two new cryostats per experiment, amounting to a total oMCIHF/experiment

The silicon tracker including the electronics and mechamarts: 0.7 to 1.0 MCHF/ exper-
iment, depending on the purchasing of equipment

Quartic timing detectors, including electronics, 100 k@éiperiment for 4 detectors.

GASTOF timing detectors, including electronics, DAQ, slowntrols and cables: 145 kCHF

BPMs and beampipe mechanics: 380 kCHF/experiment

High voltage/Low Voltage: 160 kCHF/experiment

This leads to a approximate grand total of 3.5 MCHF/expenirnfar equipping both sides with
FP420 detectors.
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